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Hooper Baker
Abstract
Nervous systems create behavior. Neurons, the cells of the nervous system, show a wide range of
electrical activities even in isolation. The observation indicates that different neurons are
inherently different. The most important determinants of neuron inherent electrical activity are
voltage-dependent conductances, proteins in neuron membranes that open and close when the
voltage across the membrane changes. The different electrical activities of different neurons thus
likely arise in part from the neurons having different sets of voltage-dependent conductances.
One might assume that a direct correspondence can be made: activity A stems from voltagedependent conductance set A; activity B from set B, etc. The difficulty with this hypothesis is
that changes in one voltage dependent conductance can be compensated for by changes in other
voltage dependent conductances. Multiple voltage conductance sets can therefore produce
essentially identical neuron activity. Resolving this redundancy problem is difficult because 1)
present techniques allow measuring, in any one experiment (that is, in recordings from any single
neuron), only two or three of the around a dozen voltage-dependent conductances most neurons
have, and 2) averaging data obtained from recordings of multiple neurons is invalid in systems
(like neurons) that have large numbers of fundamental components (see text).
We propose here an alternative approach in which the activity of individual neurons is
perturbed by injecting complicated patterns of current. These changes will open and close
the different voltage dependent conductances in different ways, and thus neurons with different
sets of voltage dependent conductances should show neuron-specific activities in response.
Furthermore, it is possible that only one set of voltage-dependent conductances can
reproduce these complicated responses, and thus this technique will also define voltagedependent make-up on an individual-neuron-by-individual-neuron basis.
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Discussion
[Note to outside reviewers: Baker committee members are from all OU departments. This
proposal is therefore written to be understandable to non-neurobiologists. It consequently does
not have the level of detail of an NIH or NSF proposal. However, this project was supported by
an NIDA grant, and thus has been vetted by a more specialized group.]
Introduction. Nervous systems generate behavior. The nervous system transforms physical
stimuli (e.g., light, sound) into neural activity and processes this activity into sensation and
perception (e.g., color, shape, tone, rhythm). It monitors body internal state (e.g., blood glucose
level) and produces motivational and emotional drives (e.g., hunger) appropriate for each
internal state. It creates consciousness and ideation. It then decides what actions to produce.
Finally, it generates the neural signals that drive the movements that produce these acts.
Nervous systems are composed of individual cells—neurons—that communicate with each
other by generating electrical events called action potentials that propagate along the neuron’s
axon (a finger-like extension of the cell) to specialized points of contact called synapses, at
which they electrically or chemically alter the activity of their postsynaptic target neuron. One
can thus think of nervous systems as being large and complex biological computers in which the
neurons are analogous to the transistors in a silicon computer, and the axons and synapses are
analogous to the wires connecting the computer’s transistors. The fundamental goal of
neuroscience is to understand how these biological computers generate behavior.
Neurons have much more complex and individualistic input-output relationships than
transistors. For instance, in response to the same input, some neurons will fire no action
potentials, others only a few, and others a long burst of action potentials. Neurons also differ in
the absence of input, some being silent, others firing steadily, and others rhythmically firing
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bursts of action potentials. Neurons thus have individual “personalities”. Knowing how their
neurons are interconnected is therefore insufficient for understanding how nervous systems
function. One also needs to know the intrinsic properties of the system’s individual neurons.
An analogy can be drawn by considering a business with multiple departments: floor
workers, advertising, research and development, administration. At work each department’s
personnel fulfill specific roles. Floor workers assemble the widgets the business produces in a
repetitive and soul-deadening fashion. The advertising staff generates fantastical but emotionally
compelling stories to induce people to buy things they do not need. Research and development
uses logic and experiment to make the widgets sufficiently complicated that end users cannot
repair them and competitors cannot copy them. Administrators strive to amass greater power.
Observing these people at work will not reveal their personalities because their interactions
will, presumably, alter their free expression. We could therefore also observe them during their
free time. This alone, however, may still not be enough to describe them fully: the line workers
may continue to drudge, the advertising staff to daydream, etc. To obtain a deeper understanding
of the people, we have two choices. One is to administer personality tests that measure how
much creativity, impulsivity, need for order, etc., each person has. Another is to put the people in
a reality show where they must perform arbitrary and ridiculous tasks, with the idea being that,
when forced into novel situations outside their normal activities, the various facets of their
personalities will be revealed. Importantly, if sufficiently well devised, both methods should give
the same insights, i.e., the results of the personality test should predict reality show performance
and vice versa. We propose here to finish research using an exactly analogous approach for
characterizing what makes neurons different from one another, and relating these
differences to differences in their fundamental make-ups.
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Our preparation. We study how a small neural network, the pyloric network of the
stomatogastric nervous system (STNS), generates movements of the pylorus of the lobster
stomach. Lobster stomach muscles, like human skeletal muscles, are directly driven by motor
neuron activity. Our research is therefore relevant to understanding how nervous systems
generate movement in humans and other animals. The STNS is very advantageous
experimentally, and all the neurons of the pyloric network, and their synaptic interconnectivity,
are known (reviewed in [1, 2]). In the intact network, all the
neurons rhythmically depolarize (Fig. 1, the upward going
parts of the traces), fire a burst of action potentials, and then
hyperpolarize (the downward going parts of the traces).
However, different types of pyloric neurons produce different
activities. For instance, PD neurons fire more rapidly in the

Fig. 1. Simultaneous recordings from a
PD, LP, and PY neuron. All vertical
scale bars 5 mV.

middle of their bursts than at burst beginning and end. LP neurons fire most rapidly at burst
beginning and then continuously more slowly until burst end. PY neurons fire at a nearly
constant spike frequency throughout their bursts. The neurons also burst at different times in the
pyloric cycle: the LP neurons fire first after the PD neuron burst and the PY neurons much later.
Differing whole-cell intrinsic active properties underlie, in part, the differences in pyloric
neuron activity. Why do PD neurons rhythmically depolarize and fire bursts of action potentials?
This rhythmic activity typically occurs because another pyloric neuron, the AB neuron,
endogenously produces (i.e., self-generates) rhythmic depolarizations and action potential bursts.
The AB neuron is electrically coupled to the PD neurons, and thus passes current to them, which
drives the PD neurons to also fire rhythmically. Why do the other neurons fire after the AB/PD
neuron bursts spontaneously end? These neurons are not (under the conditions we use)
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endogenously bursting neurons, and are all inhibited, not excited, by the AB/PD neurons. The
other neurons fire instead because they possess endogenous rebound properties that induce them
to depolarize and fire after inhibition (hence “rebound” firing) (Hartline et al. 1988). The
difference in when the LP and PY neurons fire is also due to differences in inherent, whole-cell
properties: LP neurons are faster rebounders than PY neurons and therefore fire first [3].
Different cell membrane conductances endow different neurons with different intrinsic
whole-cell properties [4]. Neuron electrical activity arises from the presence in neuron cell
membranes of voltage dependent ion channels. These channels open and close in response to
changes in membrane potential, and the ion flows that occur when the channels are open in turn
cause further changes in membrane potential. In the AB neuron a set of such channels allows the
neuron to rhythmically depolarize and hyperpolarize: 1) when the neuron is hyperpolarized a
background depolarizing channel is open, which causes the neuron to slowly depolarize. 2) At a
certain membrane potential, other depolarizing channels open, driving a rapid depolarization to
the burst phase. 3) This large depolarization ultimately results in hyperpolarizing channels
opening. 4) Eventually so many hyperpolarizing channels are open that the neuron begins to
hyperpolarize. 5) The depolarizing channels therefore close, causing a rapid hyperpolarization. 6)
Because the neuron is now hyperpolarized, the hyperpolarizing channels close. 7) The neuron
has now returned to state 1 and the process repeats (see [5] for a more detailed example).
The rebound properties of the other neurons similarly result from voltage dependent
conductances. The AB/PD neurons inhibit all the other network neurons. This hyperpolarization
opens depolarizing channels in these neurons. When the AB/PD neuron burst ends, these
depolarizing channels result in the inhibited neurons driving to a fully depolarized state. This
depolarization again opens hyperpolarizing currents that ultimately come to dominate the neuron,
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end the burst, and cause the neuron to hyperpolarize. The LP neuron fires first after the PD/AB
neuron burst because its hyperpolarization-activated, depolarizing channels cause a more rapid
post-inhibitory rebound than in the other neurons [3]. The firing profiles in each neuron’s burst
similarly differ because of differences in each neuron’s voltage-dependent conductances.
The pyloric network is analogous to the business example given above. In the intact network
each neuron produces a particular activity, just as the people in each of the business’s
departments produce a certain activity. Each neuron has a “personality” defined by its intrinsic
whole-cell properties (the AB neuron’s endogenous rhythmicity; the differing rebound delays
and firing properties of the other neurons). These whole-cell properties arise from different
neurons having different ion channel make-ups, analogous to different whole-person personality
types arising from different combinations of impulsivity, emotionality, acceptance of authority,
etc. Our goal is to design a test, similar to a reality show test, that allows us to distinguish
between neurons on the basis of their intrinsic whole cell properties and, perhaps, use these
data to measure the underlying ion channel make-ups that give rise to these properties.
Hypothesis: complicated perturbation can characterize neurons sufficiently to sort
them into different classes, and perhaps to identify what sets of voltage-dependent
conductances are present in their membranes. As explained above, different pyloric neurons
produce different types of activity in the intact network. These different activities arise in part
because the neurons have different whole cell intrinsic properties…some are endogenous
bursters, others rebounding neurons with different rebound delays [1, 6, 7]. The different wholecell properties arise from the different neurons having different sets of voltage-dependent
channels [8]. It might thus seem there is no problem: different sets of voltage-dependent
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conductances lead to different types of whole cell intrinsic properties which, in conjunction with
the network’s synaptic connectivity, explain how each neuron produces its characteristic activity.
However, computer modeling and further experimental work upset this tidy intellectual apple
cart. The modeling shows that many different sets of voltage-dependent conductances can lead to
essentially identical whole cell intrinsic properties and individual neuron activity [9-14]. The
experimental work shows that, even though they all produce very similar activity in the intact
network, PD (and other) neurons indeed have a wide range of voltage-dependent conductances,
with changes in one type of conductance being compensated for by changes in others [15-18].
Adding to these difficulties is the realization that average measurements of neuron
conductance make-up cannot be used to understand how neurons function [19-21]. The reasons
for this are two-fold. First, averaging only works for single-peaked populations, which the
conductance distributions may not be. A good example of how averaging fails with multi-peaked
distributions is that averaging across humans results in the average human being intersexual,
something clearly not the case. Second, even with single-peaked distributions, in systems with
many components, individuals with average values for all system components are very rare. For
instance, beautiful people are simply those whose every feature—eye spacing, ear size, chin size,
nose size, etc.—has the average value across humans [22]. It is common to have the desirable
average in one or two of these features, but to be simultaneously average in them all is very rare.
The difficulty here is that present experimental techniques allow us to measure in a single
neuron from a single individual, i.e., in a single experiment, at most two or three of the around a
dozen conductances that the neuron possesses. We thus cannot perform the equivalent of
applying a personality test to a group of humans in which we measure all the conductances in
one PD neuron, and then another, and another, etc., and then compare these conductance sets to
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see if all PD neurons have the same conductance sets, and if they do not, how many different
types of PD neurons are there and in what particular ways they differ.
We thus have good evidence that considerable diversity exists both between different pyloric
neuron types and within neurons of a single type, but we do not have the means to sort them into
different classes, nor to state how they differ in their fundamental make-up. We hypothesized
that a “reality show” like test might separate the neurons into different classes, and allow
us to define their fundamental make-ups, individual neuron by individual neuron. The idea
here is that free-run activity of isolated neurons gives relatively little information about them,
just as observing two people’s free time is a much weaker measurement of who is most resilient,
creative, stolid, etc., than putting them into situations that challenge them.
The equivalent treatment with neurons would be to inject a wide range of different current
injections into neurons and measure the neurons’ responses. These injections will change the
neurons’ membrane potentials; these changes will open and close the neuron’s voltage dependent
conductances; the resulting ion flows across the membrane will further alter the neurons’
membrane potentials; how the neurons’ respond should therefore vary as a function of what
voltage dependent conductances the neurons possess. Further, it is possible that, if the current
injection protocols are complicated enough, that only one, or a small, set of voltage dependent
conductances would be able to reproduce the neurons’ responses, in which case these
perturbations would define what voltage dependent conductances each neuron possesses.
Prior results. This idea was the basis of a 2009-2011 NIDA award supporting computer
modeling and experimental work in my lab by Kevin Hobbs and William White. We first tested
the feasibility of the idea by constructing several computer neuron models with different sets of
conductances [23]. We then perturbed the models with complicated current injection protocols to

8

Hooper Baker
obtain a database of each neuron’s responses. These responses were then used as targets in an
evolutionary search [24, 25] in which a beginning population of model neurons with random sets
of voltage conductances evolved over time to try to produce the same set of responses. For each
model neuron the population indeed evolved
over time to find neurons that reproduced the
chosen target’s responses (Fig. 2). When the
conductances of the evolved neurons were
Fig. 2. Target activity is red; evolved model is wide green.
The overlap is perfect.

examined, their conductances were very similar

to those of the target neuron. This work showed that model neuron responses to complicated
current injection protocols were sufficiently distinctive that only one set of conductances could
reproduce them.
We next turned to perturbing real, isolated pyloric neurons with complicated current injection
patterns [26]. These data immediately showed that there were differences in the responses across
neurons, supporting our basic hypothesis.
When the responses of the neurons were
grouped into classes according to how similar
they were (cluster analysis [27]), it was
possible to create similarity trees, similar to
the evolutionary trees that show how closely
related different species are (Fig. 3). Cluster
analysis can be performed in several different
ways, but all trees had similar structures [26].
These data show several interesting

Fig. 3. Similarity tree across pyloric neurons.
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relationships. First, PD and VD neurons differ from all other neurons (A vs B). In the PD/VD
neuron group, there are two sets of PD neurons, one (C) which is most similar to VD neurons
(PD11, 16, 22) and another (D) which is not. With respect to the other neurons, IC neurons and
one set of PY neurons (PY22, 26, 7) form two closely related groups (E). The remaining PY
neurons and the LP neurons form multiple groups. One such group is composed of most of the
LP neurons (LP2, 13, 15) and a group of PY neurons (PY10, 21, 18, 3) (F). One LP neuron
(LP10) belongs to yet another PY neuron group (PY8, 15, 20) in which the similarities are less
pronounced (G, horizontal line lengths are proportional to degree of similarity).
These data suggest our hypothesis has merit, as the VD and PD neurons and PY, LP, IC, and
AB neurons also differ in that the two groups use different chemical neurotransmitters at their
synapses, and there is independent electrophysiological evidence for multiple types of PY
neurons [28]. However, two difficulties prevented us from publishing these data. First, when we
used the response waveforms as input in our evolutionary search engine, the data were unable to
drive the evolution of specific conductance sets that could reproduce the responses. Second, an
independent line of research in our lab was simultaneously showing that the fill solutions in our
electrodes (the standard one used across our field, and thus a disturbing result) was leaking out of
the electrodes and changing conductance amounts and in one case even conductance voltage
dependence [29]. We confirmed that this was occurring in our perturbation experiments by
applying the same perturbation multiple times in single experiments, which indeed showed that
the neuron responses were varying over time [26]. In this work we also found that literature
descriptions of one very important conductance in our neurons was wrong by about 5 seconds
[29], a large difference in a network that cycles with a 1 sec period.
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Proposed research. Experiment and modeling support our hypothesis: complicated
perturbation can indeed separate pyloric neurons into distinct categories (experiment) and can
identify the conductance set individual neurons have (modeling). All the problems with our old
data have been rectified: 1) we have identified an electrode fill solution that gives stable
recordings for long periods of time even with extensive current injection, and 2) we have
corrected the old, bad description of one of the pyloric conductances [29]. We request funds for
the lobsters and supplies necessary to obtain a sufficient database for the clustering and
evolutionary fitting strategies, some 150 animals to obtain (with the inevitable failure rate that
occurs in our work) our desired set of 15 recordings each from the PD, AB, LP, and IC neurons
and 50 recordings from the PY neurons (more because of the evidence that multiple sub-classes
of PY neurons exist). We have also built a two compartment model with action potential
generation in one compartment and slow wave generation in the other. We have done so because
action potentials and slow wave voltage changes are generated in different physical locations in
the neurons [30]. Separating them in the modeling may thus help in the fitting process.
Why does this matter in the big scheme of things? The reader may well ask “Who cares how
a lobster neural network functions?” We do not study this system because of some lobster
fixation. We work in it instead because of its small size and anatomy, which make it extremely
advantageous experimentally. However, active whole cell properties and voltage dependent
conductances are present in all nervous systems [31-44]. Furthermore, how to describe and
distinguish among neurons, and to obtain complete descriptions of the voltage dependent
conductances they possess, is a general problem present across neurobiology. As such, if we
can make this technique work, it should have wide applicability across the field.
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Other Support
A. Previous University Funding. None in the last three years. We have about $400 left in
Research Incentive funding left from the NIH and NSF funding SL Hooper has received over the
years.
B. External Funding. Our last grant was a 2010-2013 award from the National Science
Foundation, Modeling motor behavior in the lobster stomatogastric system, $399,734, which just
fits within the three year window. This award helped support in part or fully the following
outcomes:
SL Hooper, C Guschlbauer, M Blümel, KH Hobbs, JB Thuma, A von Twickel, A Büschges
(2016) Muscles: non-linear transformers of motor neuron activity. In Neuromechanical
Modeling of Posture and Locomotion. B Prilutsky, ed. Springer Series in Computational
Neuroscience, pp 163-194
JB Thuma, KH Hobbs, HJ Burstein, NS Seiter, SL Hooper (2013) Temperature sensitivity of the
pyloric neuromuscular system and its modulation by dopamine. PLoS ONE 8(6):e67930.
doi:10.1371/journal.pone.0067930
M Blümel, SL Hooper, C Guschlbauer, WE White, A Büschges (2012) Determining all
parameters necessary to build Hill-type muscle models from experiments on single muscles.
Biol Cybern 106:543-558
M Blümel, C Guschlbauer, SL Hooper, A Büschges (2012) Using individual-muscle specific
instead of across-muscle mean data halves muscle simulation error. Biol Cybern 106:573-585
M Blümel, SL Hooper, C Guschlbauer, S Daun-Gruhn, SL Hooper, A Büschges (2012) Hill-type
muscle model parameters determined from experiments on single muscles show large
animal-to-animal variation. Biol Cybern 106:559-571
SL Hooper (2012) Body size and the neural control of movement. Curr Biol 22:R318-R322
Jeff Thuma’s salary is 33% covered by Ohio University’s Neuroscience Program, 10% by
HCOM, with the remaining portion being covered by other contributions that support our research.
We therefore have sufficient funding to support his being able to perform this research, and need
only cover the costs of lobsters and supplies for it to be performed.
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Budget
Item
Lobsters
Alexa Fluor 647
NaCl
KCl

Amount

Cost

150 x $45
1 mg
10 kg
1 kg

$6,750.00
$251.00
$86.01
$25.92

Supplier
Marinus Scientific
Invitrogen
Fisher
Fisher

CaCl2

1 kg

$63.68

Fisher

Mg2SO4

1 kg

$38.84

Fisher

500 g
1 kg
1 kg
500 g
5g
25 g
100 g
100 g
3 x $54

$24.09
$124.49
$61.53
$48.30
$41.60
$44.70
$82.60
$24.70
$162.00

Fisher
Fisher
Fisher
Sigma
Sigma
Sigma
Sigma
Sigma
WPI

Na2SO4
Tris
Dextrose
Maleic acid
PTX
TEA
HEPES
K Gluconate
Electrode glass
Grand total

$7,829.46

Budget justification
Lobsters: We need at least 15 good experiments for 5 of the neuron types in the ganglion
(AB, LP, VD, PD, IC) to perform the cluster analysis. The PY neurons are a heterogeneous
group of neurons so we want a sample size of at least 50 PY neurons. This gives a minimum of 5
x 15 + 50 = 125 animals. Isolating the LP, IC, and PY neurons requires finding and killing both
PDs and the VD neuron. Isolating any of the AB, PD, or VD neurons requires finding all four of
these neurons. The requested animals, 150, implies a 125/150 = 83% success rate, which may
seem high given these difficulties. However, we are generally able to find both PD neurons and
the VD neuron, and thus expect a high success rate for isolating LP, IC, and PY neurons. Finding
all four of the AB, PD, and VD neurons is rarer. However, the experiments with isolated AB,
PD, and VD experiments (3 x 15 = 45) are only 45/125 = 36% of the total experiment number,
and from previous experience we expect to be able to find all four neurons in 1/3 of the
experiments. We therefore believe we can obtain all the necessary data with 150 animals.
Chemicals: NaCl, KCl, CaCl2, Mg2SO4, Na2SO4, Tris base, maleic acid, and dextrose are
used to make the saline that flows over the preparation during experiments. PTX (picrotoxin) and
TEA (tetraethylammonium chloride) are used to block network chemical synapses. HEPES and
potassium gluconate are used to make the electrode fill. Alexa Fluor 647 is a fluorescent dye
used to kill cells. The amounts requested are what we expect to use in 150 experiments.
Electrode glass: This special capillary glass is used to make microelectrodes for intracellular
neuron recording. The amount requested is what we expect to use in 150 experiments.
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Recommended Reviewers
1) Astrid A. Prinz
Associate Professor
(404) 727-5191
Department of Biology, Emory University, Atlanta, GA 30322
astrid.prinz@emory.edu
Dr. Prinz is the expert in stomatogastric modeling and is the one who, during her
postdoctoral work with Eve Marder, most deeply investigated the ability of different
conductance sets to produce near identical activity. As such, she is superbly qualified to judge
this proposal. Astrid and I recently co-wrote a book chapter, but we do not collaborate on any
research projects, and I therefore believe she is capable of judging the merits of this application
without bias.
2) Patsy Dickinson
Josiah Little Professor of Natural Sciences
(207) 725-3581
Department of Biology, Bowdoin College, Brunswick, ME 04011
pdickins@bowdoin.edu
Dr. Dickinson is again an expert of long-standing in the stomatogastric field and is further
qualified to appreciate the general importance of the research question as a result of her being an
associate editor of the Journal of Neurophysiology. We have no research collaborations and have
never published together.
3) John Simmers
Researcher/Team Leader [CNRS research institutes are differently structured than US
colleges or universities. This position is a research-only position with tenure heading a
lab, so Associate Professor or Professor equivalent.]
+33 05 57 57 45 60
Institut de Neurosciences cognitives et intégratives d'Aquitaine, Université Bordeaux , Zone
Nord, Bât. 2A- 2ème étage, 146 rue Léo Saignat , 33076 Bordeaux, France
john.simmers@u-bordeaux2.fr
Dr. Simmers began his research career in the stomatogastric system but now studies the
cellular basis of motor learning in frog (Xenopus) spinal cord. His present research focuses on
the role of another electrical phenomenon, the Na-K pump that maintains the Na and K acrossmembrane Na and K concentration gradients, on neuron activity. He therefore has the
background necessary to understand the project but also brings a point of view outside the
stomatogastric system and even outside of invertebrate work. We have no research
collaborations and have never published together.
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4) Hillel Chiel
Professor
(216) 368-3846
Department of Biology, Case Western Reserve University, Cleveland, OH 44106
hillel.chiel@case.edu
Dr. Chiel studies motor pattern expression in the feeding system of the sea hare, Aplysia. His
work combines modeling, neurophysiology, and biomechanics. Although much of his work
involves muscle and the physical structures that muscles act on to produce movement, the
intellectual difficulties dealt with in the grant—how to use the output of high dimensional
dynamic systems to distinguish between different systems and to infer the make-up of their
fundamental components—are issues that also arise in his research. As such, he is superbly
qualified to judge the merits of the proposal. Again, he would also bring a non-stomatogastric
point of view to the review process. We have no research collaborations and have never
published together.
5) Deborah Baro
Professor
(404) 413-5310
Department of Biology, Georgia State University, Atlanta, GA 30302
dbaro@gsu.edu
Dr. Baro was the first researcher to use molecular biology techniques to measure voltagedependent conductance protein expression in stomatogastric neurons. As such, she is fully aware
of their variable expression in neurons of a single type and the intellectual difficulties this
variation poses for these neurons nonetheless having very similar whole-cell identities and innetwork activity. As such, she is again extremely well qualified to assess this proposal’s merits.
We have no research collaborations and have never published together.
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