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Quantitative expression profiling of identified
neurons reveals cell-specific constraints on
highly variable levels of gene expression
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The postdevelopmental basis of cellular identity and the unique
cellular output of a particular neuron type are of particular interest
in the nervous system because a detailed understanding of circuits
responsible for complex processes in the brain is impeded by the
often ambiguous classification of neurons in these circuits. Neu-
rons have been classified by morphological, electrophysiological,
and neurochemical techniques. More recently, molecular ap-
proaches, particularly microarray, have been applied to the ques-
tion of neuronal identity. With the realization that proteins ex-
pressed exclusively in only one type of neuron are rare, expression
profiles obtained from neuronal subtypes are analyzed to search
for diagnostic patterns of gene expression. However, this expres-
sion profiling hinges on one critical and implicit assumption: that
neurons of the same type in different animals achieve their
conserved functional output via conserved levels and quantitative
relationships of gene expression. Here we exploit the unambigu-
ously identifiable neurons in the crab stomatogastric ganglion to
investigate the precise quantitative expression profiling of neu-
rons at the level of single-cell ion channel expression. By measuring
absolute mRNA levels of six different channels in the same indi-
vidually identified neurons, we demonstrate that not only do
individual cell types possess highly variable levels of channel
expression but that this variability is constrained by unique pat-
terns of correlated channel expression.
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Animals contain many different kinds of neurons that can be
superficially described in terms of their anatomical forms,
the patterns of connections they make, the neurotransmitters
they release, and their electrophysiological properties. In small
invertebrate nervous systems, it is relatively easy to identify
neurons unambiguously by using one or more of the above
attributes. Likewise, certain vertebrate neurons, such as the
Mauthner cell in fish and amphibians (1), are unambiguously
identifiable, as a function of size and location. In large vertebrate
brains with many neurons with similar properties, it can be quite
difficult to identify neurons unambiguously, which has signifi-
cantly impeded efforts to understand the neuronal circuits in
larger brains. Consequently, there are now major efforts under
way to use a combination of molecular, anatomical, and physi-
ological methods to identify neurons in vertebrate brains and
spinal cords (2-4). Nonetheless, it is not yet apparent which
combinations of attributes are adequate to define neuronal
identity.

There is a large literature on the expression of various
transcription factors and other genes in determining neuronal
identity during development (5-8). However, characterizing the
molecular processes that determine the lineage of a cell may not
provide sufficient insight into the molecular markers expressed
by those neurons many years later, as they function in the adult
brain.

www.pnas.org/cgi/doi/10.1073/pnas.0705827104

The electrophysiological phenotype of adult neurons depends
on the number and kind of its ion channels. Recent theoretical
and experimental work has shown that similar patterns of activity
can be produced by a variety of quantitative combinations of the
maximal conductances for different ion channels (9-15) and that
values of individual channel densities can vary severalfold across
cells of the same type (12, 13, 16, 17).

If the expression of each ion channel gene is not controlled
tightly, what rules ensure that neurons can maintain their
characteristic electrophysiological identities over days, months,
and years despite ongoing channel turnover? One possibility is
a process by which electrical activity is homeostatically regulated
to a target level of excitability (16, 18, 19). A second, not
mutually exclusive, possibility is that neuronal identity is cap-
tured in the patterns of expression in multiple channel genes and
that the outcome of these correlations ensures the appropriate
levels of activity, even though the levels of any one of the ion
channels can be quite variable.

In this work, we used single-cell quantitative PCR to quantify
the expression of six different ion channel genes in six different
classes of identified neurons from the crab stomatogastric gan-
glion (STG). We compared expression levels of each channel
both within and across cell types and found that different sets of
correlated gene expression are seen in each class of identified
neuron. Therefore, we hypothesize that in the adult nervous
system, cellular output is determined by characteristic sets of
correlated expressions of ion channel genes, suggesting the
presence of cell type-specific mechanisms for unique transcrip-
tional coregulation among the same common pool of channel
genes.

Results

The STG of the crab, Cancer borealis, contains 26—27 neurons
(20) that are identifiable on the basis of their anatomical
projections (21). The STG generates two rhythmic motor pat-
terns, the rapid pyloric rhythm and a slower gastric mill rhythm.
Fig. 14 shows simultaneous intracellular recordings from four
motor neurons during the pyloric rhythm. These recordings show
the membrane potential trajectories and characteristic firing
patterns of these four cell types. Each STG has two pyloric
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B Gastric + Pyloric Rhythms
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Activity patterns of identified neurons in the STG in preparations showing only a pyloric rhythm, and both a gastric mill and pyloric rhythm. (A)

Simultaneous intracellular recordings from PD, LP, LPG, and IC neurons during the ongoing pyloric rhythm. (Vertical scale bars: —40 to —60 mV.) (B) Simultaneous
intracellular recordings from LPG, IC, LG, and GM cells during the ongoing pyloric and gastric rhythms. (Vertical scale bars: —40 to —60 mV.) Resistor symbols
represent electrical synapses, and numbers noted with each cell type represent the number of cells of each type in one ganglion.

dilator (PD) and two lateral posterior gastric (LPG) neurons that
are electrically coupled (Fig. 1) and fire synchronous bursts of
action potentials during the pyloric rthythm. The single lateral
pyloric (LP) and single inferior cardiac (IC) neurons are also
electrically coupled and fire in the same phase of the pyloric
rhythm (Fig. 1).

Fig. 1B shows four simultaneous intracellular recordings from
the LPG, IC, lateral gastric (LG) (one in each STG) and gastric
mill (GM) neurons (four in each STG) during an ongoing gastric
rhythm. Note that the LPG neuron remains firing in time with
the pyloric rthythm, whereas the electrically coupled (Fig. 1) LG
and GM neurons fire in long, slow bursts characteristic of robust
gastric activity. When the gastric rhythm is expressed, the IC
neuronal activity reflects influences from both the pyloric and
gastric thythms. We chose these six neuron types for analysis
because they included neurons from both rhythms and included
neurons that were electrically coupled, both to other neurons of
the same class, and to other cell types.

We measured the levels of mRNA expression for six different
ion channels including four different K* channels (shal 14, shab
Ixd, shaw Igq, and BKKCa Ik[ca)), a hyperpolarization-activated
inward current (/H Iy), and a Na* current (para In,) in each of
the six different cell types shown in Fig. 1. In these experiments,
individual neurons were hand-dissected, and then quantitative
real-time PCR was performed for multiple-channel genes on
each neuron separately (12) (see Experimental Procedures).

Fig. 2 shows the raw data plus the mean = SD for all of the
channels and cells used in this work. Mean levels of expression
varied significantly among the cell types for each channel (P <
0.001, one-way ANOVA). Furthermore, the plotting of the
individual data points shows the range of values over which each
channel mRNA can vary in each neuron class. GM cells had the
highest levels of expression of both /H and shab mRNA but the
lowest mean levels of para expression. Shaw was not found in LG
neurons. Because the relative levels of expression of these
channels among cell types varied from channel to channel, these
results demonstrate that there is not simply a scaling of expres-
sion with cell size or morphology. Rather, these results suggest
that each cell type has a specific pattern of expression of channel
mRNA that contributes to its unique functional identity.

By comparing the range of expression levels for six different
channels in a given cell, it is clear that each cell type has a distinct
pattern of expression. This phenomenon is illustrated in the
three-dimensional plots in Fig. 3, which show that each cell type
is found in a different region of the three-dimensional parameter
spaces. Specifically, when mean distribution is plotted in three
dimensions for three different channels (Fig. 3), each cell type
is revealed to have a unique distribution of expression shal vs.
shab vs. shaw and para vs. BKKCa vs. IH (two selected combi-
nations of channel types). Taken together, these results demon-

13188 | www.pnas.org/cgi/doi/10.1073/pnas.0705827104

strate that one can infer cell identity from examining the precise
quantitative expression patterns of a small number of genes
critical for the distinct output of a given cell type, in this case
some of the ion channels that regulate cellular excitability.
Our results demonstrate not only that different types of
neurons in the STG have unique quantitative patterns of ion
channel expression, but they also support previous results (12,
22) that indicate that levels of expression of any given channel in
a particular cell type can vary 3- to 5-fold (Fig. 2). To examine
whether each individual cell arrives at the appropriate solution
for functional output by stochastic variability of each ion channel
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Fig.2. Distinct patterns of ion channel expression are seen for each cell type.
Mean = SD mRNA copy number for six differention channels in each of the six
cell types are overlaid with the individual data points that generate these
means. Letters indicate significant differences (P < 0.05) between cell types as
revealed by pairwise post hoc comparisons (Tukey’s t test) subsequent to a
one-way ANOVA (each panel ANOVA results P < 0.05). LG cells were not found
to express measurable levels of shaw, whereas this transcript was not mea-
sured in GM cells.
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Fig.3. Three-dimensional plots for mean = SEM of shal vs. shab vs. shaw and
IH vs. BKKCa vs. para for all six cell types measured reveal no overlap in the
expression patterns of unique cell types.

expressed, we compared levels of channel mRNA across channel
types within a cell. For five of the six cell types investigated in this
work, there were significant correlations among levels of expres-
sion for multiple pairs of ion channels (Table 1). Only LPG cells
showed no correlations among the channels we measured.
Furthermore, although the same pairwise correlation was found
in multiple cell types (Table 1), no cell type showed the same full
complement of coordinated expression. In particular, coordi-
nated expression of shal and IH was found in four of the six cell
types examined in this work. These results are summarized
graphically in Fig. 44. Further, multiple pairwise correlations in
a given cell type revealed that three cell types (GM, LP, and PD)
show four-way coordinated expression of ion channels (Fig. 4
B-D).The four-way correlations found for GM, LP, and PD cells
all were unique combinations of channels (Fig. 4 B-D). An
additional three-way correlation was found for shal vs. IH vs.
shab expression in LG cells (data not shown). Therefore, not only
do different cell types possess unique quantitative patterns of
channel expression, but also unique patterns of correlations
among ion channels.

To determine whether an identical relationship exists between
any two channels between cell types, we compared the slopes of
the regression lines for all of the relationships that appeared in
multiple cell types. Although seven different pairwise correla-
tions were found in multiple cell types, there only were two
instances in which the slopes of these relationships did not differ
significantly (Fig. 5): for shal vs. IH in LP and IC cells and shab

Schulz et al.

Table 1. Pairwise correlations among ion channel expression
levels in identified neurons of the stomatogastric ganglion

Cell Pearson correlation

type Correlation coefficient N P value
PD IH vs. shal 0.755 35 <0.001
PD IH vs. BKKCa 0.869 21 <0.001
PD IH vs. para 0.913 14 <0.001
PD BKKCa vs. shal 0.894 21 <0.001
PD BKKCa vs. para 0.898 12 <0.001
PD shab vs. shaw 0.858 14 <0.001
LP IH vs. shal 0.920 12 <0.001
LP IH vs. shab 0.872 11 <0.001
LP IH vs. shaw 0.901 11 <0.001
LP shal vs. shab 0.875 11 <0.001
LP shal vs. shaw 0.965 11 <0.001
LP shab vs. shaw 0.886 10 <0.002
IC IH vs. shal 0.942 9 <0.001
IC BK vs. para 0.941 9 <0.001
GM BKKCa vs. shal 0.876 21 <0.001
GM BKKCa vs. shab 0.823 18 <0.001
GM BKKCa vs. para 0.772 19 <0.001
GM shal vs. shab 0.887 19 <0.001
GM shal vs. para 0.906 19 <0.001
GM shab vs. para 0.819 16 <0.001
LG IH vs. shal 0.879 10 <0.002
LG IH vs. shab 0.942 9 <0.001
LG IH vs. BKKCa 0.867 9 <0.003
LG shal vs. shab 0.862 10 <0.002

vs. shal in LP and GM cells. Therefore, between cell types the
same pairwise correlation can differ in the quantitative relation-
ship between the two channels.

Discussion

Taken together, our results demonstrate that each cell type has
a unique complement of coordinated channel expression, both
qualitatively (the existence of correlations) and quantitatively
(the slope of these correlations). This observation leads us to
hypothesize that in the adult nervous system cell identity can be
determined experimentally by measurement of characteristic
sets of correlated expressions of ion channel genes. Two key
questions then remain: (7) how does variability in the magnitude
of gene expression arise in these cells and (if) what are the
mechanisms by which correlated levels of channel expression are
maintained in a particular cell type?

Variability in ion channel expression may be the result of
homeostatic mechanisms that maintain functional cellular out-
put in the face of changing inputs. Recent theoretical and
experimental work has shown that similar patterns of activity can
be produced by a variety of quantitative combinations of the
maximal conductances for different ion channels (9-15) and that
values of individual channel densities can vary severalfold across
cells of the same type (12, 13, 16, 17). What rules ensure that
neurons can maintain their characteristic electrophysiological
identities over days, months, and years despite ongoing channel
turnover? One possibility is a process by which electrical activity
is homeostatically regulated to a neuron-specific target level of
excitability (16, 18, 19). A second, not mutually exclusive pos-
sibility is that neuronal identity is captured in the patterns of
expression in multiple-channel genes and that these correlations
ensure the appropriate levels of activity, even though the levels
of any one of the ion channels can be quite variable.

Variability in gene expression has been examined as an
inherent stochasticity relevant to infrequent molecular events
and small numbers of molecules (so-called “intrinsic variability’)
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Fig. 4. Correlated levels of ion channel mRNA in specific STG cell types. (A)
Summary of the coordinated expression of ion channels in six different cell
types of the STG. Each box represents a possible pairwise correlation between
two channels. Within each box, each cell type that was determined to have a
significant pairwise correlation for ion channel mRNA levels is listed. *, shaw
mRNA was not detected in LG cells, and shaw was not quantified in GM cells.
(B-D) Four-way correlations of ion channel expression in GM, LP, and PD cells.
(B) Four-way plot of shab vs. shal vs. BKKCa vs. para in GM neurons. mRNA
Levels of para are expressed as increasing intensity of color from yellow to red
as shown. (C) Four-way plot of shaw vs. shal vs. IH vs. shab in LP cells. (D)
Four-way plot of shal vs. IH vs. BKKCa vs. para in PD cells.

(23, 24) as well as variability in the regulatory sequences and
transcriptional machinery leading to gene transcription (“extrin-
sic variability”) (25, 26). Although our work does not directly
address the origin of the variability of gene expression between
cells of the same type, our results cannot be explained by simple
intrinsic variability. We showed that although the same identified
neurons in different animals display 3- to 5-fold variability in the
level of expression of any one ion channel, these expression levels
are not independently variable, but show cell-specific correla-
tions. Although compensatory changes in gene expression have
been demonstrated previously between shal and IH (27, 28), our
work reveals the potential extent to which channel genes are
coregulated in neurons known to maintain constant function in
the networks in which they function (29). We argue that cell
identity is not a static result of gene expression, but rather a
continual balance between compensatory changes in gene ex-
pression and coordinated gene regulation that ensures robust
output.

Recent elegant studies have focused on complex gene net-
works as critical determinants of transcriptional regulation (30,
31), but a relatively limited number of regulators may act in a
combinatorial fashion to influence transcription and ultimately
neuronal identity (32). Therefore, in mature neurons, a combi-

13190 | www.pnas.org/cgi/doi/10.1073/pnas.0705827104
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Fig.5. Cells that share the same pairwise correlation among channels differ
in the quantitative relationship between these channels. Each plot shows all
of the cell types that share a common pairwise correlation between ion
channels. Letters indicate significant differences between the slopes of the
regression lines for each shared correlation.

natorial code of coregulated ion channel expression may exist
that acts as the primary determinant of the output of a cell at any
given time. Baumgardt ez al. (32) suggest that the maintenance
of this cellular output may require only a relatively few coordi-
nating players acting in a combinatorial fashion, greatly reducing
the complexity of feedback mechanisms (and the number of
players involved) that would be required to coordinate channel
expression in a cell-specific fashion to maintain appropriate
neuronal output.

What might be the biochemical mechanisms behind the strik-
ing difference in putative coregulation of the same genes in
different cell types (Fig. 3)? Two non-mutually exclusive possi-
bilities seem most likely. One is that intrinsic differences exist
between cell types in the transcription factors and/or microRNAs
(miRNAs) that regulate mRNA levels for these genes. These
intrinsic differences in abundance or activity of such factors
presumably would be the result of developmental processes
during determination of cell fate (33, 34). Alternatively, activity-
dependent processes may exist that feed back to the transcription
factors/miRNAs regulating ion channel gene expression (35-37).
Because each cell type has a unique pattern of activity, these
factors presumably would be differentially regulated by these
activity-dependent processes, leading to differences in the rela-
tionship between channel genes in different cell types. As is often

Schulz et al.
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the case in dynamic biological systems, the answer may lie in a
combination of these two putative mechanisms.

Experimental Procedures

Adult crabs, C. borealis (n = 20), were obtained from Yankee
Lobster (Boston, MA) and maintained in artificial seawater until
used. Crabs were anesthetized by keeping them on ice for 30 min
before dissection. The complete stomatogastric nervous system was
dissected out of the animal and pinned out in a Sylgard-coated
(Dow Corning, Midland, MI) dish containing chilled (12-13°C)
physiological saline solution (440 mM NaCl/11 mM KCl/13 mM
CaCly26 mM MgCly/Tris/5 mM maleic acid, pH 7.45).

Electrophysiology. For electrophysiological recordings, the STG was
desheathed, and petroleum jelly wells were placed on the motor
nerves. Extracellular recordings from the nerves were made by
placing stainless steel pin electrodes in the wells. Signals were
amplified and filtered with a differential AC amplifier (A-M
Systems, Carlsborg, WA). Intracellular recordings from the STG
somata were made by using 20- to 40-M() glass microelectrodes
filled with 0.6 M K,SO4/20 mM KCI and an Axoclamp 2A
(Molecular Devices, Sunnyvale, CA). Pyloric motor neurons were
identified with standard procedures for C. borealis (38, 39). During
recordings, the preparations were superfused continuously with
chilled (12-13°C) control physiological saline. Unless otherwise
specified, chemicals were obtained from Sigma (St. Louis, MO).
Data were acquired with a Digidata 1200 data acquisition board
(Molecular Devices) and subsequently analyzed in Clampfit (ver-
sion 9; Molecular Devices) or Spike2 (version 4; Cambridge Elec-
tronic Design, Cambridge, U.K.) with programs written in the
Spike2 script language.

Cloning of lon Channel Genes from C. borealis. In addition to using
previously optimized real-time primers to quantify shal, IH, shab,
and BKKCa, we cloned and sequenced partial ORFs for two
additional channels from the crab, C. borealis: para (In,), and
shaw (K,2), as described previously (12).

Harvesting Individually Identified Neurons. Individually identified
neurons were harvested as described in detail elsewhere (12).
Briefly, the cells were identified electrophysiologically, and the
location within the ganglion of relevant cell somata was mapped.
The cells were partially dissociated enzymatically, and the phys-
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iological saline was replaced with 70% ethylene glycol, and the
cells were frozen at —80°C for 1 h. Individual cell somata then
were individually harvested by hand-held forceps while still cold
and placed into 350 ul of lysis buffer (buffer RLT as provided
by Qiagen, Valencia, CA) containing 1% 2-mercaptoethanol and
frozen at —80°C until RNA extraction.

Quantitative Single-Cell RT-PCR. Quantitative PCR was performed
as described by Schulz ef al. (12) . Raw mRNA copy numbers for
each channel from each cell then were normalized by comparing the
18S rRNA in each cell with the mean 18S levels of a population of
neurons processed simultaneously. Primers specific for real-time
PCR detection of shal, BKKCa, shab, shaw, Iy, para, and 18S rRNA
using Sybr Green were developed and designed by using Primer3
software. The sequences of primers were as follows: Shal forward,
5'-CTACATCGGTCTTGGCATCA-3’; Shal reverse, 5'-AGATC-
CTGAACACGCGAAAC-3"; BK-Kca forward, 5'-TAAGCTGT-
GGTTCATGCTGG-3'; BK-Kca reverse, 5'-GCAGCCCTATC-
CATGTTCTG-3'; Shab forward 5'-AAGTTAGCCCGACACTC-
GAC-3'; Shab reverse 5'-ATTAACACGCCCATGGCTAA-3'; Iy
forward, 5'-GAACGGGTATCATGCAACAA-3'; I reverse, 5'-
TCTAGTGGCACCGAGGAGAT-3'; 18S forward, 5'-AGGT-
TATGCGCCTACAATGG-3'; 18S reverse, 5'-GCTGCCTTCCT-
TAGATGTGG-3’; Para forward, 5'-TCGGTATGGTGCT-
GAAGGAT-3'; Para reverse, 5'-CAGTGTTCGGATACCCT-
TGG-3'; Shaw forward, 5'-CGATAGGCATCCAGGAGTGT-3';
Shaw reverse, 5'-TACTCCAGCTCCTCCTCGAA-3'.

Statistical Analyses. Statistical analyses were performed with
SPSS version 13.0 (SPSS, Inc., Chicago, IL) and Prism ver-
sion4.03 (GraphPad, San Diego, CA). Significant pairwise cor-
relations among ion channels were determined by using Pear-
son’s correlation coefficient. Differences in mean expression
levels of each channel among different cells types were deter-
mine with one-way ANOVA and post hoc ¢ tests (Tukey’s).
Comparisons of the slopes of the same ion channel correlations
in multiple cell types were performed with a modified form of
analysis of covariance.
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