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Recent demonstrations of human brain organoid transplantation in rodents have accentuated ethical con-
cerns associated with these entities, especially as they relate to potential “humanization” of host animals.
Consideration of established scientific principles can help define the realistic range of expected outcomes
in such transplantation studies. This practical approach suggests that augmentation of discrete brain func-
tions in transplant hosts is a more relevant ethical question in the near term than the possibility of
“conscious” chimeric animals. We hope that this framework contributes to a balanced approach for proceed-
ing with studies involving brain organoid transplantation and other forms of human-animal brain chimeras.

The advent of brain organoids derived from human pluripotent
stem cells has generated an avalanche of enthusiasm and inter-
est in the neurobiological and biomedical communities. These
entities emulate normal neurodevelopment, producing brain-
specific architecture such as neural progenitor zones and
rudimentary cortical layers through the principles of self-organi-
zation (Lancaster et al., 2013; Pasca et al., 2015; Qian et al,,
2016). Because of their recapitulation of certain brain structures,
brain organoids could enable the study of human neurodevelop-
ment and cerebral disorders in novel, previously unimaginable
ways (Di Lullo and Kriegstein, 2017; Kelava and Lancaster,
2016; Kretzschmar and Clevers, 2016; Lancaster and Knoblich,
2014). One example is the role played by brain organoids in
defining the pathogenic mechanisms of Zika virus during the
recent global health emergency (Garcez et al., 2016; Ming
etal., 2016; Qian et al., 2016) Moreover, there are several poten-
tial clinical applications of brain organoids, including personal-
ized models of pathogenesis, therapeutic screening, and repair
of damaged cerebral circuitry (Chen et al., 2019).

Although their scientific and translational promise is great,
brain organoids also have sparked intense debate among aca-
demics (Farahany et al., 2018) and in the press (Begley, 2017;
Moody, 2017) regarding the potential ethical challenges they
pose. These concerns stem from the ethical and moral implica-
tions of generating and using neural tissues that are increasingly
similar to the human brain, the source of the higher-order cogni-
tive capacities that are most often equated with being human.
From a purely scientific perspective, it may be tempting to
dismiss the ethical considerations of brain organoids as not
currently relevant. After all, as we will discuss below, the
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likelihood that current iterations of organoids or animals trans-
planted with these organoids can develop more complex cogni-
tive abilities is minute. However, engagement of neurobiologists
and neuroscientists in brain organoid ethics is important for
several reasons. Scientists should help develop the appropriate
frameworks for these ethical discussions to prevent faulty
conclusions from being drawn, especially in the realm of public
policy. There is also the need for scientists to clearly articulate
the scientific and translational benefits of brain organoids to
society so that any ethical or moral risks can be properly
weighed. Finally, there is wisdom in understanding the relevant
ethical considerations to avoid potential pitfalls that may arise
as organoid technology advances.

The emerging ethical debate regarding brain organoids cen-
ters on issues pertaining to organoids themselves, animals sub-
jected to transplantation procedures, and socio-legal gover-
nance of organoid generation and storage. These three areas
were broadly discussed in a recent summary of two workshops
supported by the Duke Initiative for Science and Society and the
NIH Brain Research through Advancing Innovative Neurotech-
nologies (BRAIN) Initiative (Farahany et al., 2018). Other com-
mentaries on brain organoid ethics have also begun to appear
in the literature (Lavazza and Massimini, 2018a, 2018b; Munsie
et al., 2017; Shepherd, 2018). In this article, we focus on trans-
plantation of brain organoids into animal hosts, which has
been the subject of a number of recent publications (Daviaud
et al.,, 2018; Mansour et al., 2018) and scientific abstracts
(D. Jgamadze, 2017, Soc. Neurosci., abstract; O. Revah, 2018,
Soc. Neurosci., abstract). We first summarize recent progress
in the field of brain organoids and provide our perspective on
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areas of advancement on the horizon. Within this context as well
as that of prior literature on the ethics of human-animal brain chi-
meras, we then evaluate the scientific possibility of enhancing
host animal brain function using brain organoid transplantation.
Separately, we discuss some of the ethical ramifications of
enhanced animals if their creation should become feasible.
We hope that this discussion of pertinent ethical issues and
associated scientific frameworks facilitates participation of the
scientific community in the public discourse on brain organoid
development and transplantation.

Current State of Brain Organoid Technology

The modern era of human brain organoids began with the devel-
opment of whole-brain organoids (Lancaster et al., 2013) and the
demonstration that stratified cortical epithelium could arise
through self-organization of human pluripotent stem cells (Ka-
doshima et al., 2013). In the latter case, some of the temporal
and spatial features of neocorticogenesis were recapitulated.
Subsequent studies refined these aspects of normal neurodevel-
opment in region-specific organoids, resulting in rudimentary
segregation of superficial and deep cortical layers (Pasca
et al., 2015; Qian et al., 2016), generation of a distinct layer of
outer radial glial cells (Qian et al., 2016), and expansion of cortical
folds (Li et al., 2017). Glial populations were observed at later
time points, including astrocytes (Dezonne et al., 2017; Pasca
etal., 2015; Qianetal., 2016; Sloan et al., 2017) and oligodendro-
cytes (Matsui et al., 2018). Integration of interneurons into these
cortical organoids has been studied through fusion of dorsalized
glutamatergic organoids with ventralized organoids containing
GABAergic neurons (Bagley et al., 2017; Birey et al., 2017; Xiang
et al., 2017). Other brain region-specific organoids that model
the midbrain (Jo et al., 2016; Monzel et al., 2017; Qian et al.,
2016), hippocampus (Sakaguchi et al., 2015), pituitary gland
(Ozone et al., 2016), hypothalamus (Qian et al., 2016), and cere-
bellum (Muguruma et al., 2015) have also been reported.

Several approaches have been used to assess the similarity of
brain organoids to the human brain. Genetic (Camp et al., 2015;
Pascaetal., 2015; Qian et al., 2016), epigenetic (Luo et al., 2016),
and epitranscriptomic (Yoon et al., 2017) analyses indicate a high
degree of concordance between brain organoids and the human
fetal cortex through the second trimester. However, brain orga-
noids are distinctly different from the human brain in several
ways. Their maximal size is on the order of millimeters because
of the limits of nutrient, gas, and waste exchange via diffusion,
and organoids lack endothelial cells, microglia, and other cell
types that contribute to the microenvironment of the brain.
Furthermore, even within whole-brain organoids, organized
structural nodes and the white matter connections among
them are absent.

Data are emerging regarding the electrical activity of brain or-
ganoids, but our understanding of their neurophysiology is still
underdeveloped. Slow neuronal calcium waves, post-synaptic
potentials, and induced action potentials have been reported in
organoids (Lancaster et al., 2013; Pasca et al., 2015; Qian
et al., 2016). Spontaneous action potentials require extended
periods of time to appear (Quadrato et al., 2017), and addition
of GABAergic neurons to glutamatergic populations promotes
synaptic inputs and more robust induced action potentials
(Birey et al., 2017). There is some evidence to suggest that brain

organoids form local neural networks. Light stimulation of photo-
sensitive cells in brain organoids attenuates the activity of a sub-
population of neurons, and statistical analyses of late-organoid
activity indicate the interdependency of neural activity (Quadrato
etal., 2017). Sofar, there has been no direct evidence of commu-
nication across multiple network nodes in these entities or
computational processing required to generate more complex
information.

Generating More Mature and Complex Brain Organoids
Brain organoids have facilitated the study of human neurodevel-
opment, modeling of congenital brain conditions and neuropsy-
chiatric disorders, and exploration of differences in brain forma-
tion among species (Chen et al., 2019; Qian et al., 2019).
However, current iterations of these organoids are still imperfect
facsimiles of the human brain. Although they faithfully recapitu-
late certain aspects of cerebral architecture, others, such as
the layers of the cerebral cortex, remain rudimentary. Related
to this incomplete structure is the relative transcriptomic imma-
turity of the organoids, which approximate, at best, the late sec-
ond trimester of human fetal development (Camp et al., 2015;
Pasca et al., 2015; Qian et al., 2016; Quadrato et al., 2017; Sloan
et al., 2017; Velasco et al., 2019). It is also the case that current
brain organoids are comprised of multiple redundant units rather
than being a unified organ and that higher-order features,
including gyrification and white matter tracts, are missing. These
deficiencies have motivated a major push to engineer next-gen-
eration organoids with a greater degree of maturity and
complexity. Modeling later stages of brain development is espe-
cially relevant for cerebral disorders that manifest later in life,
such as schizophrenia (young adulthood) and neuro-degenera-
tive diseases (late adulthood). The following sections will discuss
areas in need of progress to achieve the objective of “better”
brain organoids that expand our capacity to study human cere-
bral development and disease. Importantly, organoids that more
accurately recapitulate the brain provide scientific context for the
ethical discussion below.

Overcoming the Limits of Diffusion

One of the fundamental challenges in generating more mature
brain organoids that reflect later stages of development is the
constraint imposed by diffusion. Organoids can grow up to
4 mm in size using orbital shakers and high-oxygen incubators
(Kadoshima et al., 2013; Lancaster et al., 2017; Qian et al.,
2016), but a necrotic core inevitably develops because of inade-
quate nutrient, gas, and waste exchange. Neural progenitors,
which preferentially populate the interior of the organoid and
have high metabolic demands, are therefore lost, resulting in
arrest of further organoid development.

Several strategies for overcoming this obstacle have been
investigated. Decreasing the thickness of organoid tissue to
improve mass transport can be achieved using classic tech-
nigues for maintaining organotypic slice cultures, such as vibra-
tome sectioning and growth at the air-liquid interface (Giando-
menico et al., 2019) or physically constraining growth in the z
dimension using an on-chip method (Karzbrun et al., 2018).
These approaches have resulted in improved neuronal survival,
axon growth and alignment, and surface wrinkling reminiscent
of cortical folds. However, it should be noted that data showing
that these organoids are more mature than previous versions are
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so far lacking. Introducing a perfusion system into brain organo-
ids is an alternative strategy that bypasses the diffusion problem
altogether. Incorporation of endothelial cells into brain organoids
leads to primitive vascular networks that are likely not functional
(Pham et al., 2018). More advanced vascular networks can be
derived from biomaterial casting techniques (Miller et al.,
2012), 3D printing (Mirabella et al., 2017), and human blood
vessel organoids (Wimmer et al., 2019). Microfluidic devices
will likely be needed in vitro to provide the pressure gradients
necessary to drive adequate nutrient and oxygen delivery.
Efforts are also underway to utilize the in vivo environment to
support brain organoid perfusion after transplantation (see
below). In this case, host animals are essentially used as biore-
actors to generate new vasculature for organoids as a means
of maintaining their growth and maturation.

Modeling Interactions among Different Parts of the
Brain with Organoids

Most recent work with brain organoids has been directed toward
region-specific organoids as opposed to whole-brain organoids.
This shift in emphasis has occurred in large part because of the
considerable variability accompanying the unguided protocols
that produce whole-brain organoids (Qian et al., 2019; Quadrato
et al., 2017). The stochastic nature of stem cell differentiation in
these protocols results in unpredictable heterogeneity in both
the cellular populations derived and their organization, limiting
their use in quantitative studies. Although tighter control of the
differentiation process with external factors reduces heteroge-
neity in region-specific organoids, their ability to model interac-
tions among different parts of the brain is inherently restricted.
Reintroducing this complexity to brain organoids is crucial if
they are to serve as viable alternatives to in vivo systems for
answering questions at the level of systems neuroscience, which
are often central to understanding neurocognitive and neuropsy-
chiatric disorders.

Effectively modeling multiple regions of the brain with brain
organoids could be accomplished in a number of ways. The
concept of “assembloids,” the fusion of two organoids, was
introduced initially as a means of studying interneuron migration
from the ganglionic eminences to the cerebral cortex (Bagley
etal., 2017; Birey et al., 2017; Xiang et al., 2017). More recently,
this approach has been applied to other aspects of the brain,
including cortico-thalamic connections (Xiang et al., 2019). In
this assembloid model, reciprocal connections formed between
cortical and thalamic organoids with an apparent increase in the
firing rate of thalamic neurons in fused compared with unfused
organoids. One downside of assembloids is the lack of long-
range axon tracts that connect the different organoids, the
equivalent of white matter pathways in the brain. This deficiency
likely precludes assembloids from recreating the small-world to-
pology of the brain, a graph theory concept defined by highly
intra-connected modules with few connections between mod-
ules that helps characterize the network functionality of the brain
(Bassett and Bullmore, 2017).

Modularity could potentially be incorporated into brain organoid
systems via tissue engineering techniques. Hydrogel micro-col-
umns promote the directional outgrowth of robust axonal
processes from cortical organoids, effectively resulting in a
“connectome unit,” two neuronal clusters spanned by an inter-
vening axon tract (Cullen et al., 2018). This in vitro platform could
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expedite the investigation of information encoding, transmission,
and decoding across axon pathways, processes that are disrup-
ted or aberrant in many brain diseases and disorders. Ultimately,
assembloids and organoid connectome units are placeholders for
more advanced whole-brain organoids, although these minimal
circuit models may have advantages over whole-brain organoids
when limited processing power is an ethical goal. Overcoming the
heterogeneity produced by unguided differentiation protocols
may require integration of morphogen gradients and other innova-
tions (Jabaudon and Lancaster, 2018; Qian et al., 2019).
Understanding the Cellular and Network Activity of Brain
Organoids

As described previously, the neural activity of brain organoids is
beginning to be elucidated, but much is still unknown. Sponta-
neous action potentials are observed in brain organoids, but
the timeline for their appearance and evolution remains unde-
fined. Another unknown is the degree of complexity in neural ac-
tivity that can be achieved in brain organoids. This question may
be tied to the development of more mature organoids because
most human neurons in the late second trimester are immature,
and only specific subsets of neurons are capable of spontaneous
firing (Zhong et al., 2018).

An article published in this issue of Cell Stem Cell begins to
explore some of the network dynamics that may be present in
cortical organoids (Trujillo et al., 2019). This study identified syn-
chronized bursting of neural activity in organoids adhered to and
dispersed over a planar multielectrode array surface and reported
the purported presence of oscillatory activity. These interesting re-
sults represent a preliminary step toward comprehending how en-
sembles of neurons in organoids function, but they should be in-
terpreted with caution. It is not clear how the activity recorded
from these organoids correlates to normal oscillations found in
the brain, especially “non-oscillatory gamma activity.” Further-
more, the machine learning-based classifier that was used to
compare activity from the organoids and brains of pre-term neo-
nates was trained in a highly selective manner, which may have
predisposed it to identify similarities. It must also be noted that
oscillatory activity alone is unlikely to be sufficient to produce
complex brain function, as evidenced by the observation that a
computational model composed of just hundreds of neurons
can generate spontaneous gamma oscillations (Wang and Buz-
saki, 1996).

As these topics are unraveled, opportunities will arise to
examine how neural activity and circuitry in brain organoids can
be modulated and modified for specific ends. Identifying the fac-
tors relevant to these manipulations will likely provide more control
over brain organoids for both basic and translational pursuits,
allowing them to be utilized to answer more complex questions.
Ultimately, a better understanding of brain organoid activity will
be essential to optimize their use as models of neurodevelopment
and cerebral diseases and substrates for brain repair.

Ethical Considerations for Brain Organoid
Transplantation

As brain organoids capture more of the complexities of the
mature human brain, they will become ever more valuable
research and clinical tools. However, the very reasons that
make advanced brain organoids attractive to scientists and clini-
cians will provoke escalating ethical concerns. Brain organoids
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are already conjuring the image of the so-called “braininavat,” a
disembodied organ capable of perception and thought that is
imprisoned in a dehumanizing existence (Lavazza and Massi-
mini, 2018b; Shepherd, 2018). Such a scenario is unlikely to
materialize in the near future for a variety of reasons, one being
the lack of sophisticated sensory inputs into developing brain
organoids that may be necessary for the iterative learning and
conditioning that cultivate cognitive processes. One currently
plausible situation in which brain organoids could be linked to
fully formed sensory (and motor) systems is transplantation
into an animal’s brain. This intriguing scenario will be the subject
of the remainder of this article.

Mansour et al. (2018) recently reported successful transplan-
tation of whole-brain organoids into the adult mouse brain with
evidence of anatomic and functional integration. Organoid grafts
sent robust axonal projections into the host brain with putative
synapse formation, and optogenetic stimulation of the graft
evoked field potential responses in the adjacent brain. Other
groups have confirmed the feasibility of whole-brain and cortical
organoid transplantation (Daviaud et al., 2018; D. Jgamadze,
2017, Soc. Neurosci., abstract; O. Revah, 2018, Soc. Neurosci.,
abstract). This line of research could yield substantial benefits
from both a basic science and translational perspective. Vascu-
larization of the graft by the in vivo environment enables organoid
growth that is not currently feasible in vitro, which could lead to
more representative models of human neurodevelopment and
neurological disorders (Chen et al., 2019). Moreover, a graft
that emulates brain architecture is intuitively appealing for repair-
ing the brain after injury (Chen et al., 2016). The strategy of trans-
planting structured neural tissues builds on the premise of cur-
rent stem-cell-based treatments, some of which have already
reached human clinical trials for stroke (Kalladka et al., 2016;
Steinberg et al., 2016), traumatic brain injury (Sanbio’s Study of
Modified Stem Cells in Traumatic Brain Injury [STEMTRA] trial,
NCT02416492), and Parkinson’s disease (Barker et al., 2017).

Despite these potential advantages, the idea of brain organoid
transplantation has evoked a measure of unease (Begley, 2017;
Moody, 2017). One of the primary concerns centers on the pos-
sibility that animals transplanted with human brain organoids
would become more “human.” In unpacking this issue, we first
discuss where brain organoid transplantation fits in the broader
concept of human-animal brain chimeras and summarize current
guidelines for this work. We then revisit the ethical principles that
explain what the above assertion could mean and argue that as-
sessing the implications of enhancing specific brain functions is
a more practically productive position. Subsequently, we use
available scientific frameworks to explore the theoretical limits
of animal brain enhancement with human neurons and how
thresholds for concern could be established. The special case
of host animal “consciousness” or ‘“self-awareness” will be
explored via thought experiments as a part of this discussion.
Last, we touch briefly on the related but separate topic of the po-
tential socio-legal ramifications of animals with enhanced brain
function should they become possible in the future.

Brain Organoid Transplantation on the Spectrum of
Human-Animal Brain Chimeras

Although the concept of brain organoid transplantation is new, it
fits within the context of prior dialog on human stem cells
(National Research Council and Institute of Medicine, 2010)

and human-animal chimeras (Greely et al., 2007; Greene et al.,
2005; Hyun, 2015; Hyun et al., 2007; Karpowicz et al., 2005; Rob-
ert and Baylis, 2003). The accepted definition of chimeras in
these discussions is the introduction of human cells into other
animal species. Host animals grafted with human brain organo-
ids are a sub-category of brain chimeras based on this definition,
and these terms are used interchangeably in the subsequent
text. Thus, the ethics of brain organoid transplantation are in
many ways equivalent to the ethics of brain chimeras. In revisit-
ing the latter, the relevant consideration is whether brain orga-
noid transplantation moves the field of brain chimeras into
more ethically problematic territory. To start, let us consider
where brain organoid transplantation fits on the spectrum of
brain chimeras.

Potential brain chimeras range from an animal with a single hu-
man cell in its brain to an animal in which every brain cell, both
neuronal and non-neuronal, is of human origin (Figure 1).
Between these extremes are myriad possibilities that arise
from the permutation of several variables that potentially affect
the ethical import of the resultant chimera. A factor that is partic-
ularly relevant to brain organoid transplantation is whether hu-
man cells are arranged and connected in a manner reflective
of normal brain architecture or in a random, haphazard way.
An organized graft, such as a brain organoid, could be reason-
ably expected to generate more meaningful brain function than
a disorganized one. This possibility is likely a primary driver
behind the additional scrutiny of brain organoid transplantation.
In cases other than the bookends of the chimera spectrum,
another important variable is whether human cells are dissemi-
nated throughout the brain or confined to a particular location.
Disseminated grafts are more likely to influence multiple or
distributed brain functions, whereas the effect of focal grafts,
which include brain organoids (Daviaud et al., 2018; Mansour
et al., 2018), may be limited to a single discrete function. Other
significant variables include the percentage of the animal brain
that is of human origin, the specific site of brain integration,
and host factors such as host species and age.

It is worthwhile to note that the variables discussed above help
form the basis of the limited recommendations available for the
creation of brain chimeras. Guidelines from the NIH do not
directly reference brain chimeras but state that human embry-
onic stem cells should not be introduced into non-human pri-
mate (NHP) blastocysts (National Institutes of Health, 2009).
The National Academy of Sciences recommends review by
research oversight committees for any work involving introduc-
tion of human pluripotent stem cells or their derivatives into
NHPs or embryonic or perinatal animals with the potential to
develop into adult chimeras (National Research Council and
Institute of Medicine, 2010). Experiments in which human cells
“could contribute in a major organized way to the brain of the
recipient animal” are highlighted as needing review. The Interna-
tional Society of Stem Cell Research endorses review of brain
chimera studies, especially “when the degree of functional inte-
gration is considerable enough to raise concerns that the nature
of the animal host may be substantially altered” (International
Society for Stem Cell Research, 2016). Moreover, it is recom-
mended that chimeric animals be monitored for changes in
behavior and cognition (Hyun et al., 2007). A separate working
group suggested that review of experiments involving human
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Figure 1. Spectrum of Human-Animal Brain Chimeras

Human-animal chimeras are animals into which human cells have been
introduced. Brain chimeras can range from introduction of a single human cell
into the host animal brain (A, green cell) to a situation where the entire host
animal’s brain is composed of human cells (E, green color). Between these
extremes is a potentially infinite number of permutations. Noteworthy variables
to consider are whether the graft is focal (B) or disseminated (D) and whether a
focal graft possesses architecture reflective of normal brain anatomy (C). The
differently colored cells in (B)-(D) represent three different neuronal pheno-
types that normally have an organized distribution (i.e., layers of the cerebral
cortex). The type of host animal (i.e., species, embryonic or early post-natal
versus adult) will also affect the degree of brain function enhancement that is
theoretically possible.

neural transplantation in NHPs specifically consider the factors
of “(i) proportion of engrafted human cells, (ii) neural develop-
ment, (iii) NHP species, (iv) brain size, (v) site of integration,
and (vi) brain pathology” (Greene et al., 2005).

Framing the Discussion: “Humanization” versus Brain
Enhancement

What does it mean for an animal transplanted with a brain orga-
noid to become more “human”? A common reply is that the
chimera has assumed more “human-like” characteristics, such
as self-awareness, advanced cognitive capacities, and complex
emotions. However, these traits may not be unique to human be-
ings, a notion that has been discussed with respect to a range of
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non-human species (see below) and artificial intelligence (Chella
et al., 2008; Clayton, 2004; Franklin et al., 1997).

An alternative approach often taken in the ethical literature on
chimeras is to consider whether these entities have attained
moral equivalence to human beings (Hubner, 2018). Several the-
ories of moral status have been debated. One argument is that
individuals should be accorded respect simply because of their
membership in the human race. Extending this reasoning to hu-
man tissue, cells, and genes leads to the conclusion that a
chimera harboring any human components would automatically
have its moral status elevated. Most scholars have rejected this
line of reasoning because it does not hold up to biological scru-
tiny and is based on species-centric bias with no other logical
basis (Greene et al., 2005; Hibner, 2018; Hyun et al., 2007; Kar-
powicz et al., 2005). A more logically consistent argument for
moral status is based on the premise that entities that are
capable of making rational, conscious choices possess intrinsic
moral value (Kant, 1785). Achieving this ability in a chimeric ani-
mal is a very high bar (Hyun, 2015). Making rational, conscious
choices may require the use of language to enable meta-cogni-
tion (i.e., thinking about thinking) and awareness of one’s own
mental states (Allen and Bekoff, 1997). Moreover, these abilities
require years of social and educational nurturing to develop,
even in humans (Hyun, 2013). Therefore, discussions of the
moral equivalency of “extreme chimeras” (Hyun, 2015), self-
aware animals with rational thought, may be less germane to
the immediate issue of brain organoid transplantation.

In framing further discussions of brain organoid transplanta-
tion and brain chimeras in general, we argue that determining
the degree to which a chimeric animal is similar to a human is
less constructive than considering the possibility of specific
brain enhancements in chimeras and how these enhancements
would influence their moral status. This contention builds on
prior calls to focus on the welfare of chimeric animals (Hyun,
2015) and the previously mentioned assertion that the “human”
traits that may be conferred to brain chimeras may not, in fact, be
uniquely human. Reframing the conversation in this manner has
certain advantages. The timeline for attaining lesser degrees of
brain enhancement in chimeric animals is likely shorter; thus,
these considerations are more germane to the immediate future
of brain organoid transplantation. A focus on specific brain en-
hancements also promotes a more nuanced approach to individ-
ual cases rather than applying blanket conclusions to a wide
range of potential brain chimera outcomes.

Prospects of Enhancing Brain Function in Brain
Organoid Chimeras

Evaluating the scientific possibility of enhancing cerebral func-
tion after brain organoid transplantation brings much needed
practicality to the ethical discussion of this subject. Such an
approach provides real-world context for these conversations
by identifying scenarios that are on the horizon and approxi-
mating how far in the future the more challenging cases may
arise. In this section, we discuss some of the pertinent scientific
principles that can help determine what types of brain enhance-
ment are possible after brain organoid transplantation and what
limitations may exist.

An important initial point is that current studies involving brain
organoid transplantation are more likely to worsen brain function
than improve it. Transplantation of organoids, unlike cellular
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Figure 2. Tiers of Brain Function Enhancement in Chimeric Animals
We contend that not all types of brain function have the same import when
considering their potential enhancement. Cognitive functions such as memory
require greater scrutiny than basic sensorimotor activity. At the top of the
pyramid is self-awareness or sentience. The basis for this hierarchy is the
degree of moral status that may need to be conferred to brain chimeras that
achieve enhancement of these functions.

injections or genetic techniques, involves the creation of a surgi-
cal cavity, an injury that likely leads to loss of function. Empiric
evidence of this negative effect comes from the observation
that mice grafted with brain organoids perform worse than un-
grafted controls in a spatial memory task (Mansour et al.,
2018). For an organoid graft to enhance brain function, it would
first need to cross the threshold of restoring normal brain func-
tion, which would require appropriate connectivity and functional
integration with the brain. Adoption of visual network function
can be achieved in neurons transplanted into a lesion made in
one cortical layer (Falkner et al., 2016). Human pluripotent
stem cell-derived neurons can also respond to peripheral sen-
sory stimulation after transplantation adjacent to a stroke cavity
(Tornero et al., 2017). However, complete repair of a large brain
lesion has not yet been achieved. Until this objective is obtained,
which in and of itself would be quite notable from a translational
and clinical perspective, cerebral enhancement via brain orga-
noid transplantation remains firmly planted in the theoret-
ical realm.

If we assume that enhancing brain function via organoid trans-
plantation can eventually be achieved, some definitional issues
regarding the quantity and quality of this enhancement require
thought. What degree of enhancement is relevant? One could
argue that a 1% change is immaterial, whereas a 20% improve-
ment is consequential. The scale of change that matters likely
depends on the specific brain function in question. An animal
with faster reaction times or finer visual perception would
certainly be a novelty and perhaps provoke ethical concerns
about the mere fact of enhancement. However, there likely
would be more concerns about animals that could learn faster
(Han et al., 2013), make decisions more quickly, or remember
a maze with greater accuracy. Enhancement resulting in self-

awareness and meta-cognitive decision-making would be in an
altogether different category. Thus, it may be instructive to think
about enhanced brain function in tiers of significance and ethical
import (Figure 2). This organizational structure could help direct a
systematic series of thought experiments to better delineate the
implications of different enhanced brain functions (Greely
et al., 2007).

With the above ideas in mind, let us consider what types of ce-
rebral function could conceivably be enhanced by transplanta-
tion of brain organoids. So far, transplantation studies have
only grafted organoids into the cerebral cortex of host animals
(Daviaud et al., 2018; Mansour et al., 2018). In these transplanta-
tion paradigms, organoid grafts remain discrete within the host
brain. The focal nature of these transplanted organoids and the
small size of the grafts relative to the host brain suggest that their
effect on host brain function would be constrained. Brain func-
tions reliant on relatively local circuitry (e.g., motor movement
and vision) could be affected in significant ways, but the effect
on highly distributed brain functions would be more limited. For
example, a brain organoid could potentially participate in pre-ex-
isting circuitry for memory storage or higher-order cognition, but
it would be far less likely for it to instantiate such functions. This
supposition would especially be true if the transplanted organo-
ids were region-specific (e.g., cortical organoids into the cere-
bral cortex). In the case of whole-brain organoids, significant
growth of these grafts in vivo could theoretically lead to emer-
gence of highly distributed brain functions, but this outcome
would require proper development of intra-organoid cerebral
structures and connectivity and formation of appropriate con-
nections with the host brain. These considerations are
equally applicable to all host species of the chimeric animal,
including NHPs.

Is Self-Awareness Possible in Brain Organoid Chimeras?
Many would consider self-awareness to be the ultimate form of
cerebral enhancement that could arise in a brain chimera.
Although brain organoid chimeras are unlikely to develop this
trait anytime soon, a fascinating scientific question is what pa-
rameters would need to be in place for self-aware chimeras to
emerge. Empiric exploration of this topic is not possible, but
thought experiments may shed some light on this question.
One strategy is to compare a theoretical brain organoid chimera
with a known animal species with documented features of self-
awareness in terms of their cerebral computational capacity.
There are certainly limitations to this approach, including the
inherent difficulties of comparing cognitive abilities across spe-
cies and our fundamental lack of understanding of the neurobio-
logical substrates of self-awareness. Despite these caveats,
such a comparison offers a starting point for thinking about
how self-awareness could arise in a chimeric animal and defines
relevant questions for subsequent investigations.

Before diving into the thought experiments, it is important to
define what we mean by “self-awareness.” This term is often
used interchangeably with “consciousness” and ‘“sentience.”
From a clinical perspective, the term consciousness is divided
into the related but distinct ideas of an individual’s level of
arousal and the content of consciousness. The concept of
arousal is common across animal species and is localized to
subcortical areas such as the reticular activating system. This
aspect of consciousness is often described as how “awake” a
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patient or animal is and is the subject of research examining the
mechanisms behind anesthesia, sleep, and wakefulness after
brain injury (Laureys et al., 2004). In contrast, the content of con-
sciousness refers to an entity’s ability to perceive their internal
and external environments and is thought to rely on distributed
processing across association cortices as well as thalamocorti-
cal and corticothalamic relays. Assessing the content of con-
sciousness in the clinical setting is typically performed by asking
patients to follow commands or imagine scenarios. The content
of consciousness is predicated on the presence of wakefulness,
and it is a continuum, as evidenced by the variety of disorders of
consciousness after brain injury (Schiff, 2010). The usage of the
term “self-awareness” in this article is explicitly linked to the
concept of content of consciousness.

Completely replacing an animal’s brain with human cells
would result in the greatest chance for creating a self-aware
chimera. A version of this theoretical animal, the human neuron
mouse, was proposed in the early 2000s (Greely et al., 2007).
Although far-fetched at this time, some experimental routes
eventually could make this animal a reality. An organoid graft
could grow in vivo to the point of overtaking the native brain.
Alternatively, a fully formed “mini-brain” organoid grown
in vitro could be transplanted into a host animal. Some form of
neural blastocyst complementation (Chang et al., 2018) could
also result in a chimera with a human brain. Two questions to
address when evaluating the cognitive potential of these hypo-
thetical animals is (1) what would be the computational capacity
of their brains and (2) how much computational capacity would
be needed to achieve self-awareness.

Let us use the common laboratory rat as a test case. When
determining the computational capacity of a human neuron rat,
variables that are likely to be important include the number of
neurons, the computational capacity of individual neurons, and
the structural organization of and connectivity among these neu-
rons. A standard rat brain weighs, on average, 2 g and contains
200 million total and 31 million cortical neurons (Herculano-Hou-
zel and Lent, 2005). Replacing rat neurons with human neurons
could affect cerebral cell numbers in two ways. First, rodents
and primates have fundamentally different scaling rules that
relate neuron number to brain weight (Herculano-Houzel et al.,
2006, 2007). Primate brains follow a linear scaling rule; thus, a
hypothetical rat brain of 2 g composed of human neurons would
be expected to have 143 million total and 26.7 million cortical
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Figure 3. Comparison of Cerebral and
Cortical Neuron Numbers across Species
The number of cerebral and cortical neurons in
the common laboratory rat is orders of magni-
tude smaller than the respective number of
neurons in humans. A more interesting com-
parison for the laboratory rat is the magpie, a
bird that passes the mirror test for self-recogni-
tion. These neuronal numbers can be used as
the basis for thought experiments on the degree
of brain expansion or computational augmenta-
tion that might be necessary to make a chimeric
rat self-aware.

<

86 billion total neurons
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neurons compared with a human brain of 1,200 g with 86 billion
total and 16 billion cortical neurons (Azevedo et al., 2009;
Figure 3). Second, if the human neurons were introduced at an
early embryonic stage, then cortical expansion driven by the
presence of human outer radial glial progenitors could remodel
the rat skull to produce a larger brain. Similar skull remodeling
is seen in children with untreated hydrocephalus. The extent to
which the brain would enlarge is hard to predict, but it would
be hard to image a rat’s head expanding beyond 2-3 times its
normal size. Thus, it would be improbable that a human neuron
rat could have more than around 430 million neurons.

Human neurons would theoretically also provide a computa-
tional boost compared with rat neurons. Although the cortical
synaptic density is, if anything, higher in rodents than in humans
(DeFelipe et al., 2002), the dendritic arbors of human layer V py-
ramidal neurons are significantly longer than their rat counter-
parts, which results in electrical compartmentalization and
input-output properties that potentially augment cortical compu-
tation (Beaulieu-Laroche et al., 2018). Certain neural cell types,
such as dopamine interneurons, also only exist in the human
brain (Sousa et al., 2017). Further gains in computational capac-
ity could be realized if the cerebral structure in this hypothetical
chimera resembled that of the human brain. However, it is ques-
tionable whether human brain architecture could truly be repli-
cated with only 0.5% of the cells. Ultimately, determining the
magnitude of the computational enhancement multiplier pro-
vided by human neurons may be best done using in silico models
such as the Blue Brain Project, which has so far been able to
model a network of 31,000 rat neurons with 36 million synapses
(Gal et al., 2017; Markram et al., 2015).

Would the collective changes enumerated above enable a hu-
man neuron rat to achieve self-awareness? One way to tackle
this question would be to compare the cerebral computational
capacity of this chimera with that of the magpie, a highly intelli-
gent bird and one of the few animals that passes the mirror
test for recognition of self (Prior et al., 2008). The magpie brain
weighs 5 g and is composed of 741-897 million neurons
(Olkowicz et al., 2016). Although the avian brain lacks a laminar
cortex and cortical folds, its forebrain is capable of supporting
sophisticated cognitive abilities and has a higher neuronal den-
sity than the primate brain (Jarvis et al., 2005; Olkowicz et al.,
2016). A human neuron rat brain with between 200-400 million
neurons would require a computational enhancement multiplier
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of ~2-4 to match the larger number of neurons in the magpie
brain. Assuming that human neurons provided a multiplier on
this scale, some degree of self-awareness could perhaps arise
in this chimeric animal. This comparison is limited by many as-
sumptions and unknowns. Nevertheless, the thought experiment
of comparing a human neuron rat with a magpie provides a
sketch of the parameter space within which a brain organoid
chimera could potentially achieve limited self-awareness.

What are the implications of larger host animals, such as pigs
and NHPs, for development of self-awareness in brain organoid
chimeras? As mentioned above, focal transplantation of brain
organoids, including in NHPs, could affect discrete brain func-
tions but would be unlikely to generate higher-order cognitive
abilities, especially distributed functions such as self-awareness.
However, the “dose” of human neurons in a more sophisticated
host animal brain becomes increasingly important to consider
(Greene et al., 2005). Larger brains can accommodate more
neurons and greater computational power, and higher-order
mammals possess brain architectures that more closely approx-
imate the human brain, especially with regards to the cortex.
These features suggest that a smaller leap would be needed to
produce self-awareness in these chimeric animals versus rats.
Further discourse on human neuron pigs or NHPs is beyond
the scope of this article, but it would be sensible to evaluate brain
organoid transplantation and other chimera technologies in
lower-order species before proceeding to large mammals.
Defining Thresholds for Concern
It will take significant progress in organoid and chimera science
before any scenario involving cerebral enhancement of a brain
organoid chimera will surface. This being said, continuing dis-
cussions of what types of brain enhancements are concerning
for society and how these augmented functions can be recog-
nized would be prudent. If an animal improves its visual discrim-
ination as a result of brain organoid transplantation into its visual
system, what are the reasons for this outcome being objection-
able, and do these reasons stand up to logical scrutiny? For brain
enhancements that are deemed to be objectionable, corre-
sponding behavioral tasks would be needed to determine
whether enhancement had occurred and to quantify the degree
of enhancement (Hyun et al., 2007).

Self-awareness is clearly a special case of brain enhance-
ment. Because we do not yet comprehend the biological sub-
strate of self-awareness, determining its presence or, perhaps
more importantly, its absence is not straightforward. Lacking
the means to measure self-awareness now may be less of a
concern, but it will become a more urgent matter as brain orga-
noid technology, transplantation strategies, and other laboratory
methodologies advance. The prior discussion of the hypothetical
human neuron rat suggests that extrapolation of known data and
computational modeling are currently inadequate for these pur-
poses. One strategy may be to borrow electrophysiological met-
rics from the field of coma research to measure self-awareness
in brain organoid chimeras (Lavazza and Massimini, 2018b).
These theoretical measures, such as the perturbational
complexity index, are based on electroencephalographic re-
cordings and have been used to stratify patients with disorders
of consciousness (Casali et al., 2013; Casarotto et al., 2016).
However, they have yet to be validated in animals or in in vitro
cultures. Assigning specific threshold values for self-awareness

is also problematic because this construct is not a binary phe-
nomenon. Determining what parts of the continuum of self-
awareness are of concern for a brain organoid chimera is itself
an interesting question. Would a chimera with a level of self-
awareness equivalent to a brain-injured patient in a minimally
conscious state be concerning, or are greater degrees of self-
awareness required to trigger concern?

The alternative is to use behavioral testing to assess self-
awareness. Asking chimeric animals to follow commands is
not a reliable method because some animals follow commands
but are not thought to be sentient (e.g., dogs) whereas other an-
imals may lack the ability to convey their understanding of com-
mands. One of the only tests for self-awareness that currently
exists is the aforementioned mirror test. The ability to recognize
one’s reflected image in a mirror as oneself as opposed to
another individual is evidence of self-awareness, although it is
by no means a perfect or comprehensive measure. Humans
beyond the age of 2 years of age generally pass this test (Amster-
dam, 1972), as do chimpanzees (Gallop, 1970), bottlenose dol-
phins (Reiss and Marino, 2001), Asian elephants (Plotnik et al.,
2006), and magpies (Prior et al., 2008). If an animal lacking
self-awareness began routinely passing the mirror test after
brain organoid transplantation or another cerebral manipulation,
a pause in experimentation, more thorough cognitive and behav-
ioral testing, and discussion with research oversight committees
would be obligatory.

Ramiifications of Enhanced Chimeras

What may be more important for enhanced chimeras is the wel-
fare protections afforded them (Hyun, 2015). If a chimera were to
develop a greater degree of cognitive sophistication, perhaps it
would require a more stimulating environment to prevent
depressive symptoms. If there is evidence of rudimentary self-
awareness, perhaps the chimeras should be removed from the
research setting and retired to colonies such as chimpanzee
sanctuaries. If there is further development of self-awareness,
it may even be necessary to afford chimeras legal protections
similar humans, including consent for procedures and the right
of self-determination. Even if brain organoid transplantation
does nothing to enhance the chimera’s brain function, attention
must still be paid to the welfare of these animals to minimize any
possible pain or suffering.

It should be highlighted that current laws and regulations do
not necessarily take into account scientific evidence on self-
awareness in animals, although movement toward restricting
research based on these considerations is occurring. Chimpan-
zees, our closest evolutionary relatives, are no longer used for
any scientific experimentation in Europe and are afforded special
protections in the United States (Institute of Medicine and Na-
tional Research Council, 2011). However, most species that
pass the mirror test for self-awareness are not treated differently
than other animals. An interesting case is the domestic pig.
Although pigs do not pass the classic mirror test of self-aware-
ness, they are capable of using mirrors to find hidden food, a
level of cognitive ability that is quite sophisticated and has
been interpreted as some degree of self-awareness (Broom
et al., 2009). These results certainly have not resulted in a mora-
torium on using pigs as a food source.

Other socio-legal issues should be considered along with an-
imal welfare protections (Farahany et al., 2018). One question is
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consent for the generation of induced pluripotent stem cells
(iPSCs), which are often the starting point for brain organoids.
Should the possibility of creating enhanced or self-aware chi-
meras be disclosed during the consent process for obtaining hu-
man cells for generating iPSC lines? Should subjects be given
the explicit ability to opt out of their cells being used to generate
brain chimeras? Along these lines is the question of who would
legally own enhanced or conscious chimeras. These topics
deserve further exposition in future discussions.

Conclusion

The ethical implications of transplanting human brain organoids
into animals fall within the larger context of the discussion on hu-
man-animal brain chimeras, which has been ongoing for nearly
two decades. In this article, we have argued that considering
enhancement of specific brain functions in these chimeras is a
more practical framework than debating their degree of “human-
ization.” Augmentation of cerebral function in brain organoid chi-
meras is currently not feasible, and the degree to which an ani-
mal’s brain can be enhanced, even if it were to be completely
replaced with human neurons, has limits. Further inquiry into
the fundamental question of how neuronal networks give rise
to cerebral function will help delineate the realistic limits and pos-
sibilities of brain organoid transplantation as well as other brain
chimera techniques. In the meantime, however, it would be pru-
dent to ponder issues raised by such brain function enhance-
ment, such as determining what qualifies as enhancement and
defining rational thresholds for concern. Neither of these tasks
is easy or straightforward. Last, additional discussion is needed
regarding the socio-legal matters related to brain organoid trans-
plantation, some of which are already very much relevant today,
whereas others pertain to the societal place of potential chi-
meras with enhanced brain function in the future.
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