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N AV I G AT I N G N E U R O S C I E N C E

1. PLANNING EXPERIMENTS WITH A
MAP AND COMPASS
Scientists often plan experiments using little more than their intuitions about what needs to be accomplished next. To the seasoned
researcher, this procedure is akin to navigating a familiar but vast
landscape without a map and compass. Scientists have been doing
this for centuries now, since science’s inception. This does not mean
that experiments and research programs aren’t often thoughtfully
planned and executed. Scientists routinely think long and hard
about which experiments to tackle next. But little prepares them
to systematically scan the horizons of their field’s potential. Good
fortune and good mentors help some find successful routes among
the many paths their research might take. Conversations with colleagues, journal clubs, and courses in experimental design offer
some clues about how to steer research programs. But scientists
won’t find empirical research devoted to helping them decide how
to structure a research program or what experiments to tackle next.
In place of such research they will find only tradition, occasional lessons from their mentors, and their intuitions.
To extend our metaphor a bit: navigating over large, richly structured geographical areas without a map and compass is especially
1
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problematic. And hopefully it won’t take much argument to show
that even the current body of published neuroscience research—
the terrain that experimenters must now navigate to review and plan
experiments—is overwhelming. Over the past three decades neuroscientists have published more than 1.6 million articles, spanning
increasingly specialized yet increasingly complex and interconnected
fields and subfields. Already this is a corpus far beyond human reading capacity. This terrain of knowledge is rich and highly structured,
but with our current resources we have barely tapped it. How many
unrecognized but important conclusions lay buried within the vastness of this record? How often do we duplicate published work, or
pursue dead-end experimental paths that could have been avoided
had we been fully aware of the contents and implications of the full
published experimental record, even in our own fields? How much
published research has actually advanced our understanding of nervous system functions? What percentage of this published research
instead represents little more than small variations on previous findings, retracing of familiar ground in the immense landscape of the
published record? If we had a tool to help us both navigate the vastness of the published record and grasp its implications, how might
this tool change the course of current and foreseeable research?
Even the most optimistic principal investigator, grant reviewer, or
journal referee has to admit that these questions lack easy answers.
Yet we can no longer afford to continue to conduct research at current scales—and expense—without addressing them. The corpus
of neuroscience research against which we now ask these questions
will only continue to expand.
Our purpose with this book is to address those who see that there
is a real need to change the way we navigate the published record
and plan future experiments. Our most earnest hope is that this
book will convince readers of the necessity and urgency to develop
2
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a science of experiment planning. The need for a systematic study of
experiment planning is tightly connected with the urgent need for
tools to navigate the immensity of the published record and inform
experiment planning. Faced with increasingly complex research
choices, neuroscientists now more than ever need new tools and
new approaches to help guide their creativity and intuition.

2. A SCIENCE OF EXPERIMENT
PLANNING
Statistics and the theory of experimental design enable us to answer
formal questions about what can be inferred from our experimental
data, given some assumptions about how the data were produced
and how they are structured. But these disciplines operate at a level
of abstraction far removed from many of the practical choices an
experimenter must make when deciding how to produce that data.
Experimentalists must either rely on existing paradigms or improvise when making these choices. There are no widely recognized
principles to guide and inform experimenters’ intuitions through
the planning process, no systematic tools to help neuroscientists
make these very important choices.
Before we go on and develop these themes, we will address a
few questions that already may be troubling the reader. First, are we
suggesting that we scientists don’t plan our experiments thoughtfully? By no means. Do we doubt the power of scientific intuition?
No, it would be silly to do so. Are we saying that we scientists
possess no resources for systematically planning and evaluating
experiments for relevance and importance? Again, by no means.
Individual laboratories, grant review committees, journal referees,
and research award committees think long and hard about whether
3
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a proposed experiment has promise for the field or about whether
results from a performed experiment deserve publication. These
processes of evaluation are hardly unstructured, arbitrary, or capricious. Many of the evaluative concepts scientists use to make these
thoughtful and often difficult decisions will be ones we’ll appeal to
in this book. But what we are claiming to be missing is a unifying
framework, a scheme that consolidates these evaluative concepts,
an organized effort to systematically study and evaluate strategies
we currently use to plan experiments.
In conducting experiments, neuroscientists ask and answer
“first-order” questions about nervous system phenomena and their
causal interconnections (see Fig. 1.1). Examples include questions
about the relation of a specific kinase to learning, or the expression of a specific gene to memory retention. The ideas that we
are interested in exploring here concern instead a different class
of questions—questions about research mapping and planning.
Consider a first-order question about a given protein’s relation to
learning. About that we might ask: Can we determine the weight
of the evidence supporting a role for this protein in learning? Based
on this evidence, what are the different ways we might study that
protein’s relation to learning? Given the experiments that have been
performed on this relation and the results so far gathered, what
is the most relevant experiment to try next? These questions are
“second-order”; they are questions about scientific practice. We will
therefore follow common practice and call systematic, data-driven
studies investigating second-order questions about science “S2
studies.”
To sharpen our statement of this book’s guiding assumption: we
propose that to answer S2 questions, we will need a framework
of experimentation, a taxonomy, which will help us to organize
both completed and planned experiments. Not only will we need
4
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S2: a science that studies second-order questions.
Second-Order Question
What is the best way to study the relationship
between this kinase and learning?
.
.
.
First-Order Question
What is the relationship between this kinase and
learning?

Figure 1.1

a framework for the different kinds of information that different
types of experiments can reveal, we will also need to be explicit
about the rules used in combining the results from those experiments to infer neural mechanisms. We’ll refer to this later process
with the term “Integration”—that is, the process of combining
results across distinct experiments. With a framework of experiments and the various methods of Integration stated clearly and
explicitly, we propose to build maps of published research that will
be used during experiment planning. The framework, the Integration
principles, the maps of research findings we propose to derive from
them, and their uses are at the heart of our discussion in this book.
We say that we will develop maps of research. This mapping
metaphor suggests graphical or pictorial answers to S2 questions.
Just as we might query a map about where we are geographically
located relative to an unfamiliar landmark, so we might ask where
specific lines of research fit among all of the other work that has
been published on a particular scientific question. In later chapters of this book, we will consider how relying on a map of research
findings makes it possible to determine where individual research
efforts are positioned relative to other studies in a field. As the old
5
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saying goes, and every scientist knows first-hand, pictures often
communicate more effectively than words alone.
Constructing a map requires a legend, a system with which to
sort features of the landscape into meaningful categories. Any such
legend will only be useful if it accurately maps the terrain. Map
builders thus need field knowledge to ensure that they are charting
the terrain accurately. In our case, this means expertise in the field
of neuroscience we wish to map. We must be careful not to assume
that the specific strategies used to build maps for one field will apply
to other fields. And yet, we should not lose sight of features shared
among fields.
For example, all experimentalists value reproducibility of results
and convergent evidence. Different fields of neuroscience will pursue reproducibility and convergence using different instruments
and approaches. For example, a cognitive neuroscientist will want
to know how consistently the same behavioral protocol yields the
same neural activation pattern in neuroimaging experiments (i.e.,
reproducibility). That same researcher may also want to know
whether the results from such neuroimaging experiments agree
with the predictions of a systems-level computational model (i.e.,
convergence). A neuroscientist working in molecular and cellular
cognition, for example, may want to know whether a particular
mutation in gene X reliably affects memory in the same way across
labs (i.e., reproducibility). That same researcher may also want to
know whether that gene X is activated during memory (i.e., convergence). Within their individual fields, these two neuroscientists
both look for evidence of reproducibility and convergence.
That we can look abstractly at two very different experimental traditions and see commonalities in research aims should
not be too big of a surprise. But not all research is experimental.
Although reproducibility and convergence are just as important in
6
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computational neuroscience, the standards used to evaluate results
in this field will include criteria that will look different from what
we find in molecular and cellular cognition and cognitive neuroscience. Although computational models will often be held accountable to experimental data, and thereby inherit research strategies
from experimental neuroscience, we should not confuse the project of mapping theories with the project of mapping experiments.
Our focus in this book will be on mapping experimental research,
because that is what is familiar to us. But, we should not forget the
diversity of valuable research traditions outside of our framework.

3. GETTING CONCRETE
At an abstract level, all neuroscientists value reproducibility and
convergence. But the strategies they use to pursue those value differ.
We cannot be sure how well we are doing if we do not illustrate our
approach with work from a specific area of research. How can we
know whether our framework and principles will generalize if we
cannot demonstrate that they apply to a single field?
So that we don’t get lost in the clouds, we will illustrate our
ideas as concretely as possible by discussing a number of case studies drawn from the published experimental record. To avoid errors
of misinterpretation, we have kept the case studies discussed in
this book within our scientific comfort zone. Our area of expertise
is molecular and cellular studies of learning and memory. To put
this point at the outset, with utmost clarity and explicitness: The
system of experiment classification (i.e., the framework) and the
methods of research Integration discussed here are derived from
common implicit and explicit practices found in our subfield of
neuroscience—molecular and cellular cognition (MCC for short).
7
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The principles used in MCC reflect those used in other fields of
biology where molecular and cellular approaches have had an
impact, such as development, immunology, and cancer studies. We
have not composed the framework or the principles we describe out
of nothing. We simply made them explicit and propose to use them
systematically for mapping and planning experiments in molecular
and cellular cognition (Matynia et al., 2002). Thus before we delve
further into the MCC framework and Integration principles, we will
first introduce this relatively young neuroscience field.
The goal of MCC is to develop molecular and cellular explanations of cognitive phenomena. Neuroscientists working in
MCC use a wide range of experimental tools, including molecular
manipulations (e.g., gene targeting, viral vectors, pharmacology),
cellular measures and manipulations (neuroanatomy, electrophysiology, optogenetics, cellular and circuit imaging), and a plethora of
behavioral assays. The interdisciplinary experiments that characterize research in MCC reflect a large cross-section of approaches
and techniques within current neuroscience. This makes our field
an interesting place for the sort of S2 research we propose; potentially our S2 studies may be useful to experimenters beyond MCC.
However, we expect that each major field in neuroscience—from
molecular and cellular, to systems, to cognitive neuroscience—will
need to develop their own strategies that reflect the implementation
of fundamental research mapping principles such as reproducibility
and convergence.
We will spend many pages of this book describing and illustrating our S2 ideas with specific experiments from MCC. Of course
there are other experiments from MCC and from other fields of
neuroscience that could be used as examples to illustrate our key
concepts. We apologize in advance to our neuroscience colleagues
for our admittedly biased illustrative choices. We simply used the
8
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examples we know best. We welcome descriptions of experimental practice and results from other fields that illustrate our concepts, and perhaps add to, refine, or even replace some of them. We
emphasize that our discussions of MCC research are not intended
as ends in themselves. Their purpose is to illustrate a system for
mapping and planning neuroscience research. We hope this book
will show that this general system is a tool that could be used by any
experimenter in any scientific field.
Clarification of our purpose is crucial at the outset. A tool that
some regard as an aid may be regarded by others as a hindrance.
This is especially true when that tool is supposed to help experiment
planning—an area of acknowledged scientific creativity and genius.
Our recommendations for a science of experiment planning are no
more intended to dictate the experiments a scientist must perform
than an accurate map dictates a traveler’s choice of future destinations. Our hope, rather, is that knowing with more clarity where we
are, where we could go, and the ways we could get there, we will
make better experimental choices as we move science ahead. As
with any other tool, proven usefulness is the ultimate criterion for
judging its worth.

4. BUT HOW MUCH OF THIS IS GOING
TO BE NEW?
Before we even take our first substantive step, we recognize that
some readers will be concerned or even apprehensive about our
project. We’ve already noted that we’ll be employing some familiar terms to denote key concepts in our framework and subsequent
results—for example, S2 and Integration. Our concerns with the
“pragmatic rationality” of experiment planning are shared by many
9

