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Highlights
Neural tissue engineering requires
designing and assembling customizable
brain tissues using specialized tech-
niques ranging from bioprinting to grow-
ing neural organoids.

Artificial cerebral cortices, hippocampi,
and specialized circuits have been
bioengineered, displaying complex
physiological signatures including pat-
terned oscillations.

In principle, artificial neural tissues
can display minimal cognition in vitro
Bioengineered neural tissues help advance our understanding of neuro-
development, regeneration, and neural disease; however, it remains un-
clear whether they can replicate higher-order functions including cognition.
Building upon technical achievements in the fields of biomaterials, tissue engi-
neering, and cell biology, investigators have generated an assortment of artificial
brain structures and cocultured circuits. Though they have displayed basic elec-
trochemical signaling, their capacities to generateminimal patterns of information
processing suggestive of high-order cognitive analogues have not yet been
explored. Here, we review the current state of neural tissue engineering and con-
sider the possibility of a study of cognition in vitro. We adopt a practical definition
of minimal cognition, anticipate problems of measurement, and discuss solutions
toward a study of cognition in a dish.
as indicated by specialized information
processing patterns.

Equipping bioengineered neural tissues
with appropriate interfaces as embodied
cultures will allow investigators to ask
and answer macroscale questions not
normally reserved for in vitro studies.

The prospect of building brains to
generate minimal cognition is becoming
more realistic with current innovations
of neural tissue engineering.
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Reverse Engineering the Black Box
Brains are collections of biological tissues with extraordinary capacities. Indeed, all of human
experience, from feelings of love and affection to indifference, fatigue, and the most intense
sensations of pain, are products of brain function. Decision-making, moral reasoning, abstrac-
tion, and all other features of cognition may be operationally complex, but they are all fundamen-
tally born of information processing within biological networks. For at least several thousands of
years [1], humans have understood the relative significance of the brain among other organs as
a determinant of thought and behavior; however, the mechanisms of the mind have long-
remained partially obscured within a black box and without a blueprint.

Historically, it has been assumed that a comprehensive picture of brain function will eventually
be realized by manipulating and measuring the brains of animals and their dissociated or post-
mortem parts. Consequently, cognitive researchers, philosophers, and neuroscientists have
revealed a wealth of information about brain functions and their neural substrates. Beginning
with functional assessments of patients – usually survivors of brain injuries [2,3] or surgical
interventions [4,5] – we first linked regional insults with particular losses or changes to
thought and behavior. Today, ever more sophisticated neuroimaging tools are being actively
developed [6,7] to increase the spatial and temporal resolutions of structural and functional
brain maps. However, there are limitations to the study of brain function that are intrinsic to
the assumptions that underly conventional approaches in the cognitive sciences. In pursuit
of a significant leap forward in the field, it may be necessary to embrace a new paradigm
with alternative assumptions.

Neural tissue engineering, the process of creating artificial brain-like specimens in the laboratory,
may represent a fundamentally disruptive tool in the hands of cognitive scientists. Building custom,
iterative, and modular brains in search of loss- or gain-of-function has become a practical reality of
biomedical engineering. Recent reports of bioengineered neural tissues displaying increasingly com-
plex functional profiles [8,9] indicate their potential suitability as models to investigate higher-order
phenomena such as cognition. With the integration of technologies such as designer receptors
exclusively activated by designer drugs (DREADDs) [10], optogenetic actuators (see Glossary)
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Glossary
3D culture/coculture: one (3D culture)
or many (3D coculture) cell types
suspended in a stable, 3D structure that
approximates real-life physiological
conditions.
Biomimetic: an artificial method or
structure that mimics or simulates a
natural biological process.
Bioprinting: a process involving the
patterning of cells into artificial tissues
using biological ‘inks’ (e.g., alginate,
agarose, collagen, and gelatin).
Degeneracy: a property of biological
units or pathways that can perform
similar functions and are effectively
interchangeable.
Embodied cultures: an in vitro system
that has been functionally coupled to an
effector that acts on the external world.
Microfluidic devices: thin, chip
devices that house cells within defined
spaces connected by narrow channels
(~15 μm) that allow for the highly
controlled passage of fluids.
Minimal cognition: a basic level of
cognition that satisfies the minimum
necessary conditions to qualify as a
mental process.
Neural organoids: miniature (~4 mm
wide) brains that express embryonic-like
morphology and that are formed using
(pluripotent) stem cells that can become
many different kinds of tissues.
Neural spheroids: 3D spherical
aggregates of neural cells caused by
limiting adhesion (attachment) to flat
surfaces where cells would normally
form 2D films.
Optogenetic actuators: light-
activated ion channels, such as channel
rhodopsin, that allow for precise control
of neural tissues at the cellular level.
Scaffold-based constructs: neural
cells embedded within customizable,
preconstructed, 3D environments,
typically made of synthetic or
biomaterial-derived polymers.
Substrate independent: the
independence of the mind or cognition
from any one particular substrate.
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[11], and genome editing [12], customizable and miniaturized brain models represent flexible
tools to explore new frontiers in the cognitive sciences. Even without a blueprint of the mind,
bioengineers can now design and build limitless variations on the black box and assess their
comparative functional potential. In this review, the current state of neural tissue engineering
is discussed in relation to the possibilities and impediments to a study of higher-order brain
functions ‘in a dish’.

A Novel Approach to Fuel Discovery
Major breakthroughs in neuroscience have been attributed to the development of specialized tools
and techniques that have allowed investigators to ask questions which would otherwise go
unasked. From the histology and microscopy of Golgi [13] and Cajal [14] that launched a
century of neuroanatomical investigation, to Hodgkin’s and Huxley’s [15] seminal electro-
physiological measurements that inspired a revolution in molecular neuroscience [16,17], the
impact of new and relevant tools cannot be understated. Indeed, the contemporary method of
optogenetically stimulating animal brains [18,19], which involves the precise activation of
submillimeter neural targets, is fundamentally derived from and built upon the seminal works
of brain stimulation pioneers such as Delgado [20,21], and Penfield [22,23], who sought to
evoke neural activity by applying comparatively crude injections of current. This uninterrupted
chain of innovation has fueled tremendous discovery; however, the vast majority of modern
neuroscientific tools and techniques are shaped by a common set of assumptions.

One core assumption of modern neuroscience is that the systematic observation andmanipulation
of animal brains and cells will eventually reveal all that can be known about neural signaling, cogni-
tion, behavior, and even consciousness.With few exceptions, the brain is treated as an object to be
probed, stimulated, ablated, dissociated, imaged, genetically manipulated, or otherwise imposed
on by instrumentation. The default neuroanatomy,microcircuitry, and neurophysiology of biological
organisms – products of natural selection, ontogeny, and maturation – are taken for granted. In
pursuit of their hypotheses, most investigators design experiments beginning with the assumption
of normative brain structure–function relationships. This sensible and effective strategy continues to
yield important information and is the current gold standard approach in the field.

There is, however, a radically different approach to neuroscientific investigation that is becoming
increasingly accessible. Unlike conventional methods, neural tissue engineering begins without a
normative model of the brain. Rather, the investigator is tasked with defining the parameters of
the neural substrate, building brain tissues de novo from the bottom up, and then using them
as tools to answer specific questions [24–26]. Instead of probing the preassembled brains of
animals, investigators are now free to design and build artificial circuits and pathways that differ
from their naturally selected counterparts and to push systems to their extremes in search of
first principles that underlie brain function. Indeed, artificial neural tissues are not limited by inborn
developmental morphology or structural–functional templates found in nature. As it is conceivable
that some or all higher-order cognitive functions may be substrate independent [27,28],
the rationale and means to test the independence hypothesis are now beginning to converge.
That is, it may be possible for the same functions to be displayed by or emerge from completely dif-
ferent spatio-organizational cell configurations, which is consistent with the concept of degeneracy
[29]. With neural tissue engineering, a 1-, 10-, or 100-layered neocortex could be generated, and its
functions compared with other artificial tissues with alternative cytoarchitectonic configurations
(Figure 1). The option to experimentally control factors such as cell density, the biochemical makeup
of the extracellular matrix (ECM), cell type ratios (e.g., excitatory versus inhibitory neurons), the
degree of myelination, and the orientation of fibers is a quintessential feature of neural tissue
engineering.
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Figure 1. Alternative Structures of Bioengineered Cortical Tissues. Hypothetical structures of tissue-engineered
cerebral cortices that vary by number of layers (laminae) and cellular orientation (polar or nonpolar). The default neocortex
(left, blue) could be reconfigured into a nonlaminar, nonpolar structure (center, orange), or a hyperlaminated, polar
structure (right, green) to test relevant hypotheses.
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It may be said that neural tissue engineering is less restrictive than conventional ap-
proaches, even if at the occasional cost of immediate translational relevance [30]. However,
significant efforts to model neuropathology are currently underway, where traumatic brain
injury [31,32] and neurodegeneration [33,34] have already been recapitulated as minimal
models of disease in vitro. To create models of brain disease, investigators construct arti-
ficial tissues using diseased donor cells [35] or induce pathology by simulating etiologically
relevant conditions within the culture media or environment (e.g., toxic compounds and radia-
tion) [36]. Techniques such as bioprinting – which involves the precise extrusion of single cells
into custom, patterned arrays – and scaffold-based 3D cell culture – a method that emphasizes
the importance of a cell’s microenvironment – have been used to fabricate an assortment of brain
tissues [37,38] and even biomimetic support structures such as the neurovascular unit [39].
With each technical advancement, it has become evident that artificial neural tissues are trending
toward increased physiological relevancy, surpassing traditional, monolayer-based cell culture
(e.g., increased complexity, coculture compartmentalization, and stratification) [40] and even rivaling
organotypic slice culture without its main drawback of extensively damaged or fully severed tract
systems [41,42].

As the line between in vivo and in vitro blurs, with neural organoids now displaying electrophysio-
logical signatures reminiscent of animal electroencephalographic profiles [43], there is a realistic
implication that artificial brain tissues will soon have the capacity to display information processing
patterns characteristic of prototypic thought and reflect other cognitive processes at a rudimentary
level. Thus, there is a primary need to develop experimental paradigms with which higher-order
cognitive phenomena including memory, reasoning, problem-solving, decision-making, or their
information processing analogs can be reliably measured in vitro. After all, without measurement,
we may never appreciate the functional consequences of our creations.
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Applying Neural Tissue Engineering to the Study of Cognition
Major components of the nervous system have been recapitulated as in vitro tissue models
including the cerebral cortex [44–46], forebrain [46], midbrain [47], hypothalamus [48], hippocam-
pus [49], and cerebellum [50]. Interstitial fluid flow within the brain’s microenvironment has also
been recreated in vitro [51]. Consistent with the purposes of modeling, only select features of
specific in vivo brain regions are recapitulated. Current practical strategies in neural tissue engi-
neering aim for minimal models of the brain that satisfy some but not all criteria. Only features
that are considered necessary a priori for the purposes of a particular demonstration or experi-
ment are included in the design and fabrication of artificial neural tissues. Therefore, it must be
said that one shortcoming of current models is that they often fail to fully capture the sum total
properties inherent to the brain regions they purport to model – whether or not those properties
are critical to function. However, as the number of minimal brain models expands, it becomes
relevant to consider which structures are most likely to display signs of cognitive processing.
Among the structures that have been successfully modeled, the cerebral cortex is perhaps the
most likely to exhibit minimal cognition given its important role in perception, problem-
solving, decision-making, and consciousness. While the creation and assessment of individual
artificial brain components is expected to yield important information, efforts are now turning to
the equally important integration of complex circuits including the cortical–hippocampal interface
[52] to model higher order brain functions such as memory encoding and retrieval. To date, there
have been no reports of a bioengineered thalamocortical circuit – a milestone that would permit
the measurement of information processing events relevant to consciousness including temporal
binding [53]. However, as methods of 3D culture and coculture continue to develop rapidly,
systems-level constructs are eagerly anticipated.

It is important to consider the contemporary means by which tissues are generated in the
laboratory, their associated impact on function, and the intrinsic limitations of each technique.
Several distinct methods of tissue engineering have been developed with relevant applications
in regenerativemedicine, drug screening, diseasemodeling, and the study of neurological develop-
ment [54]. The most common tools include neural spheroids [55], neural organoids [56],
scaffold-based constructs [57], microfluidic devices [58], and bioprinted tissues [59]. As
indicated by a recent report, bioprinting can be used to create ‘smart materials’ with a capacity
to simulate developmental, biophysically driven processes such as cortical folding [60]. Neural
organoids notoriously exhibit embryonic-like phenotypes [61], which is a recognized limitation
when generalizing results to mature brains. However, in the hands of cognitive scientists, neural
organoids may represent a means to identify cognitive developmental milestones associated
with embryogenesis. Similarly, investigations of evolutionary brain development may now be
possible with chimpanzee [62] and other non-human primate brain organoids.

Bioengineered neural tissues are currently assembled using primary cultures, immortalized cells
lines, or by differentiation of induced pluripotent stem cells (iPSCs) or embryonic stem cells
(ESCs) [54] and are typically embedded within protein composites that simulate the ECM [63]
and other components of the tissue microenvironment. As reviewed in detail elsewhere [64],
the size, scalability, longevity, replicability, and functional capacities of bioengineered neural
tissues vary greatly, offering a range of possible advantages and disadvantages as model
systems. It is, however, unknown how these parameters may impact the possibility of displaying
minimal cognition.

To achieve a study of cognition in vitro, investigators need to be willing to ask questions not
normally associated with cell culture or tissue engineering. Can artificial neural tissues discrimi-
nate between closely related stimuli? Can they display percepts? If so, what is the associated
Trends in Cognitive Sciences, April 2021, Vol. 25, No. 4 297
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difference threshold? Can they be operantly conditioned? If so, what would constitute
‘reinforcement’ or ‘punishment’ in vitro? Can we measure the equivalent of attention span
in vitro? How might signs of intelligence or experience be inferred? Questions such as these
may arouse knee-jerk calls to avoid anthropomorphization; however, cognition is uncontrover-
sially a feature of some biological systems and its expression by laboratory-generated neural
tissues is a nontrivial possibility. Indeed, determining whether or not cognition can be displayed
in vitro – like any other scientific pursuit – begins with the willingness to formulate a falsifiable
hypothesis, gather empirical data, and dispassionately adopt or abandon an evidence-based
conclusion. Interdisciplinary teams comprised of cognitive scientists, engineers, biologists,
psychologists, neuroscientists, computer scientists, and ethicists will be required to undertake
a study of thought, behavior, and experience in a dish.

Is an In Vitro Study of Minimal Cognition Possible?
Before considering the technical details involving the assembly or measurement of artificial brain
tissues with which to study cognition in vitro, it is first necessary to ask whether or not such a thing
is possible in principle. The major products of brain function can be divided into two broad
categories: cognition and behavior. Cognition or mental processes classically include functions
such as thought, experience, and sensation, while behavior is restricted to functions that termi-
nate as motor outputs. In the brain, perception, attention, memory, problem solving, decision-
making, and the encoding of language – each cognitive function is emergent from billions of inter-
connected neural and glial cells engaged in a continuous transfer of information. Because current
brain models are minimally representative of their in vivo analogs and mental processes, as
currently understood, are not directly applicable to in vitro systems, it is necessary to establish
a definition of minimal cognition on which to base further study. It may also be necessary to
consider the minimal equivalents of specific cognitive phenomena such as minimal reasoning
or minimal memory.

Fortunately, the concept of minimal cognition [65] has received mounting attention in recent years
[66–69]. While it may be important to distinguish between the anthropocentric view of cognition,
minimal cognitive phenomena, and reflexive or adaptive ontogenetic processes, there is evidence
to support the view of cognition as a ubiquitous phenomenon [70]. An up-to-date and thorough
review of minimal cognition was recently published, where information processing capacities of
biochemical circuits and networks are considered representational of the lower-bound fundaments
of biological cognition [70]. In the author’s view, neurons – and by extension, brains – are otherwise
commonplace biocomputational systems that have been optimized for speed and distance.
Therefore, as we consider the possibility of studying minimal cognition in vitro, we regard informa-
tion processing as the central operational variable. As we discuss, mental processes are paired to
measurable information processing patterns, representing one path toward a study of cognitive
features in vitro; however, simulating behavior in vitro with the use of embodied cultures may
also be necessary to verify the content of information represented within artificial neural tissues.
If, as is conventionally assumed, the bases of cognition and behavior can be reduced to information
processing within brain tissues, and artificial neural tissues have already displayed patterned acti-
vations [54,71,72], as well as a compatibility as grafts or implants with living hosts [73], we submit
that a minimal form of cognition in vitro may have already been achieved but has not yet been
verified. In practice, there are some key challenges associatedwith themeasurement and inference
of cognition within the in vitro context that are worth discussing.

The Problem of Measurement and Current Approaches
It is unfortunately the case that cognitive abilities are not subject to direct observation or measure-
ment. Rather, they are inferred either by measurement of information processing within brains or
298 Trends in Cognitive Sciences, April 2021, Vol. 25, No. 4
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coupled metabolism [e.g., electroencephalography (EEG), fMRI, and positron emission tomogra-
phy (PET)] [74], by the observation and quantification of operationalized behaviors (e.g., facial
expressions, gestures, ambulation, and pressing a lever) [75], or by assessing the content of
introspective self-report (i.e., interpretable language) [76] which, with few exceptions, is absent
in non-human laboratory animals. Several reliable information processing signatures are known
to correlate with mental processes including event-related potentials, such as the P300 compo-
nent, whichmost consistently involves activation of temporal, parietal, and prefrontal cortices [77]
and is associated with decision-making [78]. Similarly, crossfrequency coupling of θ (~7 Hz) and γ
(~40 Hz) oscillations is known to correlate with sensory andmemory processes [79]. When study-
ing human brains, there is little reason to suspect that these information-processing signatures
are randomly associated with differential mental processes across individuals. Rather, there is a
normative assumption of structure–function relationships that is empirically verifiable. Since the
invention of EEG, α (~10 Hz) rhythms detected at occipital sensors have been and remain a hall-
mark of the resting baseline condition – particularly if amplified by the participant closing their
eyes. While similar signatures may be detectable in artificial neural tissues, it is unclear whether
assumptions of coupled mental processes would survive the transition to a study of
minimal cognition in vitro. Nevertheless, it may be necessary to deliberately model these structures
and characterize artificial neural tissues as a function of their information-processing capacities and
their ranked complexity or analogous properties in relation to human-based observations.

Most studies that have assessed information processing in artificial neural tissues have been
limited to functionally immature neural organoids. However, measuring connectivity coupled to
planar microelectrode arrays (MEAs), investigators have supplied evidence of complex network
formation with both spontaneous and evoked potentials indicative of organized function including
the innervation of animal spinal tissue and contraction of muscle [80]. Complex phenomena such
as the startle fear response have also been inferred by increased freezing to conditioned auditory
stimuli in mice transplanted with human brain organoids [81]. On the basis of studies such as
these, investigators [82] have recently suggested that the Perturbational Complexity Index – a
tool developed to assess the information content of the brains of coma patients relative to healthy
controls using transcranial magnetic stimulation [83] – could be adapted to assess cognitive
features related to dementia in neural organoids.

Without any prior knowledge concerning which information processing patterns correlate with
specific mental processes, behavior (or self-report) is a necessary condition to infer cognition.
Consider the difficulties associated with measuring cognition in patients with complete paralysis,
as is the case in locked-in syndrome (LIS) [84]. If not for some limited eye movement [85] and
assistive technologies that convert brain activity into interpretable outputs [86], inference of cog-
nition in LIS patients –which is now thought to be present –would not be possible. Importantly, it
is precisely those conversions from brain activity to interpretable outputs that functionally replace
behavior as the relevant and quantifiable outputs in addition to eye movements.

An assumption of normative brain structure and function is valuable in cognitive research. One
implication of shared structure–function relationships across human brains is the possibility of
reverse inference [87], which involves interpreting neuroimaging data to draw meaningful conclu-
sions about the participant’s perception on the basis of brain activity alone [88,89]. Reverse
inference is only made possible by an accumulation of empirical measurement involving human
participants with conserved brain structure self-reporting their perceptions while undergoing
neuroimaging. Consequently, investigators are now able to make accurate predictions about
the experiences of participants without asking directly. To illustrate the importance of normative
assumptions of brain structure–function relationships, consider the thought experiment of
Trends in Cognitive Sciences, April 2021, Vol. 25, No. 4 299
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performing functional neuroimaging on a disembodied brain whose cognitive–behavioral outputs,
uncoupled from their typical correlative anatomy, are mapped randomly across the cortices.
Isolated from any sensory organ or a neuromuscular interface with which to report experience,
mapping function would not be possible. Like the brains of living organisms, artificial neural
tissues require terminal outputs that are essentially non-neural with which to signal their opera-
tionalized internal states. Rather than measuring action potentials or network activity, the ‘state
reporter’ would summarize the global functional state of the system and collapse to a discrete
output signal among a finite set of possible signals. One solution would involve a brain–computer
interface (BCI) that would effectively transduce neural activity to digital representations or outputs
as lights, sounds, and vibrations (Figure 2).

One consequence of extending a neural network’s influence on objects or effectors beyond the
network itself is the creation of an embodied culture, functionally substituting behavior. Embodied
neural networks plated onMEAs have already been used to control robots [90], operate computer-
generated animal bodies [91], and pilot simulated aircraft [92]. Simulations of embodied neural
networks have also displayed features of learning and goal-directed behavior such as moving
toward or staying within user-defined areas [93]. Perhaps most relevant are the recent demonstra-
tions of 3D human neuromuscular organoids that can contract and generate central circuits integral
to reflexes and other motor responses [94,95]. Indeed, a three-part ‘assembloid’ combining
cortical, spinal, and muscular tissues was recently reported, thus recapitulating the major compo-
nents of the corticospinal tract, which is the executive pathway associated with volitional move-
ment in humans [96]. Similar strategies are simultaneously recapitulating extrapyramidal motor
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Figure 2. State Reporters for Bioengineered Neural Tissues. To assess cognitive and behavioral capacities in vitro
the functional activations of bioengineered neural tissues are transduced to non-neural signals that signal the state of the
system. Tissue constructs (left panel) assembled using a variety of neural tissue engineering techniques will generate a
range of biological signals (center panel) that, within the context of a specific paradigm, can yield important information
about the functional state of the system. Signals can then be transduced (right panel) to trigger events that are analogous
to response patterns observed in behaving organisms.
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Outstanding Questions
What are the fundamental underlying
principles of a cognitive system and
to what degree are they determined
by the microscopic cytoarchitecture
of their primary neural substrates?

Are some cognitive capacities substrate
independent and others substrate
dependent?

Which neural tissue engineering
approach is best-suited to fabricate
artificial brain-like tissue with which
to study higher-order functions?

Will a cocultured, artificial circuit involving
the pairing of multiple cell and tissue
types be required to generate minimal
cognition or will a single structure and
cell type be sufficient?

Can building cognitive tissues bottom-
up allow investigators to move past
conventional neural correlates of
consciousness and eventually reveal
the neural causes of consciousness?

Will the laminar and polar architectures
of the cerebral cortices be integral
to generating minimal cognition or
can they be replaced with alternative
tissue architectures without loss of
function?
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circuits [97]. Therefore, the technical challenges associated with imbuing neural cultures with the
capacity to interact with the external world is already being addressed; although admittedly, efforts
remain preliminary and progress is expected to be incremental. Once equipped with the means to
signal the state of the neural tissue, it will be possible to perform assessments using behaviorist
techniques including operant paradigms. Tasks involving lever pressing [98], orienting [99], or
maze solving [100] could potentially be adapted for the in vitro context, facilitated by BCIs coupled
to MEAs or similar electrophysiological devices. Predefined amplitude or frequency thresholds
could serve as triggers to select specific outputs or ON–OFF states. To that end, identifying
methods to positively or negatively reinforce artificial brain tissues would represent a significant
achievement. Once established, it may be possible to apply a behaviorist approach as a first-
order approximation to the study of higher function in vitro.

What about a Study of Consciousness In Vitro?
What can be achieved using neural tissue engineering is a question that must be continually
revisited with each incremental innovation. While currently impractical, to fully replicate the struc-
ture of the brain such that the artificially generated tissue is at every level of analysis – from the
proteins that make up the cells and the precise composition of the extracellular matrix linking
neurons and glia – indistinguishable from its natural template would be, by definition, to create
a tissue that can experience. To suppose otherwise would be to admit that consciousness
does not emerge from brain matter. Indeed, some combination of neural substrates that together
form the human brain is responsible for the generation of the kind of information processing that
we call consciousness. The longstanding reliance upon the established brain structures of living
organisms as the subjects of investigation has been fruitful [22,101,102] but may be limiting. Of
course, there are many neural correlates of consciousness (NCCs) [103], including important
circuits [104] and signature oscillatory patterns [105]. It may also be claimed that several brain
regions represent necessary but not sufficient [106] generators of consciousness including the cere-
bral cortices and the arousal pathways [107,108]. However, a definitive locus or group of loci that are
solely equipped to generate consciousness have not yet been identified despite our access to highly
detailed neuroanatomical maps [109–111] and a wealth of functional imaging data [112,113].

If, as has been hypothesized, consciousness is an emergent process [114], a neural engineering
approach will, by addition and subtraction of modules, reveal the point at which the system’s
function becomesmore than the sum of its parts. Indeed, the process of bioengineering structural
NCCs may represent a path toward an understanding of causal mechanisms. However, verifica-
tion of consciousness represents a significant hurdle in its own right [115] because conscious-
ness may be a fundamentally private phenomenon – inaccessible to anything outside the
system that generates it [116]. Distinguish building a tissue that has the capacity to experience
from a secondary problem: determining whether we succeeded. Indeed, there is no satisfactory
definition or test of consciousness that does not rely upon indirect effects or inference; determin-
ing how phenomenal experiences emerge from matter is a genuinely hard problem [117]. Once
the measurement problem is addressed, which is long standing [118], there are potentially limit-
less neural substrates which could be tested. Just as comparative anatomy highlighted the re-
markable overlap between species which were thought to be phylogenetically unrelated, we
submit that a comparative study of cognition across a large set of iterative artificial neural tissues
is of equal importance as we attempt to understand the biological origins of phenomena such as
thought, intelligence, and even consciousness.

Concluding Remarks
Neural tissue engineering is beginning to emerge as a useful tool to fuel discovery with the promise
to help identify and delineate causal mechanisms. While most neural tissue engineering is currently
Trends in Cognitive Sciences, April 2021, Vol. 25, No. 4 301
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performed in the interest of recapitulating native brain structure and function to model disease
states, the prospect of studying cognition in vitro should be considered seriously and explored in
parallel. Indeed, the prospect of developing an in vitro approach to cognitive science provides
several new paths for investigation (see Outstanding Questions). As examples of ever-more
sophisticated information processing in artificial neural tissues begins to accumulate, it may also
be relevant to consider the obligations we might have to these potentially sentient constructs. It
will perhaps be necessary to develop an ethics that may or may not distinguish between brains
and their laboratory-generated counterparts [119]. Just as the content of experience, especially
suffering, is considered in non-human animals, the same courtesy will likely be extended to artificial
neural tissues in due time assuming bioengineers will one day recapitulate cognition in a dish.
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