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Stomatogastric Ganglion

Neural circuits rely on slight physiological differences between the component

cells for proper function. When any circuit is analyzed, it is important to

characterize the features that distinguish one cell type from another. This

review describes the methods used to identify the neurons of the crustacean

stomatogastric ganglion.
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In the study of neurophysiology, neurons are often
regarded as information processors. Their role in the
function of an organism is to process sensory infor-
mation (the input) and respond with the command
impulses for some action (the output). Of course,
individual neurons cannot achieve this goal in isola-
tion; it is the combined processing power of complex
neural circuits that controls behavior. Therefore, the
key to understanding any behavior lies in defining
and dissecting the neural circuits involved. Although
this goal can be achieved in a variety of ways, argu-
ably the most successful techniques begin by observ-
ing the component neurons and classifying each
according to a type.

That said, cell type is something of a tricky con-
cept. Historically, cell type was defined first and fore-
most by morphology, or what the cell looks like;
however, in neuroscience this has proven to be only
partially useful. More recently, neurons have been
reliably identified by a combination of several differ-
ent features. For example, mammalian neocortical
fast-spiking cells are identified by a combination of
their morphology, inhibitory neurotransmitters, elec-
trophysiological properties, unique protein expres-
sion, and characteristic synaptic locations targeted
on postsynaptic cells (63). Increasingly, molecular
markers and genetic profiles are also being used for
identification of mammalian neurons (25, 32, 42).
Despite this progress in identifying increasingly spe-
cific cell types, the large scale and high interconnec-
tivity of mammalian systems makes cell-level circuit
mapping extremely difficult.

The average invertebrate neural circuit, on the
other hand, is substantially simpler than any mam-
malian system. In some cases, this means that there
exists a single neuron serving a unique and necessary
function in every animal of that species (hereafter
referred to as identified neurons), whereas, in a typ-
ical mammalian system, this necessary function will
be served by a population of neurons with similar
properties (a cell type). The invertebrate advantage of
readily identifiable neurons has allowed the full con-
nectivity of several functional neural circuits to be
reproducibly mapped (19, 30, 64). A well known ex-
ample of this is the stomatogastric ganglion (STG) of

decapod crustaceans, such as lobsters and crabs. The
STG is comprised of !30 neurons that control the
rhythmic movement of the animal’s foregut muscu-
lature, many of which are readily identifiable (54). In
this review, the concepts of cell type and identity will
be explored by introducing how cells have been iden-
tified in the STG in the past, how the features that
define cell identity in the STG have evolved over
time, and how the knowledge gained from identifi-
able cells in the STG can be useful for the study of
neurophysiology.

The History of Identified Cells in
the Stomatogastric Ganglion

For over 100 years, it has been known that there is
tremendous potential for nervous system study in
the rhythmic muscular contractions of the crusta-
cean foregut (12). Methylene blue staining was
used in the late 19th century and early 20th century
by Allen and Orlov to reveal nerve pathways and
locations of cell bodies within the ganglia of the
crustacean stomatogastric nervous system, and it
was found that the main stomatogastric nerves
were similar in all decapod crustaceans (8). How-
ever, it was not until the mid 20th century that
interest in this system grew (40). During this pe-
riod, a combination of anatomical and electro-
physiological techniques was used to establish the
identifiable neurons present in the STG, to deter-
mine the intrinsic network connectivity, and to
understand how each neuron contributed to the
motor pattern production.

There are two general motor patterns that are
controlled by the neurons in the STG: the grinding
of the gastric teeth to break down large food par-
ticles in the stomach, known as the gastric mill,
and the dilation and constriction of the pylorus to
filter and push food through to the digestive gland
or midgut (19). The first neurons in the STG to be
consistently identified were the motor neurons
that drive these patterns. Motoneuron function in
the STG was conclusively determined by using
electrophysiology to confirm the anatomical mus-
cle innervation patterns that had previously been
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elucidated with methylene blue stainings (41). Ex-
tracellular wire pin electrodes were placed on mo-
tor nerves near the point of muscle innervation,
whereas sharp glass microelectrodes were used to
impale cell bodies in the STG (54). In this way,
intracellular neuronal activity could be correlated
with the extracellular nerve activity driving partic-
ular muscles, and motoneuron connectivity to
stomach musculature could be determined. Simul-
taneous intracellular recordings in multiple cell
bodies were used to identify the connectivity and
character of the few interneurons in the STG, as
well as the electrical and chemical synaptic con-
nections between motoneurons (43, 53). Further-
more, a combination of pharmacology to inspect
neuronal response to applied synaptic channel
agonists, electron microscopy to distinguish vesi-
cle features at synaptic terminals, and biochemis-
try to identify the presence of enzymes in neurons
that help produce certain neurotransmitters al-
lowed for the identification of the different neuro-
transmitters released by STG neurons (28, 29, 35,
36, 38, 39). During this early period of crustacean
STG study, identifiable STG neurons were defined
as the cells that were functionally identical in dif-
ferent animals of the same species (53). Thus a
functional description became the basis for the
established naming system for the neurons in the
STG, and by this definition it was often the case
that multiple neurons were given the same name if
they were electrically connected and carried axons
to the same muscle, making them functionally
indistinguishable.

The identified neurons in the STG are typically
functionally segregated based on what motor pat-
tern each particular neuron is found to participate
in. The gastric mill network contains seven neuron
types: the anterior median neuron (AM), the lateral
gastric neuron (LG), the median gastric neuron
(MG), the two lateral posterior gastric neurons
(LPG), the four to nine gastric mill neurons (GM),
the dorsal gastric neuron (DG), and interneuron 1
(Int1) (19). The membrane potentials of the elec-
trically connected LG and MG neurons rise and
fall in synchrony, alternating with the two LPG
neurons, which are inhibited by both LG and MG
(FIGURE 1, B AND C). Int1 fires bursts of action
potentials slightly phase advanced from AM and
DG, which are also electrically connected and al-
ternate with the GM neurons. This oscillatory
rhythm has a 5- to 10-s period. The pyloric network
contains six neuron types: the anterior burster
neuron (AB), the two pyloric dilator neurons (PD),
the ventricular dilator neuron (VD), the inferior
cardiac neuron (IC), the lateral pyloric neuron (LP),
and the three to eight pyloric neurons (PY) (FIG-
URE 1, B AND C; Table 1). The variability in GM
and PY neuron number depends on the species of

decapod crustacean and can even co-vary between
animals of the same species, suggesting that these
two cell types may arise from the same precursor
(7). The pyloric circuit can be separated into three
functionally distinct nodes whose inhibitory neu-
rons fire in successive bursts to give rise to a char-
acteristic triphasic pyloric firing pattern with a
cycle period of 1–2 s. The AB/PD node, which
consists of the AB neuron that is electrically cou-
pled to the two PD neurons, is considered the
circuit pacemaker; when neuromodulatory inputs
from the adjacent commissural ganglia (CoG) and
esophageal ganglion (OG) are intact (FIGURE 1A),
AB oscillates strongly and drives the two PD neu-
rons to fire bursts of action potentials in synchrony
through gap junctions (19). The LP, IC, and VD
neurons, which begin bursting immediately after
the AB/PD node falls silent, comprise the next
node in the circuit. The final node includes the PY
neurons, which burst after the LP neuron falls si-
lent. The AB/PD pacemaker node sends fast gluta-
matergic and slow cholinergic inhibitory inputs to
each of these cells to drive the staggered periodic
bursting in those two circuit nodes. The neurons of
the pyloric circuit are referred to as conditional
bursters because, if the nerve that carries the var-
ious neuromodulatory inputs (see FIGURE 1A) to
the STG is blocked or cut, a technique known as
decentralization, the triphasic rhythm is quickly
abolished, with each cell in the circuit falling silent
or spiking tonically (60) (Table 1). The LP and PY
neurons of the pyloric network are also known as
rebound bursters because they are not pacemaking
neurons with the intrinsic oscillatory behavior of
the AB/PD neurons; they instead fire bursts of ac-
tion potentials when they are released from inhib-
itory drive. Despite the typical segregation of STG
neurons into their respective networks, for some
species of crustacean (e.g., the crab Cancer borea-
lis), there are stronger interconnections and thus
less segregation between gastric and pyloric net-
works than there are for lobsters (19), and some
neurons can share participation in each of the
networks (FIGURE 1B, labeled as gastro-pyloric
neurons).

The State of the Art: What We
Know Now About Identified
Neurons

With network connectivity presently established in
the STG, neurons are often identified in practice by
comparing their intracellular electrical activity pro-
file to extracellular nerve recordings in locations
where specific neurons are known to send axons.
As with the network activity of the gastric and
pyloric networks, the intracellular activity of each
neuron that comprises these networks is known
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FIGURE 1. The cells of the stomatogastric ganglion
A: the STG is part of a larger stomatogastric nervous system including upstream ganglia such as the comissural ganglia (CoG) and the esopha-
geal ganglion (OG). The neurons of the STG are color coded according to type identified in B. Although the exact location of each neuronal cell
body within the STG varies from animal to animal (7), the illustrated axonal projections are known and often used for neuronal identification.
Note that relative ganglia and nerve sizing is not drawn to scale. B: the circuit configuration of the STG that is typical for C. Borealis is shown.
Neurons are color coded based on their participation in the pyloric rhythm (warm colors), the gastric rhythm (gray), or both (cool colors). The
electrical connections between cells are also illustrated. Figure is adapted from Ref. 56 and used with permission from Springer. C: the neurons
of the STG have robust periodic electrical activity when within the circuit. Shown are two cycles of the pyloric rhythm when the gastric rhythm is
absent [used with permission from Scholarpedia (52)]. D: electrical activity of the gastric mill circuit [used with permission from Scholarpedia (52)].
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and stereotyped (FIGURE 1, C AND D), making this
method of identification convenient, but neuron
identification based on electrical activity alone has
its limits. For example, in the lobster Homarus
americanus, there are six STG neurons that are
considered silent neurons and display no mem-
brane potential fluctuations or only show a few
hyperpolarizing postsynaptic potentials (7). These
neurons are naturally unidentifiable using simple
intracellular electrical activity recordings because
of the lack of stereotyped features. Also, as men-
tioned earlier, the crab Cancer borealis has less
segregation between gastric and pyloric networks,
and this could also present a challenge in defini-
tively identifying neurons through a combination
of stereotyped intracellular and extracellular activ-
ity alone. In Cancer borealis, the gastric neuron
LPG, for instance, is electrically coupled with the
two PD neurons and may fire bursts of action po-
tentials in near-synchronous rhythm with them
(FIGURE 1), making consistent LPG and PD iden-
tification in Cancer borealis difficult. Neuron iden-
tification based on stereotyped electrical activity is
also disrupted in instances where the motor pat-
tern is no longer present, as is the case when all
external neuromodulatory input to the STG is lost
through decentralization, or when neurons are dis-
connected from their synaptic partners either with
drugs or by physical cellular isolation. In fact, STG
neurons exhibit different electrical activity in dif-
ferent states: in the normal circuit, decentralized

but retaining STG-intrinsic synaptic connections,
decentralized and in synaptic isolation through
chemical synaptic block, and in isolation but with
normal neuromodulatory inputs (Table 1). Fur-
thermore, activity characteristics are often indis-
tinct within many of these conditions, preventing
consistent identification.

Up until now, we have been describing how neu-
rons in the STG are identified functionally, but as
mentioned earlier this functional method is not eas-
ily scalable when the neural networks are as complex
as mammalian nervous systems. This has led to a
push to identify neurons based on molecular-level
cellular properties, because they may be used to dis-
tinguish different neuron types even in the absence
of stereotyped oscillatory electrical activity or clear
innervation patterns. For instance, the ion channels
that ultimately control the unique electrical proper-
ties of any cell can be created, modulated, replaced,
or destroyed as a result of many converging molec-
ular pathways or events (reviewed in Ref. 51). Con-
sequently, slight differences in the intracellular
milieu from one cell to another can mean the differ-
ence between a silent or a bursting cell. As molecular
techniques become more advanced, it is increasingly
clear that there are a variety of notable biochemical
differences underlying the cell type-specific electro-
physiological properties of cells in the STG. These
differences can be loosely divided into two catego-
ries: those that are intrinsic to the cell and those that
depend on extrinsic input.

Table 1. The intrinsic activity of identified stomatogastric neurons is variable and may depend on the method of isolation,
among other factors

Neuron Name Abbreviation Intact STNS, Intact
Circuit

Decentralized, Intact
Circuit

Decentralized, Synaptic
Isolation

Intact STNS, Synaptic
Isolation

Anterior burster AB Bursting (47) Silent (44) Spiking (1,2) Bursting (2)
Bursting (11) Bursting (21)

Pyloric dilator PD Bursting (47) Silent (1) Silent (47) Bursting (2)
Bursting (11,21) Spiking (2,21,47)

Bursting (47)
Irregular (2)

Pyloric neuron PY Bursting (47) Silent (21) Silent (21,47) Bursting (2)
Spiking (1) Spiking (19)

Lateral pyloric LP Bursting (47) Silent (21) Silent (21,47) Spiking (2)
Spiking (2,21) Spiking (2) Bursting (2)
Bursting (1,11) Irregular (21)

Inferior cardiac IC Bursting (47) Silent (1) Silent (2,21) Bursting (2)
Ventricular dilator VD Bursting (47) Silent (1) Silent (2) Bursting (1)

Bursting (11) Spiking (19)
Bursting (21)

Interneuron 1 INT1 Bursting (20,47)
Gastric mill neuron GM Bursting (20,47) Silent (20) Silent (47)
Lateral gastric LG Bursting (20,47) Silent (20)
Lateral posterior

gastric
LPG Bursting (20,47) Spiking (20) Irregular (47)

Medial gastric MG Bursting (20,47) Silent (20)
Dorsal gastric DG Bursting (20,47) Silent (20)
Anterior median AM Bursting (20,47) Silent (20)
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There is considerable variability in intrinsic prop-
erties between the cell types of the STG. For example,
it has been observed that the kinetics of some ionic
membrane conductances are subtly different from
one cell type to another, which suggests slight differ-
ences in the probability of the ion channels mediat-
ing the conductance to open or close as a function of
the membrane potential (4, 15). Recent research
points to a combination of alternative splicing of the
ion channel genes and various posttranslational
modifications as underlying these differences. Al-
though there is still much work to be done to link
specific splice variants to expressed activity, evidence
for alternative splicing in the STG is widespread (3–5,
26, 27, 46). The most intensely studied case of alter-
native splicing in the STG is the shal gene, which has
at least 14 possible isoforms (4, 5). The shal gene

codes for the ion channel mediating a transient K"

conductance (gA), and this conductance has graded
kinetics between cell types (FIGURE 2B). However, it
has been shown that many of the identified isoforms
of this gene have few distinguishable electrical prop-
erties, and, therefore, they cannot be solely respon-
sible for the large diversity of gA. Other mechanisms,
such as posttranslational modifications or cell-specific
auxiliary proteins (65), must be involved, and this
is an interesting area for further research.

There is also considerable variability in intrinsic
properties within each cell type. When identified
cells between different animals of the same species
are compared, the maximal expression of each con-
ductance (Gmax) is highly variable (14, 49, 50)
(FIGURE 2A). As mentioned, the Gmax of each class
of ion channel directly influences the electrical

FIGURE 2. STG neurons exhibit cell-type specific constraints despite conductance variability
A: conductance variability exists within and between cell types. This figure shows the maximal conductance of the A-current (IA) for each
cell type as a function of shal gene expression. The numbers in parentheses represent the number of cells used to measure either the
Gmax or the number of shal transcripts. Figure used with permission from Journal of Neuroscience (4). B: neuromodulators can affect cell-
type-specific characteristics that may lead to differences in maximal conductances between different cell types. Shown are the voltages at
which IA activates and inactivates for each cell type, with and without the addition of exogenous dopamine (DA). Figure used with permis-
sion from Neuroscience (5). C: STG neurons show linear correlations of ion channel expression. Shown is a unique four-way correlation be-
tween ion channel mRNA transcript numbers measured in the LP neuron. D: pairwise correlations of ion channel mRNA also exist among
STG neurons. Axis labels correspond to six different ion channel mRNAs present in STG neurons. Colored labels depict existence of sig-
nificant pairwise linear correlation for the corresponding mRNA pair. Note that the color scheme in this figure corresponds to that used in
FIGURE 1. C and D adapted from Ref. 50 and used with permission.
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phenotype of a cell, so determining how a cell type
with variable conductances can have dependable
activity is an interesting question. Recently, several
type-specific constraints on this variability have
been discovered. For example, although crab pop-
ulations of PD and LP cells both have large (two-
and threefold, respectively) ranges of shal mRNA
expression, these ranges do not overlap (49). In
fact, each cell type studied has been found to have
a unique pattern of ion channel mRNA expression,
with often distinct ranges of expression (4, 50).
Furthermore, the expressed conductance values
for an individual cell are not as random as these
large ranges might suggest. It has recently been
shown that members of several STG cell types con-
form to fixed ratios between two or more conduc-
tances (13, 24, 33, 34, 50) (FIGURE 2, C AND D).
Every cell type studied shows a unique combina-
tion of conductance relationships; both the con-
ductances involved and the exact ratio of each
conductance pair vary between cell types. These
conductance ratios provide a likely mechanism for
maintaining cell type-specific electrical activity in
the face of conductance variability (22, 61), al-
though the functional benefits of these ratios may
depend on the characteristics of activity that are
maintained by each cell type (59).

Another neuronal property that can help dis-
tinguish different neuron types is responsiveness

to external input, such as neuromodulation.
Neuromodulation generally refers to a diffuse
chemical signal sent from one area of the ner-
vous system to another. This signal can be me-
diated by axonal projections into the region of
interest or neuromodulators may be released
into the blood stream and circulated throughout
the animal as hormones. The STG is an ideal
system for studying the effects of neuromodula-
tion due to its physical isolation from all modu-
latory influences, such as the neurons of its
neighboring ganglia (reviewed in Refs. 37, 56).
This physical isolation has allowed the detailed
comparison of cellular behavior with and with-
out neuromodulation or with a subset of the
large number of neuromodulators usually
present in the STG. When all neuromodulators
are removed from the ganglion, each cell type
responds differently (Table 1), but the overall
result is the temporary loss of network activity.
Over time, the activity is restored via cell type-
specific changes in conductance levels (17),
which in some cases may mean the loss of the
conductance ratios discussed earlier (24). This
raises the question, what is causing each cell to
react differently to the loss of neuromodulator? It
is clear from experiments that bath-apply single
neuromodulators to an otherwise isolated STG
that different cell types respond to the application of

FIGURE 3. Summary of cell-level identification techniques
A: the surface proteins expressed at the synapse determine the cellular response to neurotransmitters or neuromodulators. B and C: the
proportions of each kind of ion channel expressed by each cell determine the intrinsic electrical properties for that cell. D: the type of
neurotransmitter released can be an identifying characteristic. E: in the STG, it is easy to identify motoneurons based on which muscle
they innervate. Not shown: morphology and connectivity can also be used as identifying characteristics.
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each chemical differently (18, 57, 58). For example,
dopamine increases the peak amplitude of the cal-
cium current in PY, LP, and IC cells, whereas it
decreases this same property in AB, PD, and VD
cells (23). Further investigations suggest that cell
type-specific differences in the expression of do-
pamine receptors are behind these differences (10,
45). Furthermore, each dopamine receptor has
been linked to a particular G protein, which hints
at differences in the intracellular cascades active in
each cell type. This is only one example of the
widespread cell type-specific expression of neuro-
modulator receptors in the stomatogastric
ganglion (reviewed in Refs. 37, 56).

The Future of Cellular
Identification and Circuit Analysis

Identified neurons simplify the analysis of complex
neural systems by adding an element of reproduc-
ibility to each experiment. When a neural circuit
contains identifiable cells, targeted perturbations
can be made directly to universally known circuit
components. In this way, inferences can be made
about the structure of the circuit and the mecha-
nisms behind generating a particular stereotyped
behavior. Identifiable cells also allow long-term
observations regarding adaptation to a changing
environment or response to sensory input that
might not otherwise be possible. In addition, the
consistent identification of individual cells allows
for especially fruitful comparison of data among
laboratories working on the same system. Therefore, a
detailed knowledge of the component neurons in any
circuit will benefit its analysis.

Yet, what level of detail is sufficient? How can those
analyzing more complicated vertebrate systems ben-
efit from what has been learned in the simpler inver-
tebrate systems? As we have shown, there are many
ways to identify a cell or cell type, and the most
effective protocols use a combination of several iden-
tifying characteristics (FIGURE 3). Furthermore, the
numerical value of each cellular property may not
contain as much information as the relationships
between properties, as is the case for the conduc-
tance correlations found in the STG (13, 22, 50). With
this in mind, genetic methods of identification ap-
pear to be universally appealing as the next frontier
in neuronal circuit analysis because they may pro-
vide a much larger repertoire of identifying charac-
teristics. Work is underway to identify cell-specific
transcription factors, promoters, surface receptors,
or other molecular machinery that can be used to
target a subset of cells in a circuit. For example,
fluorescence-activated cell sorting of retrograde-
labeled cells has identified several cell type-specific
molecular markers in mammalian cortical and corti-
cospinal neurons (55). Cell populations subjected to

multiplex RT-PCR may also produce type-specific
genetic profiles (62). In transgenic animals, this kind
of cell type-specific genetic information has proven
to be an invaluable tool for reproducibly identifying
neurons, tracking connections, and directing pertur-
bations in cellular activity (6, 25, 32). In invertebrates
that take years to mature, such as the lobster and
crab, transgenics are impractical; however, work has
recently been done utilizing electroporation, viral
transduction, or direct injection of genetic material
into adult neurons (9, 16, 31, 33, 48).

As this work progresses, the presence or lack of
molecular differences between cells may reveal a
more detailed picture of how functional cellular
identity is achieved and maintained and may an-
swer some lingering questions about the nature of
cellular identity. Are two cells with identical circuit
function also identical in their patterns of gene
expression and molecular makeup? If not, are the
differences consistent and identifiable between an-
imals of a species? We expect the concepts of cell
type and identity to continue to evolve, depending
on the answers to these questions. !

No conflicts of interest, financial or otherwise, are de-
clared by the author(s).

References
1. Bal T, Nagy F, Moulins M. Muscarinic modulation of a

pattern-generating network: control of neuronal properties.
J Neurosci 14: 3019–3035, 1994.

2. Bal T, Nagy F, Moulins M. The pyloric central pattern gener-
ator in crustacea: a set of conditional neuronal oscillators. J
Comp Physiol [A] 163: 715–727, 1988.

3. Baro DJ, Cole CL, Zarrin AR, Hughes S, Harriswarrick RM.
Shab gene expression in identified neurons of the pyloric
network in the lobster stomatogastric ganglion. Receptors
Channels 2: 193–205, 1994.

4. Baro DJ, Levini RM, Kim MT, Willms AR, Lanning CC, Ro-
driguez HE, HarrisWarrick RM. Quantitative single-cell re-
verse transcription PCR demonstrates that A-current
magnitude varies as a linear function of shal gene expression
in identified stomatogastric neurons. J Neurosci 17: 6597–
6610, 1997.

5. Baro DJ, Quinones L, Lanning CC, Harris-Warrick RM, Ruiz M.
Alternate splicing of the shal gene and the origin of I-A
diversity among neurons in a dynamic motor network. Neu-
roscience 106: 419–432, 2001.

6. Brown SP, Hestrin S. Cell-type identity: a key to unlocking the
function of neocortical circuits. Curr Opin Neurobiol 19: 415–
421, 2009.

7. Bucher D, Johnson CD, Marder E. Neuronal morphology and
neuropil structure in the stomatogastric ganglion of the lob-
ster, Homarus americanus. J Comp Neurol 501: 185–205,
2007.

8. Bullock TH, Horridge GA. Structure and Function in the Ner-
vous Systems of Invertebrates. San Francisco, CA: WH Free-
man, 1965.

9. Callaway EM. A molecular and genetic arsenal for systems
neuroscience. Trends Neurosci 28: 196–201, 2005.

10. Clark MC, Khan R, Baro DJ. Crustacean dopamine receptors:
localization and G protein coupling in the stomatogastric
ganglion. J Neurochem 104: 1006–1019, 2008.

11. Eisen JS, Marder E. Mechanisms underlying pattern genera-
tion in lobster stomatogastric ganglion as determined by
selective inactivation of identified neurons. III. Synaptic con-
nections of electrically coupled pyloric neurons. J Neuro-
physiol 48: 1392–1415, 1982.

REVIEWS

PHYSIOLOGY • Volume 25 • October 2010 • www.physiologyonline.org 317

 at C
ollege of W

illiam
 and M

ary on M
arch 28, 2013

http://physiologyonline.physiology.org/
D

ow
nloaded from

 

http://physiologyonline.physiology.org/


12. Felgenhauer BEAL. Evolution of the foregut in
the lower Decapoda. In: Functional Morphology
of Feeding and Grooming in Crustacea, edited
by Felgenhauer BE, Thistle AB. Rotterdam, The
Netherlands: Balkema, 1989, p. 205–219.

13. Goaillard JM, Taylor AL, Schulz DJ, Marder E.
Functional consequences of animal-to-animal
variation in circuit parameters. Nat Neurosci 12:
1424–1430, 2009.

14. Golowasch J, Goldman MS, Abbott LF, Marder E.
Failure of averaging in the construction of a
conductance-based neuron model. J Neuro-
physiol 87: 1129–1131, 2002.

15. Golowasch J, Marder E. Ionic currents of the
lateral pyloric neuron of the stomatogastric gan-
glion of the crab. J Neurophysiol 67: 318–331,
1992.

16. Haas K, Sin WC, Javaherian A, Li Z, Cline HT.
Single-cell electroporation for gene transfer in
vivo. Neuron 29: 583–591, 2001.

17. Haedo RJ, Golowasch J. Ionic mechanism under-
lying recovery of rhythmic activity in adult iso-
lated neurons. J Neurophysiol 96: 1860–1876,
2006.

18. Harris-Warrick RM, Johnson BR, Peck JH, Klop-
penburg P, Ayali A, Skarbinski J. Distributed ef-
fects of dopamine modulation in the
crustacean pyloric network. In: Neuronal Mech-
anisms for Generating Locomotor Activity, ed-
ited by Kiehn O, HarrisWarrick RM, Jordan LM,
Hultborn H, Kudo N. New York: New York Acad.
Sciences, 1998, p. 155–167.

19. Harris-Warrick RM, Marder E, Selverston AI,
Moulins M. Dynamic biological networks: the sto-
matogastric nervous system. In: Computational
Neuroscience, edited by Sejnowski TJ, Poggio
TA. Cambridge, MA: MIT Press, 1992, p. 328.

20. Heinzel HG, Selverston AI. Gastric mill activity in
the lobster. III. Effects of proctolin on the iso-
lated central pattern generator. J Neurophysiol
59: 566–585, 1988.

21. Hooper SL, Marder E. Modulation of the lobster
pyloric rhythm by the peptide proctolin. J Neu-
rosci 7: 2097–2112, 1987.

22. Hudson AE, Prinz AA. Conductance ratios and
cellular identity. PLoS Comput Biol 6: e1000838,
2010.

23. Johnson BR, Kloppenburg P, Harris-Warrick
RM. Dopamine modulation of calcium currents
in pyloric neurons of the lobster stomatogas-
tric ganglion. J Neurophysiol 90: 631– 643,
2003.

24. Khorkova O, Golowasch J. Neuromodulators,
not activity, control coordinated expression of
ionic currents. J Neurosci 27: 8709–8718, 2007.

25. Kiehn O. Locomotor circuits in the mammalian
spinal cord. Annu Rev Neurosci 29: 279–306,
2006.

26. Kim M, Baro DJ, Lanning CC, Doshi M, Farnham
J, Moskowitz HS, Peck JH, Olivera BM, Harris-
Warrick RM. Alternative splicing in the pore-
forming region of shaker potassium channels. J
Neurosci 17: 8213–8224, 1997.

27. Kim M, Baro DJ, Lanning CC, Doshi M, Mos-
kowitz HS, Farnham J, Harris-Warrick RM. Ex-
pression of Panulirus shaker potassium channel
splice variants. Receptors Channels 5: 291–304,
1998.

28. King DG. Organization of crustacean neuropil. I.
Patterns of synaptic connections in lobster sto-
matogastric ganglion. J Neurocytol 5: 207–237,
1976.

29. King DG. Organization of crustacean neuropil. II.
Distribution of synaptic contacts on identified
motor neurons in lobster stomatogastric gan-
glion. J Neurocytol 5: 239–266, 1976.

30. Kristan WB, Calabrese RL, Friesen WO. Neuronal
control of leech behavior. Prog Neurobiol 76:
279–327, 2005.

31. Lovell P, Jezzini SH, Moroz LL. Electroporation of
neurons and growth cones in Aplysia californica.
J Neurosci Methods 151: 114–120, 2006.

32. Luo L, Callaway EM, Svoboda K. Genetic dissec-
tion of neural circuits. Neuron 57: 634–660,
2008.

33. MacLean JN, Zhang Y, Goeritz ML, Casey R,
Oliva R, Guckenheimer J, Harris-Warrick RM.
Activity-independent coregulation of I-A and I-h
in rhythmically active neurons. J Neurophysiol
94: 3601–3617, 2005.

34. MacLean JN, Zhang Y, Johnson BR, Harris-
Warrick RM. Activity-independent homeostasis
in rhythmically active neurons. Neuron 37:
109 –120, 2003.

35. Marder E. Acetylcholine as an excitatory neuro-
muscular transmitter in stomatogastric system of
lobster. Nature 251: 730–731, 1974.

36. Marder E. Cholinergic motor neurons in stoma-
togastric system of lobster. J Physiol 257: 63–86,
1976.

37. Marder E, Bucher D. Understanding circuit dy-
namics using the stomatogastric nervous system
of lobsters and crabs. Annu Rev Physiol 69: 291–
316, 2007.

38. Marder E, Eisen JS. Transmitter identification of
pyloric neurons: electrically coupled neurons use
different transmitters. J Neurophysiol 51: 1345–
1361, 1984.

39. Marder E, Paupardintritsch D. Pharmacological
properties of some crustacean neuronal acetyl-
choline, gamma-aminobutyric acid, and L-
glutamate responses. J Physiol 280: 213–236,
1978.

40. Maynard DM. Neural coordination in a simple
ganglion. Science 158: 531–532, 1967.

41. Maynard DM, Dando MR. The structure of the
stomatogastric neuromuscular system in Calli-
nectes sapidus, Homarus americanus and Panuli-
rus argus (Decapoda Crustacea). Philos Trans R
Soc Lond B Biol Sci 268: 161–220, 1974.

42. Monyer H, Markram H. Interneuron diversity se-
ries: molecular and genetic tools to study
GABAergic interneuron diversity and function.
Trends Neurosci 27: 90–97, 2004.

43. Mulloney B, Selverston AI. Organization of sto-
matogastric ganglion of spiny lobster. 1. Neu-
rons driving lateral teeth. J Comp Physiol [A] 91:
1–32, 1974.

44. Nagy F, Miller JP. Pyloric pattern generation in
Panulirus interruptus is terminated by blockade
of activity through the stomatogastric nerve. In:
The Crustacean Stomatogastric System. A Model
for the Study of Central Nervous Systems, edited
by Selverston AI, Moulins M. Berlin: Springer,
1987, p. 136–139.

45. Oginsky MF, Rodgers EW, Clark MC, Simmons R,
Krenz WDC, Baro DJ. D-2 receptors receive para-
crine neurotransmission and are consistently tar-
geted to a subset of synaptic structures in an
identified neuron of the crustacean stomatogas-
tric nervous system. J Comp Neurol 518:
255–276.

46. Ouyang Q, Goeritz M, Harris-Warrick RM. Panu-
lirus interruptus I-h-channel gene PIIH: modifica-
tion of channel properties by alternative splicing
and role in rhythmic activity. J Neurophysiol 97:
3880–3892, 2007.

47. Panchin YV, Arshavsky YI, Selverston A, Cleland
TA. Lobster stomatogastric neurons in primary
culture. 1. Basic characteristics. J Neurophysiol
69: 1976–1992, 1993.

48. Saito T, Nakatsuji N. Efficient gene transfer into
the embryonic mouse brain using in vivo electro-
poration. Dev Biol 240: 237–246, 2001.

49. Schulz DJ, Goaillard JM, Marder E. Variable chan-
nel expression in identified single and electrically
coupled neurons in different animals. Nat Neu-
rosci 9: 356–362, 2006.

50. Schulz DJ, Goaillard JM, Marder EE. Quantitative
expression profiling of identified neurons reveals
cell-specific constraints on highly variable levels
of gene expression. Proc Natl Acad Sci USA 104:
13187–13191, 2007.

51. Schulz DJ, Temporal S, Barry DM, Garcia ML.
Mechanisms of voltage-gated ion channel regu-
lation: from gene expression to localization. Cell
Mol Life Sci 65: 2215–2231, 2008.

52. Selverston A. Stomatogastric ganglion. Scholar-
pedia 3: 1661, 2008.

53. Selverston AI, Mulloney B. Organization of sto-
matogastric ganglion of spiny lobster. 2. Neu-
rons driving medial tooth. J Comp Physiol [A] 91:
33–51, 1974.

54. Selverston AI, Russell DF, Miller JP. The stoma-
togastric nervous system: structure and function
of a small neural network. Prog Neurobiol 7:
215–290, 1976.

55. Shoemaker LD, Arlotta P. Untangling the cortex:
advances in understanding specification and dif-
ferentiation of corticospinal motor neurons.
Bioessays 32: 197–206, 2010.

56. Stein W. Modulation of stomatogastric rhythms.
J Comp Physiol [A] 195: 989–1009, 2009.

57. Swensen AM, Golowasch J, Christie AE, Coleman
MJ, Nusbaum MP, Marder E. GABA and re-
sponses to GABA in the stomatogastric ganglion
of the crab Cancer borealis. J Exp Biol 203: 2075–
2092, 2000.

58. Swensen AM, Marder E. Multiple peptides con-
verge to activate the same voltage-dependent
current in a central pattern-generating circuit. J
Neurosci 20: 6752–6759, 2000.

59. Taylor AL, Goaillard JM, Marder E. How multiple
conductances determine electrophysiological
properties in a multicompartment model. J Neu-
rosci 29: 5573–5586, 2009.

60. Thoby-Brisson M, Simmers J. Neuromodulatory
inputs maintain expression of a lobster motor
pattern-generating network in a modulation-
dependent state: evidence from long-term de-
centralization in vitro. J Neurosci 18: 2212–2225,
1998.

61. Tobin AE, Cruz-Bermudez ND, Marder E, Schulz
DJ. Correlations in ion channel mRNA in rhythmi-
cally active neurons. PLoS One 4: 8, 2009.

62. Toledo-Rodriguez M, Blumenfeld B, Wu C, Luo J,
Attali B, Goodman P, Markram H. Correlation
maps allow neuronal electrical properties to be
predicted from single-cell gene expression pro-
files in rat neocortex. Cereb Cortex 14: 1310–
1327, 2004.

63. Uematsu M, Hirai Y, Karube F, Ebihara S, Kato M,
Abe K, Obata K, Yoshida S, Hirabayashi M, Yana-
gawa Y, Kawaguchi Y. Quantitative chemical
composition of cortical GABAergic neurons re-
vealed in transgenic venus-expressing rats.
Cereb Cortex 18: 315–330, 2008.

64. Williamson R, Chrachri A. Cephalopod neural
networks. Neurosignals 13: 87–98, 2004.

65. Zhang Y, Oliva R, Gisselmann G, Hatt H, Guck-
enheimer J, Harris-Warrick RM. Overexpres-
sion of a hyperpolarization-activated cation
current (Ih) channel gene modifies the firing
activity of identified motor neurons in a small
neural network. J Neurosci 23: 9059 –9067,
2003.

REVIEWS

PHYSIOLOGY • Volume 25 • October 2010 • www.physiologyonline.org318

 at C
ollege of W

illiam
 and M

ary on M
arch 28, 2013

http://physiologyonline.physiology.org/
D

ow
nloaded from

 

http://physiologyonline.physiology.org/

