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Human neuroendocrine (NE) cancers range from relatively indolent
to highly aggressive. In this study, we combine functional genom-
ics with metabolomics to identify features of NE cancers associated
with a poor outcome. Analysis of GeneChip datasets of primary
prostate tumors, as well as lymph node and liver metastases from
transgenic mice with a NE cell cancer, plus derived NE cell lines
yielded a signature of 446 genes whose expression is enriched in
neoplastic mouse prostatic NE cells. This signature was used for in
silico metabolic reconstructions of NE cell metabolism, directed
liquid chromatography�tandem MS analysis of metabolites in
prostatic NE tumors and cell lines, and analysis of GeneChip
datasets of human NE tumors with good or poor prognoses. The
results indicate that a distinguishing feature of poor-prognosis NE
tumors is a glutamic acid decarboxylase-independent pathway for
production of GABA and a pathway for production of imidazole-
4-acetate that involves dopa decarboxylase and a membrane-
associated amine oxidase, amiloride-binding protein 1. Electro-
physiological studies disclosed that imidazole-4-acetate can bind
and activate GABAA receptors expressed by transformed NE cells,
thus providing a previously uncharacterized paradigm for NE
tumor cell signaling. Transcriptional, metabolic, and electrophysi-
ologic features of transformed mouse NE cells are also evident in
neural progenitor cells.

GABA signaling � MS � metastatic neuroendocrine cancers � polyamine
metabolism � transcriptome-directed metabolomics

Human neuroendocrine (NE) cancers (NECs) can arise in
neuroectodermal tissues or in endoderm-derived epithelia

(e.g., pheochromocytomas and small cell lung cancers, respec-
tively). Many types of NECs are aggressive and diagnosed only
after metastatic spread (1, 2). In addition, the appearance of NE
features in cancers arising from cells that do not normally express
neural or endocrine fates is often associated with more aggres-
sive disease (3–5). A panel of biomarkers and mediators of
tumorigenesis is needed for better diagnosis and stratification of
NECs and new, more efficacious therapeutic approaches. In this
report, we present one approach for addressing this issue that
uses a combination of transgenic mice with a metastatic cancer
arising from their prostatic NE cell lineage, NE cell lines
established from this cancer, human NE tumors with varying
degrees of aggressiveness, functional genomics, and MS-based
metabolomics.

The prostate contains three epithelial lineages: secretory,
basal, and NE (6). The secretory or luminal cell is the most
abundant type and requires continuous exposure to androgens
for its survival (7–11). Basal cells represent the primary prolif-
erating epithelial population and are not androgen-dependent
(12, 13). NE cells are rare (�1% of the total), have distinctive
projections that allow them to contact epithelial neighbors
located several cell diameters away, and secrete a variety of
neuropeptides and neurotransmitters (14–17). Conventional ad-
enocarcinoma of the prostate (CaP) is the most commonly

diagnosed cancer and the second leading cause of cancer death
in males (18): it displays features common to luminal�secretory
cells (19–23). Pure NE cell tumors of the prostate are rare but
aggressive (2). In �30% of cases, conventional CaP displays
features of NE differentiation (NED; ref. 14). NED is focal,
correlates with androgen-independent growth, and is associated
with a poor prognosis (3, 24–28).

We have produced FVB�N transgenic mice (CR2-TAg) where
transcriptional regulatory elements from mouse Defcr2 (crypt-
din-2) were used to express simian virus 40 large T antigen (TAg)
in a subset of prostate NE cells. Males from multiple pedigrees
develop a stereotyped pattern of initiation and progression of
prostatic NE cell cancer. Transgene expression commences at 7
weeks of age. Within 1 week, foci of transformed NE cells appear
that phenocopy human prostatic intraepithelial neoplasia, the
postulated precursor of conventional adenocarcinoma of the
prostate (17, 29). By 16 weeks of age, 90% of CR2-TAg prostates
demonstrate local invasion, with 25% having tumor nodules �3
mm. These nodules are composed of sheets of malignant cells
with no glandular features. The majority of mice die by 24 weeks,
with transformed NE cells comprising �90% of all cells in their
prostates and metastases in their lymph nodes, liver, lungs, and
bone.

CR2-TAg tumors and metastases have been used to gener-
ate prostate NEC (PNEC) lines. PNECs produce prominent
neurite-like processes when grown as attached monolayers and
express a variety of gene products that are also produced by NE
cells in CR2-TAg prostates (30). When grown in suspension
cultures, they form multicellular aggregates that resemble the
neurospheres produced when neural stem cells are cultured on
noncoated surfaces. Subcutaneous injection of PNEC cells
produces rapidly growing tumor xenografts (average doubling
time, 7.5 d), whereas i.v. injection results in liver and bone
metastases (30).

Below, we describe how GeneChip analyses of primary tumors
and metastases from 24-week-old CR2-TAg mice and PNEC
lines, combined with (i) in silico metabolic reconstructions of NE
cell metabolism from the GeneChip transcriptional profiles, (ii)
mass spectrometric analysis of metabolites present in tumors and
PNEC extracts, and (iii) hierarchical clustering of GeneChip
expression profiles generated from 182 human tumors (127 lung
adenocarcinomas, 20 carcinoids, 6 small cell lung carcinomas, 10
medullary thyroid carcinomas, and 19 adrenal pheochromocy-
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tomas) have provided a list of mRNA transcripts and metabolites
indicative of a poor prognosis for various human NE cancers
(NEC).

Materials and Methods
Transcriptome-Directed Metabolomics. Methods for acquiring tran-
script signatures from mouse and human GeneChip datasets of
NE tumors are outlined in Results and Discussion in Supporting
Text and Table 1, which are published as supporting information
on the PNAS web site. In silico metabolic reconstructions of
cellular metabolism were performed by using METAVIEW soft-
ware (developed in our laboratory) and transcript lists. These
reconstructions in turn were used to direct gas chromatography
(GC)�MS and liquid chromatography�MS analysis of metabo-
lites in specific pathways, as described below. Methods for
sample preparation, chromatography, and MS are described in
detail in Supporting Text.

Electrophysiology. PNEC cells were plated on poly-L-lysine- and
laminin-coated 35-mm plastic culture dishes (Falcon) at a den-
sity of 10,000 cells per dish and grown for �60 h as described in
Supporting Text. Methods used to record currents in PNEC cells
after application of selected metabolites are presented in Sup-
porting Text.

Results and Discussion
Defining a ‘‘Core CR2-TAg NE Cell Transcript Signature.’’ Significance
Analysis of Microarrays (SAM; www-stat.stanford.edu��tibs�
SAM; ref. 31) comparisons of GeneChip-derived datasets of
mRNAs present in prostates, lymph node metastases, and liver
metastases of 24-week old CR2-TAg mice vs. datasets obtained
from the prostates of their normal littermates revealed 669
transcripts (identified by 732 probesets) enriched �2-fold in
CR2-TAg primary tumors and all metastases (Table 2, which is
published as supporting information on the PNAS web site).

To remove transcripts originating from non-NE cell popula-
tions in CR2-TAg tumors, GeneChip datasets were acquired
from PNEC30 cells (derived from a primary CR2-TAg prostate
tumor), PNEC30–3 cells (a subclone of PNEC30), PNEC25 cells
(from a liver metastasis), and nonattached PNEC30 cells (neu-
rosphere morphotype), plus PNEC30 and PNEC30–3 xeno-
grafts. SAM comparisons of (i) all PNEC monolayer datasets vs.
normal prostate, (ii) PNEC30 neurosphere datasets vs. normal
prostate, and (iii) PNEC30�PNEC30–3 xenografts vs. normal
prostate yielded a total of 596 transcripts (recognized by 639
probesets) that were enriched �2-fold in all three comparisons
(Table 3, which is published as supporting information on the
PNAS web site). When this PNEC filter of 639 probe sets was
applied to the list of 732 probe sets that recognize transcripts
enriched in 24-week-old CR2-TAg prostates and metastases vs.
normal prostate, 472 probe sets (446 transcripts) were obtained
and defined as a ‘‘core CR2-TAg NE cell transcript signature’’
(Table 4, which is published as supporting information on the
PNAS web site).

Transcriptome-Directed Metabolomics. Using METAVIEW, we trans-
ferred the resulting core CR2-TAg NE cell transcript signature
onto metabolic maps present in the Kyoto Encyclopedia of
Genes and Genomes (KEGG; www.genome.jp�kegg) so we
could make and test predictions about the metabolic properties
of malignant prostate NE cells (see http:��gordonlab.wustl.edu�
metaview�ippolito for output maps based on the core signature,
as well as maps derived from ‘‘Present’’ calls in CR2-TAg
primary tumor, PNEC25 and PNEC30 GeneChip datasets).

Glutamic acid decarboxylase (Gad1; E.C. 4.1.1.15) exhibited
the greatest enrichment among all transcripts that encoded
enzymes (219-fold; see Table 2). METAVIEW reconstructions
predicted synthesis of GABA in transformed prostate NE cells

via decarboxylation of glutamate by Gad1 (glutamate metab-
olism pathway). GC�MS assays subsequently confirmed that
GABA levels were enriched 104- to 136-fold in PNEC30
monolayers (51.8 � 7.6 nmol�mg dry weight tissue) and
primary tumor (39.6 � 7.8 nmol�mg) vs. normal prostates
(0.38 � 0.14 nmol�mg). GABA was also significantly elevated
in venous blood sampled from CR2-TAg transgenic mice
(27.4 � 1.0 �M) vs. normal mice (7.3 � 2.2 �M) (n � three
animals�group; P � 0.001).

The METAVIEW reconstructions also predicted that primary
CR2-TAg tumors and PNEC cells contained transcripts encod-
ing enzymes able to synthesize GABA through an alternative
pathway that does not involve Gad1 (Fig. 1A). In this alternate
pathway, ornithine decarboxylase (E.C. 4.1.1.17) converts orni-
thine, a component of the urea cycle, to putrescine, which is then
metabolized to 4-aminobutanal by the amine oxidase, amiloride-
binding protein 1 (ABP1; E.C. 1.4.3.6). Aminobutanal is then
metabolized to GABA by aldehyde dehydrogenases (ALDH;
E.C. 1.2.1.3). In addition to GABA, putrescine was predicted to
give rise to spermidine and spermine. These latter metabolites
have been implicated in many aspects of cancer biology, includ-
ing tumor progression and metastasis (32, 33). Exact mass
identification by Fourier transform mass spectrometry and liquid
chromatography�tandem MS analyses confirmed the KEGG
reconstructions by detecting putrescine, spermidine, spermine,
and GABA in PNEC cells (Fig. 1 B–E).

Generation of Metabolic Signatures Indicative of Poor-Prognosis
Human NE Tumors. We hypothesized that the presence of these
and perhaps other metabolic pathways could be used to
distinguish poor-prognosis metastatic NE tumors from benign
human NE tumors. To explore this notion, we examined
GeneChip datasets representing human NE lung tumors and
tumors from patients with multiple endocrine neoplasia
(MEN). Our analysis included publicly available GeneChip
datasets from three types of lung cancers: adenocarcinomas
with NED (n � 12; Fig. 5 and Tables 5 and 6, which are
published as supporting information on the PNAS web site,
and Results in Supporting Text), carcinoids (n � 20), and small
cell carcinomas (n � 6). We also generated GeneChip datasets
from metastatic medullary thyroid carcinomas (MEN2B; n �
10), and benign pheochromocytomas (MEN2A, MEN2B, and
from sporadic cases; n � 19; available at http:��gordonlab.
wustl.edu�metaview�ippolito). Lung adenocarcinomas with
NED (see Fig. 6, which is published as supporting information
on the PNAS web site, for survival analysis), small cell lung
carcinomas (5-year survival rate of 1–5%; ref. 34), and med-
ullary thyroid carcinomas (5-year survival rate of 55%; ref. 35)
were assigned to a poor-prognosis NE group. Pulmonary
carcinoids (5-year survival rate of 92%; ref. 36) and benign
pheochromocytomas were defined as the good-prognosis NE
group.

A supervised learning approach, Prediction Analysis of
Microarrays (PAM; www-stat.stanford.edu��tibs�PAM; ref.
37), was used to identify transcripts that best distinguished the
good and poor-prognosis groups. DCHIP (38) was then used to
visualize their expression patterns among the various datasets
(Fig. 7, which is published as supporting information on the
PNAS web site). Table 7, which is published as supporting
information on the PNAS web site, presents a list of the top 50
genes whose increased expression in poor-prognosis tumors
and low expression in good-prognosis tumors best delineate
poor-prognosis NECs (see Table 8, which is published as
supporting information on the PNAS web site, for an analo-
gous list for good prognosis tumors). As a supplement to the
PAM analysis, SAM was used to generate a dataset of transcripts
that were �2-fold enriched in poor-prognosis NE tumors

9902 � www.pnas.org�cgi�doi�10.1073�pnas.0500756102 Ippolito et al.
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(Table 9, which is published as supporting information on the
PNAS web site).

Spermidine�spermine N1-acetyltransferase (SAT) and
ABP1 (see above) were among the top 50 transcripts whose
expression demarcated poor-prognosis NE tumors. SAT, the
rate-limiting enzyme in polyamine catabolism, catalyzes N1
acetylation of spermine and spermidine and, together with
polyamine oxidase, allows production of putrescine. Based on
KEGG pathway maps, we predicted that in poor-prognosis
human (and mouse CR2-TAg) NE tumors, ornithine decar-
boxylase and SAT act in concert to produce putrescine, which
is converted by ABP1 to 4-aminobutanal, and finally to GABA
via ALDH (ALDH is not up-regulated in poor-prognosis
tumors, but ALDH transcripts are ‘‘Present’’ in 100% of
human NE tumors; Fig. 2).

METAVIEW reconstructions of CR2TAg tumors and PNEC
cells also revealed that ABP1 is downstream of dopa decarbox-
ylase (DDC; E.C. 4.1.1.28) in the histidine, phenylalanine,
tryptophan, and tyrosine metabolic pathways, where it catalyzes
the oxidative deamination of histamine, phenylethylamine,
tryptamine, and tyramine to the corresponding aldehydes fol-
lowed by their conversion to acids by ALDH (Fig. 3A). DDC is
a component of the core CR2-TAg NE cell transcript signature
(35-fold enriched compared with normal prostate; Table 2), and
a ‘‘top 10’’ transcript for defining lung adenocarcinomas with
NED (see Results in Supporting Text).

We used Fourier transform MS and liquid chromatography�

tandem MS analyses to profile these pathways. We confirmed
tryptophan and histidine metabolism in PNEC cells by identi-
fying the biogenic amines tryptamine and histamine as well as
indole-3-acetate, a plant auxin whose role in mammalian cellular
physiology remains poorly understood, and imidazole-4-acetate,
a GABAA receptor agonist and partial antagonist of GABAC
receptors (39) (Fig. 3 B–E).

Inspection of expression values for DDC and ABP1 mRNAs
in the various GeneChip datasets revealed that DDC was scored
‘‘Present’’ in all NE tumor samples whether in the poor- or
good-prognosis group, indicating this enzyme is a general bi-

Fig. 1. Transcriptome-directed metabolomics of polyamine metabolism in prostate NEC cells. (A) METAVIEW in silico reconstruction of polyamine metabolism in
the KEGG arginine�proline metabolic map. Reconstructions are based upon ‘‘Present’’ calls in GeneChip datasets of PNEC30 cell lines and CR2-TAg prostate
tumors. ODC1, ornithine decarboxylase; SRM, spermidine synthase; SMS, spermine synthase. E.C. numbers are in parentheses. (B–E) Mass spectral fragmentation
of GABA and polyamines in PNEC cell lines: (B) putrescine ([M�H]� � 89): (C) spermidine ([M�H]� � 146); (D) spermine ([M�H]� � 203); (E) GABA ([M�H]� �
104). [Fragmentation spectra were acquired with an ion trap mass spectrometer and structures assigned to peaks with MASS FRONTIER 4.0 (ThermoElectron; see
Methods).]

Fig. 2. Metabolic reconstructions of the polyamine pathway based upon
PAM and SAM analyses of poor-prognosis human NE tumors. Transcripts
enriched in poor- compared with good-prognosis tumors are indicated in
green with the gene symbol. Fold enrichment was obtained from the SAM

analysis (see Table 9). SAT, spermidine�spermine N1-acetyltransferase;
PAO, polyamine oxidase.

Ippolito et al. PNAS � July 12, 2005 � vol. 102 � no. 28 � 9903
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omarker for NE tumors. In contrast, a statistically significant
demarcation (P � 2.8 � 10�11; Fisher exact probability test) in
ABP1 expression was noted between good- and poor-prognosis
NECs: ABP1 mRNA was scored Present in 78.6% (22�28) of
poor-prognosis tumors, compared to only 2.6% (1�39) of good-
prognosis tumors.

GABA derived from putrescine appears to have a role in the
normal development and physiology of several tissues, including
the small intestine (40), liver (41, 42), and retina (43). Moreover,
GABA obtained from this pathway in gastrin-producing en-
teroendocrine cells is a postulated paracrine modulator within
the gastric mucosa (44, 45). These findings, together with the
observations that (i) ABP1 is cell membrane-associated (46, 47)
and (ii) its mRNA is called ‘‘Present’’ almost exclusively in poor-
vs. good-prognosis NE tumors, suggested that metabolites pro-
duced from ABP1-generated aldehydes in the polyamine or
DDC pathways may not only be useful as prognostic biomarkers
but also function as mediators of cellular communications within

NE tumor microenvironments. We used PNEC cells to examine
this latter hypothesis.

Response of PNEC Cell Lines to GABA. Electrophysiological studies
disclosed that PNEC30 cells respond to GABA application in
a dose-dependent manner (Fig. 4 A and D). The current
induced is consistent with activation of a chloride channel, as
demonstrated by comparison of reversal potentials between
intracellular solutions containing chloride and methanesulfo-
nate (a membrane-impermeant anion) (Fig. 4B). Picrotoxin, a
GABAA antagonist, abolishes the GABA-stimulated current,
whereas lorazepam (a benzodiazepine) and pentobarbital (a
barbiturate) potentiate the current (Fig. 4 A and C). The
findings indicate these metastatic tumor cells express a func-
tional GABAA receptor. Importantly, imidazole-4-acetate acts
on PNEC30 cells in a similar manner, producing a dose-
dependent response, although it is 30-fold less potent than
GABA (Fig. 4 E and F). Indole-3-acetate, the other ABP1

Fig. 3. Biogenic amine metabolism in poor-prognosis mouse and human NE cell cancers. (A) Metabolic reconstructions of aromatic amino acid metabolism in
mouse and human tumors. Note that DDC and ALDH transcripts were ‘‘Present’’ in 100% of good- and poor-prognosis human NE tumors examined (n � 67). ABP1
received a ‘‘Present’’ call in 22�28 (78.6%) poor-prognosis NE tumors and only 1�39 (2.6%) good-prognosis NE tumors. (B–E) Mass spectral fragmentation profiles
of DDC- and ABP1-generated metabolites in PNEC30 cell monolayers: (B) histamine ([M�H]� � 112); (C) tryptamine ([M�H]� � 161); (D) imidazole-4-acetate
([M�H]� � 127); (E) indole-3-acetate ([M�H]� � 176). Fragmentation spectra were acquired with an ion trap mass spectrometer and structures assigned to peaks
with MASS FRONTIER 4.0 (see Methods).

9904 � www.pnas.org�cgi�doi�10.1073�pnas.0500756102 Ippolito et al.

D
ow

nl
oa

de
d 

at
 P

al
es

tin
ia

n 
T

er
rit

or
y,

 o
cc

up
ie

d 
on

 N
ov

em
be

r 
28

, 2
02

1 



www.manaraa.com

product detected in PNEC30 cells, does not activate a current
in PNEC cells at concentrations up to 1 mM.

We subsequently surveyed PNEC and human NE tumor
GeneChip datasets for transcripts encoding various GABA
receptor subunits. GABAA �2 subunit mRNA was called
‘‘Present’’ in both PNEC30 and PNEC25 cells (derived from a
primary CR2-TAg prostate tumor and liver metastasis, respec-
tively). When compared with normal prostate, the �2 subunit
mRNA was �10-fold enriched in 24-week-old CR2-TAg pros-
tate tumors and metastases, PNEC30 and PNEC25 monolayers,
as well as PNEC30 neurospheres (Tables 2 and 3). GeneChip
studies also revealed ‘‘Present’’ calls for GABAA receptor �3
subunit and GABAB receptor 1 mRNAs in PNEC cells and
primary CR2-TAg tumors.

Interestingly, the �2 subunit mRNA was scored ‘‘Present’’ in
17�19 pheochromocytomas but ‘‘Absent’’ in virtually all other
human NE tumors. The �3 subunit was ‘‘Present’’ in 18�20
carcinoids, 17�19 pheochromocytomas, and 8�10 metastatic
MEN2B medullary thyroid cancers. Another distinctive pattern
of subunit expression involved the GABAC �1 subunit, which was
Present in 100% (10�10) of metastatic MEN2B medullary
thyroid cancers.

In the prostates of CR2-TAg mice, neoplastic NE cells synthe-

sizing GABA are juxtaposed next to normal epithelial cells, rep-
resenting other prostatic lineages that express GABAA and
GABAB receptors (17). This observation, together with the findings
described above, provide a previously undescribed view of cellular
communications in poor-prognosis human NECs. In this view, the
presence of a membrane-associated amine oxidase (ABP1) allows
for the synthesis of metabolites, such as GABA and imidazole-4-
acetate, which act on GABA receptors associated with these and
neighboring cells. The repertoire of metabolites produced and the
pattern of GABA receptor subunits expressed act in concert to
effect the biological behavior of neoplastic NE cells and their
neighbors within a given tumor microenvironment through auto-
crine and paracrine mechanisms. Our findings suggest that nonin-
vasive imaging modalities such as positron emission tomography
(48) and magnetic resonance spectroscopy (49) may be useful for
phenotyping patient populations with NE tumors based on the
activity of key enzymes in these metabolic pathways (e.g., DDC)
and their metabolic products (e.g., GABA). Moreover, GABA,
imidazole-4-acetate, and indole-3-acetate may only be a subset of
products of these pathways; ABP1-derived aldehydes may react
with amine-containing compounds in tumor cells to form precur-
sors for alkaloids similar to those found in plants and other
organisms (50).

Similarities Between PNEC and Neural Progenitor Cells. PNEC cells,
which produce NECs as xenografts, resemble neural progenitors in
a number of ways. Both form neurospheres ex vivo. Both produce
GABA and GABAA receptors (51, 52). Voltage traces recorded in
response to current injections into PNEC cells (Fig. 8, which is
published as supporting information on the PNAS web site) are
very similar to the ‘‘immature action potentials’’ generated by
neural progenitor cells (51). PNEC cells express transcription
factors important to neural progenitor cell survival, including
SRY-box proteins (Table 4). In fact, when we extracted 170 probe
sets representing 158 transcripts encoding products with a ‘‘nu-
clear’’ Gene Ontology term from the CR2-TAg NE core signature
and examined their representation in previously published Gene-
Chip datasets obtained from mouse neural, hematopoietic, and
embryonic stem cells (53), 150 of the 158 transcripts (95%) were
called ‘‘Present’’ in at least one of the three stem cell populations
(Table 10 and Fig. 9, which are published as supporting information
on the PNAS web site). Neural stem cells had the greatest overlap
with the CR2-TAg core NE signature components having ‘‘nu-
clear’’ gene ontology terms (146�158 transcripts; 93%), followed by
embryonic (140�158 transcripts; 89%) and hematopoietic stem
cells (119�158 transcripts; 75%). When METAVIEW was used to
determine whether PNEC polyamine and biogenic amine meta-
bolic pathways were present in these stem cell populations, the
results indicated that both neural and hematopoietic stem cells are
capable of synthesizing GABA: neural stem cells express Gad1 but
not ABP1, whereas hematopoietic stem cells express ABP1 but not
Gad1. Hematopoietic stem cells are also predicted to synthesize
imidazole-4-acetate using histidine decarboxylase and ABP1.

Neural progenitors have been isolated from tissues located
outside the central nervous system and have the ability to adopt
several different cell fates (54, 55). This raises the intriguing
possibility that some NE carcinomas may represent transformed
neural stem cells, or that some NE differentiated adenocarci-
nomas (e.g., prostate, lung) may be more accurately described as
adenocarcinomas with a neural progenitor phenotype.

This work is dedicated to Americo Ippolito. We thank Jeffrey Mil-
brandt for generously supplying GeneChip datasets from medullary
thyroid carcinomas and pheochromocytomas and Ling Munsell and
Julia Gross for advice on liquid chromatography�MS. This work was
supported by National Institutes of Health Grants DK59129,
DK63483, CA94056, RR00954, AA12952, and DA18109, and funds
from the William M. Keck Foundation.

Fig. 4. Functional evidence for GABAA receptor expression in PNEC cells. The
horizontal bar indicates the duration of drug exposure. (A) Responses to 100
�M GABA � 100 �M picrotoxin. (B) Reversal potential of GABA currents,
obtained from digital subtractions of current responses to voltage ramps in
the presence and absence of 30 �M GABA and measured by using the
indicated pipette solutions (n � 3 cells for each pipette solution). (C) Responses
to 10 �M GABA � 1 �M lorazepam or 50 �M pentobarbital. (D) Concentration-
response curve for GABA. The solid line represents a fit of the plotted data to
the Hill equation, which estimated a half-maximum concentration of 17.5 �M
for GABA (n � 8 cells per point). (E) Responses to 1 mM imidazole-4-acetate �
100 �M picrotoxin. (F) Concentration-response curve for imidazole-4-acetate.
The solid line represents a fit of the plotted data to the Hill equation, which
estimated an EC50 value of 500 �M (n � 5–10 cells per point).

Ippolito et al. PNAS � July 12, 2005 � vol. 102 � no. 28 � 9905
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