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Abstract

Translational neuroscience is committed to generating discoveries in the laboratory that ultimately can improve human lives.
Optogenetics has received considerable attention because of its demonstrated promise in rodent brains to manipulate cells and
circuits. In a recent report, Tremblay et al. [28] introduce an open resource detailing optogenetic studies of the nonhuman primate
(NHP) brain and make robust claims about the translatability of the technology. We propose that their quantitative (e.g. a 91% success
rate) and theoretical claims are questionable because the data were analyzed at a level relevant to the rodent but not NHP brain.
Injections were clustered within a few monkeys in a few studies in a few brain regions, and their definitions of success were not
clearly relevant to human neuropsychiatric disease. A reanalysis of the data with a modified definition of success that included a
behavioral and biological effect revealed a 62.5% success rate that was lower when considering only strong outcomes (53.1%). This
calls into question the current efficacy of optogenetic techniques in the NHP brain and suggests that we are a long way from being
able to leverage them in ‘the service of patients with neurological or psychiatric conditions’ as the Tremblay report claims.
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INTRODUCTION
The goal of translational neuroscience is to generate
discoveries at the bench that can be implemented at the
bedside, ultimately improving people’s lives. Yet, travers-
ing the landscape between bench and bedside to forge
a translational bridge is so challenging that it is often
referred to as the ‘valley of death’ [13]. Robust, repeat-
able, valid methods and experiments carried out in cell
lines and some animal models often fail to produce
tractable observations, treatments and interventions for
humans. These failures occur for many reasons, but one
of the most prominent and important reasons is that
the most frequently used models, be they cell lines or
animal models, do not recapitulate the human brain’s
structure and function with high enough fidelity to allow
for translation. Dominant animal models, like mice, do
not share key neuroanatomical, developmental or behav-
ioral homologies with humans [18, 24, 31, 32]. Yet, many
nonhuman primates (NHPs), particularly cercopithecine
monkeys such as macaques, do share such homologies
and thus can be a translational bridge between bench
and bedside (e.g. [25, 26]).

Nowhere is there more demand to traverse the trans-
lational neuroscience ‘valley of death’ than in the case
of new technology that allows for precise modulation of

cellular level activity within the brain. Tools like chemo-
genetics, in which a viral vector is used to transfect
neurons to express a designer receptor that responds
to a specific chemical compound, and optogenetics, in
which a viral vector is used to implant light-sensitive
ion channels in cell membranes that thenare activated/
deactivated with light, have been suggested to have the
capacity to radically change the health landscape for
humans by generating new treatments and interventions
to modulate cells, circuits and ultimately human behav-
ior and experience. Evaluating the efficacy of these newer
technologies is critical because the trade-off between
technologies is a zero-sum game in the research funding
landscape—once new tools are thought to be effective,
grant applications using better-established technologies
tend to be criticized as lacking innovation. Moreover, the
rush to use new technology for technology’s sake may
deplete scientific resources when the failure rate of new
techniques is high.

Originally developed in mice, optogenetics is being
increasingly used in NHPs over the past few years,
promising the use of circuit-specific modulation via light
in the primate brain [10]. The goal of this commentary is
to explore the idea that NHP optogenetics is a functioning
technology for basic neuroscience, one that is ready for
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translational neuroscience with clinical applications as
has been recently claimed. We focus on a recent review
of published and unpublished optogenetics studies in
NHPs, recently compiled into an open resource [28].

HAS OPTOGENETICS REACHED THE POINT
OF TRANSLATION FOR PSYCHIATRIC
DISEASE?
From a translational science perspective, a neurobiolog-
ical technology is only truly useful if it can be readily
deployed in humans and meets expectations in terms
of addressing health concerns when it is deployed. What
this would mean for optogenetics is that human neurons
could be transduced, a light could be placed near the
neurons, ideally without causing significant damage to
other brain areas, and then activation or deactivation of
those neurons via light would alter neural activity and
behavior or phenomenological experience.

The goal of translating optogenetics to humans has
generated increased interest in carrying out optogenetic
studies in NHPs who are thought to be a translational
bridge for the valley of death. Enough studies using
optogenetics in NHPs have been carried out and/or pub-
lished to now allow for the concatenation of an open
resource to share NHP optogenetics data (https://osf.
io/mknfu/). A companion manuscript was published by
Tremblay et al. [28] detailing those data and making, in
our opinion, bold claims about what the implications of
their collected data for the readiness of optogenetics to
remediate neuropsychiatric illness. For example, these
authors state ‘we hope this resource will be used not
only by basic scientists trying to uncover the workings of
the primate brain using optogenetics but also by transla-
tional scientists hoping to bring this powerful technology
to the service of patients with neurological or psychiatric
conditions’ (p. 1086). The authors go on to conclude ‘The
way is paved for development of clinical technologies
relying on optogenetics to control neural populations and
pathways with unprecedented precision’ (pp. 1086–1087).
Such claims suggest that the open resource has direct
translatability and the technology is ready to be deployed
for the treatment and intervention of neuropsychiatric
diseases.

Optogenetics is highly effective in modifying neu-
rophysiology and behavior in mice [6, 11], especially
in combination with genetic engineering to facilitate
targeted, cell-type specific expression of opsins. But,
differences in mouse and human behavior and biology
call into question the efficacy of this technology for
human application. First, mouse brains are small and
lissencephalic, which facilitates access to specific brain
regions for viral transfection as well as the delivery of
light needed to modify neural activity. Indeed, Tremblay
et al. [28] noted the technical challenges associated with
gene expression and light delivery in larger NHP brains.
Second, although some behavioral assays in mice may
exhibit face validity with specific features of behaviors

associated with human neuropsychiatric diseases, the
extent to which they capture the complexity of the
behaviors associated with human neuropsychiatric
diseases and other forms of validity (e.g. construct,
predictive) is questionable. Aberrations in complex
behaviors leading to depression, anxiety, compulsions
and psychosis are likely emergent and rely on degenerate
circuitry (for a discussion of degeneracy, see [8]). Thus,
explicit validation of the effectiveness of optogenetic
manipulation of brain circuits relevant to psychiatry
in larger NHP brains is doubly critical, in terms of the
physical properties of the brain as well as the modulation
of more complex behavioral processes.

The open resource [28] reflects contributions from 45
research laboratories, with 1042 individual data points
included (552 previously unpublished) representing
experiments in 198 monkeys and thus aggregates an
enormous amount of technical expertise on neurosur-
gical placement of viral vectors in the NHP brain, a
substantial contribution to the field. Moreover, meta- and
open science efforts in NHP neuroscience are critical and
until very recently, very rare. By metascience, we refer
to a collection of approaches that include meta-analyses
(analyses of existing analyses), pooling of data across
laboratories, splitting data collection efforts strategi-
cally across laboratories to guard against protocols
being laboratory specific and gathering published and
unpublished data in shared resources, among others (e.g.
the ‘many labs’ projects; e.g. [7, 15, 16]). These efforts
are important for NHP neuroscience because our field
typically uses small sample sizes and has had a historical
bias against replicating experiments, constraints that are
both ethical and practical. By open science, we mean
the sharing of scientific resources including primary
materials and data (for an NHP specific example, see
[20, 21]). Combining meta- and open data practices,
as the optogenetics database does, sets the stage for
scientists to be able to evaluate the effectiveness of
methods or experiments and to determine where efforts
are needed to move science forward and to determine
the rigor and reproducibility of the established methods
[3]. This particular effort deserves significant recognition
because of the large number of unpublished data sets
and the number of ‘unsuccessful’ studies included in it.
These two types of data are critical for determining if an
approach is truly effective. Without inclusion of those
types of data, particularly in the context of a publication
culture that focuses heavily on null hypothesis testing
and rewards significant effects to a greater degree than
those that are not significant (with regard to ease and
visibility of publications), the success of an approach is
likely to be overestimated. In that vein, efforts that gather
data that is both published and unpublished, as well as
successful and unsuccessful, on the efficacy of new tech
is both important and laudable.

The large database of optogenetics studies in NHPs
positions us well to evaluate whether optogenetic tech-
nology in NHPs is ready for deployment in a translational
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context—either to ask questions about the etiology of
neuropsychiatric diseases or to actually be deployed
to treat such diseases. In reading Tremblay et al. [28],
we drew different conclusions from the authors about
the usefulness of optogenetics in NHPs and in turn the
impact of this method in the service of understanding
and developing treatment interventions for psychiatric
and neurologic disease. Two issues are notable. First, the
definition of experimental success in Tremblay et al. [28]
was overly broad on two dimensions. Studies were
considered successful if they generated histological,
or neurophysiological, or behavioral effects, and what
was counted as a successful behavioral effect included
subjective evaluations of narrative accounts of animals’
behaviors as well as effects qualitatively judged to be
‘weak’. At a minimum, the successful use of optoge-
netics in behavioral or systems neuroscience (separate
from its translational relevance) would require some
evidence that neurons have been modulated either
via histology of viral expression or altered neuronal
activity measured in addition to an optogenetic mediated
change in behavioral outcomes. This necessitates looking
at conjunctions of success—cases in which there are
both behavioral and histological effects or cases in
which there are both behavioral and neurophysiological
effects.

A second issue is that the unit of analysis for descrip-
tive statistics in the original report is the single injec-
tion. It is perhaps not surprising that this database is
organized injection-by-injection, given the success of sin-
gle injections in rodent experiments to generate func-
tional outcomes [5]. But, it is unclear whether single
injections would have measurable outcomes in primates,
particularly meaningful behavioral outcomes that are
clearly grounded in neurophysiology and/or histology.
Given that multiple injections of a viral vector into brain
region are often required to achieve adequate coverage
in larger NHP brains, a more appropriate basis to judge
the relative success of experiments would include an
analysis at the level of brain region and monkey and
taking into consideration multiple markers of success
simultaneously.

The summary of the resources in the paper by Trem-
blay states that optogenetics in NHPs has a 91% success
rate (Figure 4D of [28])—based histological, neurophys-
iological, or behavioral outcomes. This metric included
injections where effects were weak or mixed. When only
‘strong’ outcomes were considered, only 76% of injec-
tions were considered successful. In addition to being
predicated on a broad definition of success, those rates
are based on individual injections that may or may not
have behavioral or physiological effects in NHP. Most
importantly, the data points are clustered within ani-
mals, and it is animals, not neurons, which produce
behaviors [27].

Given the issues detailed above, we carried out a re-
analysis of the database from Tremblay et al. [28] with
a specific focus on definitions of success that, in our

opinion, are relevant to translational neuroscience for
neuropsychiatric diseases—namely having both a neural
AND behavioral outcome. We also used the experiment
rather than the injection as the level of analysis. Further,
we consider where the injection sites were in the brain
and whether success (using our definition or the more
liberal definition from [28]) speaks to the readiness to use
optogenetics productively in NHPs to research or treat
neuropsychiatric disease.

METHODS
We examined the publicly available database described
in the Neuron paper and then requested the unredacted
spreadsheet from the first author so that we could unam-
biguously determine which experiments were performed
in a single animal, something that was not possible
using only the publicly posted database (https://osf.io/
mknfu/). This allowed us to evaluate the number of
successful experiments at the level of brain regions and
animals, rather than single injections of viral vectors.
In this way, we considered a single ‘experiment’ to be
one or more injections of the same viral vector into one
brain area in one animal. Injections into two or more
brain regions in the same monkey would be consid-
ered as two separate experiments in this analysis, even
though they may be biologically constrained by being
in the same animal. The choice of level of analysis in
clustered data has a significant impact on outcomes,
given that adjacent injections into the same area in the
same animal could reasonably be considered to not be
independent experiments (see also [1]). It is also this
level of analysis that is most pertinent to behavioral neu-
roscience investigations of how neural circuits control
behavior.

The database we received included 1085 injections.
This was increased from the 1042 injections reported
in the original publication, reflecting the utility of the
database as an open resource (although it has not been
updated since that time). We read this database into
R and assigned experiment identifiers based on unique
conjunctions of laboratory, animal identifier and brain
region, resulting in 383 unique experiments. We then
read this database back out and carried out analyses to
determine success rates at the experiment level. We cat-
egorized each injection as missing, failed, weak success
or strong success for histology, physiology and behav-
ior, attempting to follow the descriptions in [28]. Any
experiment that had at least one injection classified as
‘strong success’ was categorized as a strong success for
that domain; experiments that had no strong success
but at least one ‘weak success’ were categorized as weak
success and so forth. Thus, this categorization may still
overestimate the true success rate in cases where many
injections were placed in a brain area but only a sub-
set had successful effects. The redacted database with
experiment identifiers and associated R analysis script
are available at https://osf.io/j7rm2/.
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Figure 1. Numbers of experiments with histological, physiological or behavioral outcomes indicating experiments that did not have/report a particular
outcome (gray), cases where the experiment failed to detect effects (orange), cases where weak effects were detected (yellow) and cases where strong
effects were detected (blue).

RESULTS AND DISCUSSION
When we analyzed success rates considering injections
as nested within monkey and brain region—what we
refer to as individual ‘experiments’—rather than injec-
tion as the unit of analysis, a somewhat different pic-
ture from that painted by Tremblay et al. [28] emerged.
First, very few experiments assessed all three outcomes
(histology, neurophysiology, and behavior). Only 39 out of
the 383 cases that we identified in the database (10.2%)
evaluated the efficacy of an optogenetic manipulation
in terms of histological, physiological, and behavioral
effects. In this small subset of experiments, there was
a 59% (23/39) success rate on all three outcomes. The
majority of these successes were in premotor cortex (7/9)
and visual cortex (7/12). Put another way, only 6% (23/383)
of the experiments attempted and reported were suc-
cessful in using optogenetics to bridge levels of analysis
from neurons to behavior.

When we examined each outcome domain separately,
we found high success rates, as reported in the original
paper, for histological (226/261, 86.6%) and neurophys-
iological (168/197, 85.3%) verifications of optogenetics.
Success rates using behavioral outcomes (47/74, 63.5%)
to validate optogenetic manipulations were lower. These
success rates are lower than those reported and high-
lighted in the original paper, especially when we only
considered strong effects: histology (72.4%), neurophys-
iology (75.1%) and behavior (52.7%). Moreover, these pro-
portions consider only cases in which histology, physiol-
ogy or behavior was tested (Fig. 1). The different success
rates between histological and functional evaluations of
optogenetics suggests the impediment in using optoge-
netics to study the primate brain is not merely viral
transduction per se, but rather difficulties in modulating
sufficient numbers of neurons in the larger primate brain
[12]. Without question, the further development of NHP
specific genetic tools, rather than simply porting tools
developed in rodent models to NHP, is necessary to meet
the goal of using NHPs as a translational bridge between
behavioral and systems neuroscience and the clinic.

Speaking practically, a successful optogenetic experi-
ment involves evaluating success in one or more of the
outcome domains mentioned above. With the end goal of
using optogenetics in NHPs to study the neural control of
behavior at the level of neurons and circuits, it is reason-
able to expect that behavioral manipulations should be
validated in combination with either histology or neuro-
physiology. Therefore, we considered a definition of suc-
cess as yielding a combination of effects, either behavior
∩ neurophysiology or behavior ∩ histology (Fig. 2). Using
a broad definition that included both weak and strong
effects of success, there was a 62.5% (45/72) success rate
among experiments that reported optogenetics effects
on behavior and neurophysiology and a 62.5% (25/40)
success rate among experiments that reported optoge-
netic effects on both behavior and histology. When we
again adopted Tremblay and colleagues’ approach in
considering only strong effects, success rates dropped to
48.6% (35/72) for studies that evaluated behavior in com-
bination with neurophysiology and to 57.5% (23/40) for
studies that evaluated behavior in combination with his-
tology. Notably, these results are for experiments pooled
across brain regions and laboratories.

Perhaps more concerning for scholars interested in
psychiatric and neurological diseases is that 66.3%
(254/383) of the experiments evaluated optogenetics in
primary sensory or motor areas. Modulation of those
areas should produce fairly stereotyped, clear functional
(i.e. behavioral) outcomes, yet only 29 (11.4%, 29/254)
of those experiments even evaluated both behavior
and physiology. Cortex—particularly primate cortex—is
heterogenous in its structure and success in one region
does not guarantee success across the entire brain. Fur-
ther, the brain’s inherent degeneracy and organization
as a complex system means that different structures
can accomplish, or contribute to, the same functional
outcomes [8]—as functional outcomes become more
complex, so too do the possible configurations of
neural circuity that can support them. This problem
is compounded by the neocortical expansion of the
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Figure 2. Numbers of experiments with both behavioral and physiologi-
cal, or behavioral and histological, outcomes, with bar height indicating
total number of experiments (orange), experiments where any success
was reported (yellow) or where strong effects were reported in both
domains (blue).

primate brain [32]. Practically, this means that the sorts
of complex behaviors of interest to many NHP systems
neuroscientists working are less likely perturbed by the
manipulation of single circuits.

In our view, a 62.5% (all effects) or 53.1% (strong effects
only) success rate, averaged across the two conjunc-
tions that include behavior as a functional outcome, is
meaningfully different from the 91% (all effects) and
76% (strong effects only) success rate suggested by Trem-
blay et al. [28]. The lower success rate that we identi-
fied suggests that optogenetics is still in development
as a tool in NHPs, rather than ready to be deployed to
study functional outcomes in primates or to intervene
in clinical contexts. This may reflect its true efficacy in
mammals, previously masked by the lower costs and
higher throughput associated with rodent models. Or,
it may reflect issues with deploying viral techniques in
primates, a perspective supported by mixed results of
experiments using designer receptors exclusively acti-
vated by designer drugs to manipulate behavior in pri-
mates, despite histological validation [9, 29]. Recognizing
that further research is needed to determine the origin of
the low success rates, it is nevertheless the case that at
the moment success in obtaining strong effects across
multiple functional outcomes when pursuing optoge-
netics in NHPs amounts to flipping a coin. This war-
rants a very different conclusion from the one that a
reader might reasonably draw after reading the survey by
Tremblay et al. [28].

Even if we were to imagine that optogenetics was
ready to be deployed in the context of neuropsychiatry, a
number of other major challenges exist when translating
the technology from use in rodents to use in primates.
For example, for optogenetics to work, a light probe
must be proximate to the structure being manipulated

and this represents a significant engineering challenge
in deep areas of the primate brain. That means that
studies that demonstrate success in primary/secondary
sensory or motor cortex, which sit at the surface of the
brain are fundamentally different from those evaluating
the manipulation of structures deep within the brain.
Accessing deep structures in NHPs—e.g. the amygdala,
hippocampus and subgenual cingulate cortex—that are
part of circuitry relevant to psychiatric and neurological
disorders without damaging the areas through which
probes are passed is a significant engineering challenge
that has not yet been sufficiently addressed. Moreover,
when optogenetics was successfully used to perturb a
deep structure, like the superior colliculus [4], it took
advantage of the detailed functional mapping that spec-
ified how the superior colliculus controls saccadic eye
movements. We are a long way from conquering the
engineering problems, much less interpretive issues, that
will allow for the ‘development of clinical technologies
relying on optogenetics to control neural populations
and pathways with unprecedented precision’ ([28], pp.
1086–1087) in the context of complex behaviors relevant
to neural circuits involved in psychiatric disease. The
challenges of reliably manipulating brain areas that have
detailed and stereotyped maps will multiply when tar-
geting brain areas and circuits that lack such structure.
Although enough experiments may succeed to produce
new information in a basic research context, success
rates must be much higher for direct translational appli-
cation. When optogenetics sufficiently matures to be
used as a reliable tool in primate systems neuroscience,
it is more likely to allow elegant circuit dissections of
behavior that can inform existing treatments than to be
a frontline treatment for psychiatric disorders [19].

WHAT IS THE WAY FORWARD WITH
OPTOGENETICS IN NHPS?
As the drive for new technology to manipulate neural
activity pushes forward, we propose that the ability to
manipulate behavior, specifically, should remain the gold
standard by which we evaluate success. This view echoes
recent calls to reexamine the utility of behavior itself in
neuroscience [17, 22]. We would suggest that an approach
with a current success rate of 53.1% or 62.5% (on average)
should be evaluated differently than one with a success
rate of 76% or 91% in terms of choosing a method for
manipulating neural circuits. Given this, we propose that
more effort needs to be devoted to validating and opti-
mizing optogenetics and related technologies specifically
in NHPs. Validation and optimization is needed before
such tools can be efficiently deployed in experimental
contexts and certainly before claims about their trans-
lational relevance are made. Such basic science efforts
may not have the glamour or appeal of new technolog-
ical invention or the deployment of new technology in
experimental contexts, but they are vital for moving the
field forward and ultimately for generating new effective
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treatments and interventions of psychiatric and neuro-
logical disease.

Given the data in the open resource, we propose that
the state of the technology for use in NHPs may be
discussed in the literature as if it is more mature than
it actually is. The drive for technological innovation from
the BRAIN Initiative (https://braininitiative.nih.gov/) has
created a primacy of technology such that optogenetics
and related methods are often viewed by science fun-
ders as a better approach for systems neuroscience than
‘classical’ experimental methods in spite of interpre-
tive difficulties with transient manipulations of neural
activity (e.g. [23]). Believing that a technology is further
along in its development than it actually is may result
in abandoning tools that actually work before the new
tools are actually ready. This can limit what science is
done and the inferences that can be drawn from that
science. Imagine, for example, using such a new technol-
ogy to temporarily deactivate a hub of the primate brain
thought to be involved in neuropsychiatric disease, about
which there are functional hypotheses but for which the
function has not been clearly established. A scientist
employs the technology, measures behavior and gets null
results. Without established ground truth about the brain
area’s function (determined with the use of ‘old’ tools),
there is no way to determine if the functional hypothesis
was wrong or whether temporary deactivation leads to
different behavioral consequences that were observed in
permanent deactivation, stimulation or recording studies
(the ‘old’ tools) or if the technology simply didn’t work.
Until the function of the tool is well established, it is
critical that we maintain tried and true methods [14, 30],
deployed in the context of testing innovative hypotheses
to both speed scientific discovery about the brain but also
to help us improve the functionality of the new tools. This
is the case even if the goal of developing optogenetics,
and other novel neuromodulation approaches in NHPs,
is for interrogation of circuit function purely in a basic
research context rather than with a goal of transposing
this technology into human brains.

The data provided by the open NHP optogenetics
resource leads us to conclude that optogenetic manipu-
lation is not yet at a state of development where it can
be reliably applied to investigate functional effects of
neural circuit manipulations in NHPs in the context of
complex behaviors relevant to psychiatric disease. Major
questions and challenges remain about the application
of this technology, both in terms of methodological
approaches (e.g. how to target deep structures without
causing significant brain damage, how to achieve trans-
fection coverage of those structures at a rate sufficient
to impact behavior, etc.) and theoretical ones (e.g. what
is positive evidence that the technology is ready to move
into humans, let alone be deployed in greater numbers
of NHPs). We hope that critical considerations of where
we are as a field, like this one, might move us forward
as a community to promote the development of these
and related approaches in order to successfully cross the

translational ‘valley of death’. We celebrate the meta-
and open science nature of the database, as well as
the efforts of project leader and the individual scientific
teams, because they allow for a gestalt evaluation of the
efficacy of optogenetics in the NHP brain, which we hope
will ultimately speed science and discovery.

We suggest, based on our re-analysis of the data in the
open NHP optogenetics resource, that this technology is
still immature, with few successes in modulating circuits
that are relevant for psychiatric neuroscience. We do not
suggest, on this basis, that the enterprise of developing
optogenetic approaches in NHPs should be abandoned.
But, we would propose that perhaps more fundamental
engineering and validation work should be a priority to
increase the success rate of this approach, especially in
brain structures and circuits outside of primary sensory
and motor function. We would also suggest that as
systems and cognitive neuroscientists, we reflect on
the relationship between technological innovation and
fundamental questions that are critical to our field,
as well as their translation to psychiatry. The ability
to execute technologically dazzling ‘proof of principle’
experiments potentially comes at a cost of allocating
resources to research that uses less technologically
advanced approaches but nevertheless is effective in
addressing fundamentally critical questions. As we have
argued here and elsewhere [2], the interpretation of
the functional impact of any manipulation of neuronal
activity cannot come from a single technical strategy.
Especially for translational research in NHPs, innovation
in relating circuits to behavior with the potential for
elucidating mechanisms of psychiatric disease cannot
be hobbled by reliance on as-yet-unstable technological
approaches.
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