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Abstract During development of inhibitory synapses, the
action of the two neurotransmitters GABA and glycine
shifts from depolarizing to hyperpolarizing. The shift is
due to an age-dependent regulation of the intracellular
free chloride concentration ([Cl�]i) in postsynaptic neu-
rons. A model system to study this maturation process is a
glycinergic projection in the mammalian auditory brain-
stem. It is formed in the superior olivary complex (SOC)
by neurons of the medial nucleus of the trapezoid body,
whose axons terminate in the lateral superior olive (LSO).
LSO neurons of perinatal rats and mice are depolarized
upon glycine application, whereas older cells (>postnatal
day (P) 8) are hyperpolarized. Here we examined the
expression of six secondary active chloride transporter
genes (NCC, NKCC2, KCC1, KCC3, KCC4, and AE3) in
the rat SOC to unravel the molecular mechanisms
underlying this change. RT-PCR analysis demonstrated
brainstem expression of KCC1, KCC3, KCC4, and AE3,
but not of NCC and NKCC2. RNA in situ hybridization
showed that only AE3 is highly expressed both at P3 (high
[Cl�]i) and P12 (low [Cl�]i) in LSO neurons. KCC1 and
KCC4 are weakly expressed in LSO neurons at P3 and
P12, respectively. This study completes the expression
analysis of all known chloride transporters sensitive to
loop diuretic drugs in the SOC and demonstrates differ-
ences in the maturation between hippocampal and brain-
stem inhibitory synapses.
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Introduction

Inhibitory synapses constitute about 30% of all synapses
in the central nervous system (CNS) and are essential for
the proper function of neural circuits. They are involved
in several aspects of neuronal information processing,
they regulate oscillatory behavior of neuronal networks,
and they prevent the spread of excitatory activity; their
failure can lead to pathological conditions such as
epilepsy (reviews: Alvarez-Leefmans 1990; Mehta and
Ticku 1999; Delpire 2000; Legendre 2001). For a better
understanding of normal and pathological brain function,
it is essential to identify the molecular mechanisms
underlying inhibitory neurotransmission and the ontoge-
netic changes.

Gamma-aminobutyric acid (GABA) and glycine, the
main inhibitory neurotransmitters in the CNS, evoke the
characteristic hyperpolarizing responses (IPSPs) in mature
neurons only. In immature neurons, however, they elicit
depolarizations (e.g., Ben-Ari et al. 1989; Cherubini et al.
1990, 1991; Luhmann and Prince 1991; Wu et al. 1992;
Kandler and Friauf 1995; Lo Turco et al. 1995). It has
been proposed that this depolarization is important for the
maturation of inhibitory neurons by activating voltage-
gated Ca2+ channels postsynaptically. Ca2+ influx mediates
cell proliferation and migration, neurite growth, and
synaptogenesis (Ben-Ari 2002; Spitzer et al. 2002). Both
neurotransmitters activate chloride (Cl�) channels by
binding to GABAA or glycine receptors, and the polarity
of the response is determined by the intracellular free
chloride concentration ([Cl�]i), which changes with age. In
immature neurons, the reversal potential for Cl� (ECl) is
more positive than the resting membrane potential (Vrest)
due to a high [Cl�]i, and the transmembrane electrochem-
ical gradient will lead to an efflux of Cl� upon activation
of the ionotropic receptors. In mature neurons, [Cl�]i is
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low, ECl is more negative than Vrest, and activation of the
receptors leads to Cl� influx and, consequently, to
hyperpolarization. This was shown for all areas of the
central nervous system analyzed so far (Ben-Ari 2001),
e.g., the neocortex (Owens et al. 1996), the hippocampus
(Rivera et al. 1999), the brainstem (Singer et al. 1998;
Ehrlich et al. 1999; Kakazu et al. 1999) and the spinal cord
(Sung et al. 2000; H�bner et al. 2001; Ueno et al. 2002).

A favorable system for investigating the maturation of
inhibitory synapses is the superior olivary complex (SOC)
in the mammalian auditory brainstem. The SOC consists
of several nuclei, the major ones being the lateral superior
olive (LSO), the medial superior olive (MSO), the medial
nucleus of the trapezoid body (MNTB), and the superior
paraolivary nucleus (SPN). The first three are known to
be involved in sound localization (reviews: Helfert et al.
1991; Grothe 2000). Adult LSO neurons receive excita-
tory, glutamatergic input from the ipsilateral ear via the
cochlear nucleus and inhibitory, glycinergic input from
the contralateral ear via the MNTB. These binaural inputs
allow the processing of interaural level differences.
During perinatal development (E18–P8), however,
glycinergic transmission evokes depolarizing responses
in rat and mouse LSO neurons due to a high [Cl�]i
(Kandler and Friauf 1995; Ehrlich et al. 1999; Kakazu
et al. 1999; Kullmann and Kandler 2001).

The regulation of [Cl�]i in LSO neurons is affected by
loop diuretic drugs (Ehrlich et al. 1999; Kakazu et al.
1999), indicating that cation-coupled chloride cotrans-
porters (CCCs) are involved in this process. These
secondary active and electroneutral cotransporters form
a gene family that consists of two branches, the Na+-
coupled branch with NCC, NKCC1 and NKCC2, and the
K+-coupled branch with KCC1, KCC2, KCC3 and KCC4
(reviews: Russell 2000; Alvarez-Leefmans 2001; Delpire
and Mount 2002). Being driven by the inward-directed
Na+ gradient, the Na+-coupled cotransporters are capable
of transporting Cl� against its electrochemical gradient
into the cells, as seen in immature neurons. In contrast,
KCC cotransporters use the outward-directed K+ gradient
to extrude Cl�, thereby lowering [Cl�]i, as seen in mature
neurons. With the exception of the thiazide-sensitive
NCC, all family members are sensitive to loop diuretic
drugs such as furosemide and bumetanide (reviews:
Aickin 1990; Russell 2000).

Functional analysis of GABAergic neurotransmission
in the rat hippocampus revealed that upregulation of
KCC2 expression renders the neurons hyperpolarizing
during development, thereby identifying KCC2 as the Cl�

cotransporter in mature hippocampal neurons (Rivera et
al. 1999). On the other hand, the most obvious candidate
gene for intracellular Cl� accumulation in immature
neurons is NKCC1. This is evidenced by in situ hybrid-
ization and immunohistochemistry experiments, which
demonstrate that both the mRNA and the protein of
NKCC1 are abundant in young hippocampal neurons
(Plotkin et al. 1997; Clayton et al. 1998; Marty et al.
2002). However, an expression analysis of NKCC1 and
KCC2 in the rat brainstem demonstrated that immature

LSO neurons (P0–3) do not express NKCC1 at detectable
levels, yet they highly express KCC2 as do mature LSO
neurons (P12) (Balakrishnan et al. 2003). Thus, immature
LSO neurons, in contrast to immature hippocampal
neurons, appear to generate the high [Cl�]i via an
inward-directed Cl� cotransporter other than NKCC1.
Moreover, they do not display any upregulation of KCC2
during postnatal maturation. This raises the important
question of whether other members of the CCC family are
present in the developing LSO and whether [Cl�]i
regulation in different brain regions may be achieved by
different mechanisms. To address these questions, we
examined here the expression of five CCC members
(NCC, NKCC2, KCC1, KCC3, and KCC4) during early
postnatal development of rats by means of tissue-specific
RT-PCR and in situ hybridization. In addition, we
analyzed the gene expression of the HCO3

�/Cl� exchanger
AE3 (Kopito et al. 1989). The AE gene family is
composed of three members (AE1–AE3) and encodes
electroneutral anion exchangers that serve as uphill Cl�

accumulation systems, e.g., in cardiac and smooth muscle
cells (Vaughan-Jones 1986; Aickin 1990). Analysis of the
anion exchange in red blood cells indicated that the AE
family is sensitive to loop diuretic drugs, too (Brazy and
Gunn 1976; Gunn 1985). Given these characteristics, AE3
may also be involved in [Cl�]i regulation of developing
LSO neurons. The observed expression patterns point to
AE3 as a candidate for Cl� loading in immature LSO
neurons, resulting in depolarizing glycinergic action.
Thermodynamic considerations are presented in support
of this presumptive role.

Materials and methods

RNA isolation and RT-PCR

Sprague-Dawley rat pups were anesthesized by a peritoneal
injection of 500 mg/kg ketamine and sacrificed by decapitation.
The day of birth was defined as P0. All protocols complied with the
current German Animal Protection Law and were approved by the
local animal care and use committee (Landesuntersuchungsamt
Koblenz). Organs were removed and immediately frozen in liquid
nitrogen except for brains, which were further dissected under
visual inspection. Brainstem tissue was obtained by blocking the
brain rostrally to the inferior colliculus and caudally at the
medullary level behind the cerebellum. The cerebellum was
removed by cutting through the cerebellar pedunculi, and the
remaining part of the brain was defined as brainstem. Due to the
clear hallmarks, the reproducibility of the preparation is rather high
and ensures that the SOC is entirely contained in the tissue sample,
whereas the contamination with diencephalic or spinal tissue is
minimal. Total RNA was isolated from various rat tissues by the
guanidine thiocyanate method and both the quality and quantity of
the RNA samples were assessed by gel electrophoresis and optical
density measurements. Reverse transcription of total RNA (20 �g)
was performed using standard protocols with random hexanu-
cleotide priming and Superscript II reverse transcriptase (Invitro-
gen) as enzyme in a total volume of 25 �l. After reverse
transcription, 175 �l TE buffer (10 mM TRIS-HCl pH 7.4, 1 mM
EDTA) was added and 2 �l of the diluted sample used for PCR.
Gene-specific PCRs were performed in a total volume of 50 �l
using the primers and conditions listed in Table 1. The primers for
NKCC2, KCC1, and KCC3 were designed as to amplify all known
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Table 1 Oligonucleotides and PCR conditions used for gene-specific expression analysis of six different chloride transporters

Name Oligonucleotide sequence Accession
number

Product
size (bp)

Annealing
temperature (�C)

AE3-2808fa 5’-TCG GCA TTC CCA TCT CCA TC-3’ NM_017049 502 60
AE3-3309ra 5’-ACG ATA GAC AGA CCC ACG AG-3’ NM_017049 – –
AE3-231fb 5’-ACA GCG AGC GCG ACT TTG AG-3’ NM_017049 610 60
AE3-840rb 5’-TTC ATG TCG TCC AGA TCG GC-3’ NM_017049 – –
g-Actin-109fa 5’-CCG TGT TTC CTT CCA TCG TC-3’ X52815 934 60
g-Actin-1042ra 5’-CAG ACT GAG TAC TTG CGT TCA G-3’ X52815 – –
KCC1-2fa,b 5’-TGC CTC ACT TCA CCG TGG TG-3’ U55815 498 60
KCC1-499ra 5’-TCA GCA GGG TAC AGC AGC AAC-3’ U55815 – –
KCC1-2fa,b 5’-TGC CTC ACT TCA CCG TGG TG-3’ U55815 478 60
KCC1-479rb 5’-CAG ATG AGG ACA ATG AGG AG-3’ U55815 – –
KCC3-2701fa 5’-GTG TGG CGA AAG TGC AGC ATA C-3’ AF108831 641 60
KCC3-3341ra 5’-ATG GTG ATC ACT TCA CTG TCC AC-3’ AF108831 – –
KCC3-71fb 5’-CTA AGG TAG AGG ACC CAG AG-3’ AF108831 486 56
KCC3-556rb 5’-CCT GAA GAA CTC CAG CTG TG-3’ AF108831 – –
KCC4-29a,b 5’-CTG GAA GAT GGC TGC ACT TG-3’ AW530615 480 60
KCC4-508a,b 5’-GAC AGC AAC CCC ATG GTA TC-3’ AW530615 – –
NCC-2411fa,b 5’-GGC ACC ATC TTC CAG TCG GAG-3’ NM_019345 607 56
NCC-3017ra,b 5’-TGG CAG TAA AAG GTG AGC AC-3’ NM_019345 – –
NKCC2-3040fa,b 5’-GAG GAA AAA TCA ACC GCA TTG-3’ U10096 382 60
NKCC2-3421ra,b 5’-CAC GCC ATG TAC AAC AAA TC-3’ U10096 – –

a Oligonucleotides used for tissue RT-PCR
b Oligonucleotides used for the generation of in situ hybridization probes. The number in the oligonucleotide name refers to the position of
the most 5’-end nucleotide within the respective cDNA sequence

Fig. 1 Expression profiles of five members of the CCC gene family
during early postnatal development of rats. Ten tissues and three
postnatal ages were investigated for the presence of NCC, NKCC2,
KCC1, KCC3 and KCC4 by RT-PCR expression analysis. NCC and
NKCC2 expression is restricted to the kidney, whereas the three

KCC members are widely expressed at all three stages. Analysis of
g-actin shows a uniform expression in all cDNA pools, indicating
equal amounts of cDNA in each RT-PCR reaction. As a negative
control, H2O was added instead of cDNA
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splice variants of the respective gene (Table 1) (Payne and Forbush
1994; Hiki et al. 1999; Mount et al. 1999; Race et al. 1999).
Generally, denaturing was at 94�C for 30 s, annealing temperature
was either 56�C or 60�C for 30 s, and elongation was at 72�C for
1 min. Ten microliters of each reaction were loaded onto a 2%
agarose gel containing ethidium bromide (0.5 �g/ml). After
electrophoresis, pictures were captured with a CCD camera
(768�494 pixels, LTF Labortechnik, Wasserburg, Germany). Each
RT-PCR experiment was run twice, based on independent tissue
samples, and confirmed the results shown in Fig. 1.

RNA in situ hybridization

Probe synthesis

Gene-specific PCR products (Table 1) were ligated to a T7
promoter using the Lig’n’Scribe PCR promoter addition kit
(Ambion), and sense and antisense constructs were obtained by
PCR following the manufacturer’s instructions. Digoxigenin (DIG)-
labeled cRNA probes were generated using the DIG RNA-labeling
kit (Roche) and T7 polymerase according to the protocol provided.
Probes were analyzed by gel electrophoresis, and approximately
15–30 ng were applied to every section (final concentration 0.5–
1 ng/�l). The protocol for DIG-in situ hybridization was modified
from Wisden and coworkers (1991).

Histology

Coronal sections of 14 �m thickness, containing the SOC, were cut
in a cryostat, thaw mounted on poly-l-lysine-coated slides, and
dried for 1.5 h at room temperature. They were fixed in ice-cold 4%
paraformaldehyde for 5–15 min. After rinsing in PBS (130 mM
NaCl, 7 mM NaH2PO4, 3 mM Na2HPO4, pH 7.4), sections were
transferred for several minutes to 70% ethanol and then stored at
4�C in 100% ethanol until used. Prior to hybridization, sections
were permeabilized in 0.1 N HCl for 10 min. After rinsing in PBS,
sections were transferred into 0.25% acetic anhydride in 0.1 M
triethanolamine, pH 8.0/0.9% NaCl for 10 min, and thereafter into
70% ethanol for 1 min, 95% ethanol for 2 min, 100% ethanol for
1 min, 100% chloroform for 5 min and then back to 100% ethanol
and subsequently into 95% ethanol before being air dried.
Prehybridization occurred at 50�C in a buffer containing 50%
formamide, 4�SSC (600 mM NaCl, 60 mM Na3 citrate, pH 7.0),
10% dextran sulfate, 5�Denhardt’s solution, and 200 mg/ml acid-
alkali cleaved salmon sperm DNA. After 2 h, the prehybridization
buffer was removed and replaced by the same buffer containing the
respective probe. Hybridization was performed overnight at 65�C.
Sections were washed for 30 min at 60�C in 4�SSC, 50%
formamide, and twice in 1 � SSC. After RNase A treatment (20 �g/
ml) for 15 min at 37�C, they were washed twice for 20 min at 50�C
in 1�SSC. Bound DIG-labeled probes were detected by using an
anti-DIG Fab fragment linked to alkaline phosphatase and 4-
nitroblue tetrazolium chloride/5-bromo-4-chloro-3-indolylphos-
phate as substrate.

Digital images were acquired with a CCD camera system
(Hamamatsu C4742–95, 12 bit, 1,280�1,024 pixel, Hamamatsu
Photonics, Herrsching, Germany) mounted on a Zeiss bright-field
microscope (Axioskop 2, Oberkochen, Germany) and controlled by
AnalySIS software (version 3.0, SIS, M�nster, Germany). Contrast
and brightness were processed using standard image processing
software.

Results

Tissue-specific expression of cation-coupled chloride
cotransporter genes

To generally assess which of several cation-coupled
chloride cotransporter genes (NCC, NKCC2, KCC1,
KCC3, and KCC4) are potential candidates for differential
[Cl�]i regulation in the maturing auditory brainstem, we
first performed RT-PCR experiments on total rat brain-
stem RNA at P0, P6, and P16. The resulting expression
pattern was compared to that obtained from other tissues,
i.e., telencephalon, cerebellum, spinal cord, kidney, heart,
lung, stomach, liver, and intestine (Fig. 1).

NCC and NKCC2 expression were confined to the
kidney, with NKCC2 being present at all three ages
examined, whereas NCC was only expressed at P6 and
P16, thus appearing to be upregulated during the first two
postnatal weeks (Fig. 1, Table 2). These results are in
accordance with previous reports (Gamba et al. 1994;
Payne and Forbush 1994). In situ hybridization confirmed
the absence of NCC and NKCC2 expression in all four
major SOC nuclei (Table 3). KCC1 expression was
detected in most tissues except the cerebellum, stomach,
and liver at P0, the stomach and intestine at P6, and the
spinal cord and intestine at P16 (Fig. 1, Table 2). KCC3
also showed a widespread expression pattern. Only in the
stomach (P0 and P6) and the intestine (P6 and P16) did
we observe no amplification product (Fig. 1, Table 2).
Finally, KCC4 showed a ubiquitous expression pattern
during all three stages analyzed, including neuronal
tissues (Table 2). In summary, neither of the two
inward-directed, Na+-coupled Cl� cotransporters NCC
and NKCC2 is expressed in the rat brainstem between P0
and P16, whereas all of the outward-directed, K+-coupled
Cl� cotransporters show expression during that period
(Table 2).

Downregulation of KCC1 expression
in developing SOC neurons

As the RT-PCR analysis showed that KCC1, KCC3, and
KCC4 are candidate genes for active Cl� regulation in the
brainstem, we next performed RNA in situ experiments
with DIG-labeled probes in order to obtain a higher
resolution for the localization and abundance of each
mRNA in the SOC. These experiments were done at P3
and P12, when glycine depolarizes and hyperpolarizes
SOC neurons, respectively. At P3, KCC1 expression was
weak in the LSO, the MSO, and the SPN, whereas the
signal intensity was not above background in the MNTB
(Fig. 2A) and did not differ from that seen in control
sections treated with the sense probe (Fig. 2B). Expres-
sion of KCC1 was also observed in the caudal pontine
reticular formation (PnC) and at a similar signal intensity
to that observed in the LSO, the MSO, and the SPN
(Fig. 2A, B). At P12, no KCC1 expression was detected,
indicating a complete downregulation of this cotrans-
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porter in the SOC (Fig. 2C, D). Based on these expression
data (Table 3), KCC1 most likely plays no role in
generating a low [Cl�]i in mature LSO neurons.

No expression of KCC3 in the SOC at P3 and P12

In situ hybridization analysis of KCC3 in the SOC
revealed no detectable expression of this gene at both P3
and P12, as no labeling above background was observed
(Fig. 3A–D, Table 3). This rules out KCC3 as a candidate
for [Cl�]i regulation in LSO neurons during the first two
postnatal weeks. The possibility of a non-functional
antisense probe can be excluded, because clear signals

were obtained in a dot-blot experiment (results not
shown).

Weak expression of KCC4 in the SOC at P12

The analysis of KCC4 in the SOC revealed no expression
at P3 (Fig. 4A, B). At P12, a low level of mRNA was
detected (Fig. 4C, D). Neurons in all four major SOC
nuclei were clearly labeled above background. This
expression was not confined to the SOC, because a signal
was also observed in the caudal pontine reticular forma-
tion, although at a slightly lower level. Of all three KCC
isoforms analyzed, KCC4 was the only one found to be
upregulated during development in the SOC (Table 3).

Table 2 Distribution and rela-
tive abundance of chloride
transporter mRNAs in various
rat tissues. Relative expression
levels are based on visual in-
spection of RT-PCR products
(n.d. not detected, (+) low ex-
pression, + moderate expres-
sion, ++ strong expression)

Organ/tissue Age NCC NKCC2 KCC1 KCC3 KCC4 AE3

Telencephalon P0 n.d. n.d. + ++ ++ +
P6 n.d. n.d. + ++ ++ ++
P16 n.d. n.d. ++ ++ ++ ++

Cerebellum P0 n.d. n.d. n.d. + (+) +
P6 n.d. n.d. ++ ++ ++ ++
P16 n.d. n.d. + ++ ++ ++

Brainstem P0 n.d. n.d. + + + +
P6 n.d. n.d. + ++ + ++
P16 n.d. n.d. + ++ ++ ++

Spinal cord P0 n.d. n.d. ++ ++ ++ ++
P6 n.d. n.d. + + + +
P16 n.d. n.d. n.d. + + +

Kidney P0 n.d. + + + ++ +
P6 + + + ++ ++ ++
P16 ++ ++ + ++ ++ +

Heart P0 n.d. n.d. + ++ ++ ++
P6 n.d. n.d. (+) ++ ++ ++
P16 n.d. n.d. ++ ++ ++ ++

Lung P0 n.d. n.d. + ++ ++ +
P6 n.d. n.d. ++ ++ ++ ++
P16 n.d. n.d. ++ ++ ++ ++

Stomach P0 n.d. n.d. n.d. n.d. ++ +
P6 n.d. n.d. n.d. n.d. ++ ++
P16 n.d. n.d. + ++ ++ (+)

Liver P0 n.d. n.d. n.d. (+) + (+)
P6 n.d. n.d. (+) + ++ n.d.
P16 n.d. n.d. + (+) ++ (+)

Intestine P0 n.d. n.d. + (+) ++ (+)
P6 n.d. n.d. n.d. n.d. ++ +
P16 n.d. n.d. n.d. n.d. ++ (+)

Table 3 SOC-specific expres-
sion data of the chloride trans-
porters. Relative expression
levels were estimated by visual
comparison of the hybridization
signals: n.d. not detected, +
moderate, ++ high, LSO lateral
superior olive, MNTB medial
nucleus of the trapezoid body,
MSO medial superior olive,
SPN superior paraolivary nu-
cleus

Nucleus Age NCC NKCC1a NKCC2 KCC1 KCC2a KCC3 KCC4 AE3

LSO P3 n.d. n.d. n.d. + ++ n.d. n.d. ++
P12 n.d. n.d. n.d. n.d. ++ n.d. + ++

MNTB P3 n.d. n.d n.d. n.d. ++ n.d. n.d. ++
P12 n.d. + n.d. n.d. ++ n.d. + ++

MSO P3 n.d. n.d n.d. + ++ n.d. n.d. ++
P12 n.d. + n.d. n.d. ++ n.d. + ++

SPN P3 n.d. n.d n.d. + ++ n.d. n.d. ++
P12 n.d. + n.d. n.d. ++ n.d. + ++

a Galakrishnan et al. 2003

159



Fig. 2A–D Downregulation of KCC1 expression in the developing
superior olivary complex (SOC) of rats. Coronal sections at P3 and
P12 were hybridized with digoxigenin (DIG)-labeled KCC1 cRNA
probes. A At P3, weak expression is detected in the lateral superior
olive (LSO), the medial superior olive (MSO), and the superior
paraolivary complex (SPN), whereas signal intensities in the medial

nucleus of the trapezoid body (MNTB) are not above background. B
P3 control section, hybridized with DIG-labeled KCC1 sense (s)
cRNA. C No KCC1 expression was detected in the SOC at P12,
hybridized with KCC1 antisense (as) cRNA. D P12 control section,
hybridized with DIG-labeled KCC1 sense (s) cRNA. Scale bars
200 �m

Fig. 3A–D No expression of KCC3 in the developing rat SOC.
Coronal sections at P3 and P12 were hybridized with DIG-labeled
KCC3 cRNA probes. No signal was observed at either stage
analyzed. A P3 coronal section, hybridized with KCC3 antisense

(as) probe. C P12 coronal section, hybridized with KCC3 antisense
(as) cRNA. B, D P3 and P12 control sections, hybridized with
KCC3 sense (s) cRNA. Scale bars 200 �m
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However, the weak labeling indicates a low mRNA
abundance and suggests that KCC4 may play only a
minor role, if at all, in lowering [Cl�]i in mature LSO
neurons.

Tissue-specific expression
of the HCO3

�/Cl� exchanger gene AE3

Our results demonstrating an absence of NKCC and NCC
expression in the SOC (Table 3 and Balakrishnan et al.
2003) prompted us to search for alternative candidates
being able to actively load LSO neurons with Cl�. One
such candidate is the HCO3

�/Cl� exchanger AE3. We first
analyzed the expression of this transporter in the devel-
oping brainstem by RT-PCR experiments and again
compared the pattern with that seen in other tissues. As
several splice variants exist, a primer pair was chosen at
the 3’-end. This part of the gene seems to be present in
most of the AE3 splice variants as judged by Northern
blot and cloning experiments (Kudrycki et al. 1990; Linn
et al. 1992). The analysis revealed AE3 expression in
every tissue investigated except the liver (Fig. 5, Table 2).
Independent of age, a high expression was observed in the
heart and in most brain tissues. Low expression levels
were found in the intestines at all ages.

Persistent AE3 expression in the developing SOC

In situ hybridization experiments of AE3 revealed a strong
expression of the gene in the SOC both at P3 and P12.
AE3 mRNA was detected in the LSO, the MNTB, the
MSO, and the SPN with no apparent differences in
expression levels both between the nuclei and the
developmental stages analyzed (Fig. 6A–D, Table 3).
The expression of AE3 was not confined to the SOC, as

Fig. 4A–D Upregulation of KCC4 expression in the rat SOC
during development. Coronal sections at P3 and P12 were
hybridized with DIG-labeled KCC4 cRNA probes. A At P3, no
KCC4 expression was detected in the SOC. C All four major nuclei

of the SOC show a weak expression of KCC4 at P12. B, D P3 and
P12 control sections, hybridized with KCC4 sense (s) cRNA. Scale
bars 200 �m

Fig. 5 Widespread expression in several tissues of AE3 during
early postnatal development of rats. RT-PCR analysis of AE3
expression in ten different tissues at P0, P6, and P16. AE3 was
persistently highly expressed in CNS, heart, and lung as well as in
most other tissues, albeit at lower levels
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intense labeling was also observed in the caudal pontine
reticular formation (Fig. 6A, C). These results suggest
that AE3 may be involved in [Cl�]i regulation in the LSO.

Discussion

In this study, we used the techniques of RT-PCR and in
situ hybridization to analyze the spatial and temporal
expression of six Cl� transporter genes in the developing
rat auditory brainstem. Three of the transporters (NCC,
NKCC2, and AE3) are potential candidates for Cl�

intrusion and can therefore be expected to be expressed
during early development, whereas the other three
(KCC1, KCC3, KCC4) will extrude Cl� and are likely
to be present in mature neurons. Our results show that: (1)
most of these six transporters are expressed in the
brainstem (RT-PCR) but (2) only AE3 is predominantly
expressed in both immature and mature LSO neurons (in
situ hybridization). Together with the results from another
study (Balakrishnan et al. 2003), in which we found a
high expression of KCC2 both in neonatal and mature
LSO neurons, these data indicate major functions of
KCC2 and AE3 in the developing LSO.

Widespread expression of most Cl� transporters
in developing rat tissues

Chloride movements across membranes play an important
role in several physiological functions, such as regulation
of cell volume and intracellular pH, transepithelial salt
absorption or secretion, and modulation of neuronal
excitability (review: Alvarez-Leefmans 2001). Conse-
quently, Cl� is actively transported in virtually all cell
types and [Cl�]i appears to be tightly regulated. [Cl�]i is
determined by the combined activity of cotransporters,
exchangers, primary active chloride transporters, and
chloride channels. The assumption that a variety of
transporters contribute to [Cl�]i regulation is corroborated
by our RT-PCR data, which show that four or more Cl�

transporter types are simultaneously expressed in most
tissue types during development (Table 2). To our
knowledge, this study, together with a parallel paper
(Balakrishnan et al. 2003), forms the first comprehensive
expression analysis of Cl� transporters during early
postnatal development of rats. We investigated the six
transporters in ten different tissues and applied the
sensitive method of RT-PCR, rather than a Northern blot
analysis, in order to detect low mRNA levels while
globally analyzing a given tissue. A low RT-PCR signal
can reflect a generally low gene expression in this tissue.
Alternatively, it may imply that the gene expression is
limited to a subset of cells. Such a confined expression
may be of functional significance, allowing the cellular

Fig. 6A–D Strong and persistent expression of AE3 in the devel-
oping SOC. Coronal sections at P3 and P12 were hybridized with
DIG-labeled AE3 cRNA probes. A At P3, a strong expression was
detected throughout the SOC after hybridization with AE3 antisense

(as) cRNA. C High expression of AE3 persisted in the SOC at P12,
as detected by hybridization with AE3 antisense (as) cRNA. B, D
P3 and P12 control sections, hybridized with AE3 sense (s) cRNA.
Scale bars 200 �m
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differentiation within a tissue or an organ. Furthermore,
the PCR technique allows for high-throughput analysis.

Most of our data obtained by the RT-PCR method are
in good agreement with previous reports, although the
latter mostly analyzed adult tissues. Both Na+-coupled
chloride transporters analyzed (NCC and NKCC2) were
previously shown to be kidney specific (Gamba et al.
1993, 1994), and our results are consistent with this
finding. KCC1 and KCC4 are considered to be “house-
keeping” genes (Gillen et al. 1996; Mount et al. 1999) and
their widespread expression is confirmed by our RT-PCR
results. KCC3 was reported to display a more restricted
expression pattern (Hiki et al. 1999; Mount et al. 1999;
Race et al. 1999). Our observation of a widespread KCC3
expression may be due either to the more sensitive RT-
PCR method compared to the reported Northern blot
experiments or to the fact that our analysis focused on
developing tissues. KCC3 was recently suggested to be
involved in cell cycle regulation (Shen et al. 2001), and
higher proliferation rates in developing tissues may
therefore account for the higher expression levels. Finally,
AE3 was strongly expressed in the brain, the heart, and
the lung, and also, yet at lower levels, in other tissues.
These data are consistent with reports of its predominant
expression in the brain and the heart (Kopito et al. 1989;
Kudrycki et al. 1990). Its presence in other tissues, such
as the lung, is supported by Northern blot analyses
(Kudrycki et al. 1990) and by the presence of AE3-
derived expressed sequence tags (ESTs) in various
libraries of the Washington University-Merck project
(Boguski 1995).

Only AE3 is abundantly expressed
in neonatal LSO neurons

Despite their abundant expression in the brainstem
demonstrated in our RT-PCR experiments, neither of
the three KCC members analyzed (KCC1, KCC3, KCC4)
is substantially expressed during maturation of LSO
neurons. As no or only a low expression was also
observed in other regions of the brainstem (data not
shown), the signals in the RT-PCR experiments likely
reflect a low general expression that was not detected by
the less sensitive in situ hybridization technique. KCC1
and KCC4 are weakly expressed at P3 and P12, respec-
tively, whereas KCC3 is not expressed at either age. The
only gene showing a high expression level in the SOC,
both at P3 and P12, is AE3. This suggests an age-
independent involvement of AE3 in Cl� regulation in LSO
neurons. In red blood cells, the anion exchanger isoform
is sensitive to bumetanide (Brazy and Gunn 1976; Gunn
1985). The amino acid sequence similarity (�50%) of the
various AE family members (Kudrycki et al. 1990)
suggests that AE3 is also sensitive to loop diuretic drugs.
Such drugs block the Cl� inward transport in neonatal
LSO neurons (Ehrlich et al. 1999), qualifying AE3 as a
participant in this process. The high expression level of
AE3 at both ages is also compatible with the well-known

role of anion exchangers in intracellular pH regulation
(Kopito et al. 1989; Raley-Susman et al. 1993).

Thermodynamic considerations of Cl� transport

Our expression data obtained at the RNA level point to
AE3 as the inward-directed Cl� transporter in LSO
neurons during the depolarizing phase of glycine action.
One possible way of addressing the question of whether
AE3 may indeed play a significant role in determining
[Cl�]i in the immature LSO is to compare the values of
[Cl�]i that this transporter can achieve with those deduced
from experimentally determined values of [Cl�]i. AE3 is
an electroneutral cotransporter; consequently, its driving
force (DmAE) is independent of the membrane potential
and solely determined by the chemical gradients for the
transported ions. It follows that:

DmAE ¼ RT ln
HCO�3
� �

i

HCO�3
� �

o

þ RT ln
Cl�½ �o
Cl�½ �i

By definition, the system attains equilibrium, i.e., there
is no net transport, when DmAE=0. Under these conditions,

RT ln
HCO�3
� �

i

HCO�3
� �

o

¼ RT ln
Cl�½ �i
Cl�½ �o

and, hence, [Cl�]i calculates to:

HCO�3
� �

i� Cl�½ �o
HCO�3
� �

o

¼ Cl�½ �i

In a parallel study (Balakrishnan et al. 2003), gram-
icidin-perforated patch clamp measurements were per-
formed to determine the glycine reversal potential (EGly)
and to calculate [Cl�]i by the Nernst equation (with the
understanding that EGly=ECl; Ehrlich et al. 1999). During
these measurements, the ion concentrations in the bath
solution relevant for AE3 were as follows:
[HCO3

�]o=25 mM, and [Cl�]o=133.5 mM. Values of
[HCO3

�]i were taken from the literature as 8–15 mM
(Klinke and Silbernagl 2001). When these ion concentra-
tions are inserted in the above equation, [Cl]i calculates to
42–80 mM. The experimentally determined [Cl]i in P3
LSO neurons (44€22 mM; Balakrishnan et al. 2003) is
well within this range. Thus, we conclude that AE3 is
indeed in the position to act as the inward-directed Cl�

transporter during the depolarizing phase of glycine. The
above equation allows the prediction of [Cl�]i if AE3 is
the only active Cl�-transporting system and no Cl� or
HCO3

� diffusion process (e.g., via ligand-gated chloride
channels and/or ClC channels) acts as a disturbing factor,
enabling AE3 to come to the thermodynamic equilibrium.

Concerning the situation in mature LSO neurons, the
experimentally determined value of [Cl�]i at P12 is
8€5 mM (Balakrishnan et al. 2003), which is in accor-
dance with the idea that KCC2 is the Cl�-extruding carrier
in these cells. The difference between the theoretically
and the experimentally obtained values of [Cl�]i may be
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explained by ongoing background diffusion of Cl� and/or
by some continuous, contravening action of AE3, pre-
venting KCCs from obtaining thermodynamic equilibri-
um.

Our hypothesis (present paper and Balakrishnan et al.
2003) that [Cl�]i regulation in the LSO is accomplished by
AE3 and KCC2 is based on the assumption that no further
Cl� transporter is active which is sensitive to loop diuretic
drugs. Recently, a novel CCC-interacting protein, CIP1,
was identified. CIP1 shares ~25% identity in amino acid
sequence with members of the CCC family, but so far no
substantial transport activity could be shown (Garon et al.
2000). Database analysis suggests the existence of an
additional, so far uncharacterized member of the CCC
family (cDNA clone FLJ23188, Genebank accession
number AK026841) with ~25–30% identity to CCC
family members. Whether this clone encodes a functional
Cl� transporter sensitive to loop diuretic drugs is not
known. Nevertheless, preliminary in situ hybridization
data indicate no expression in LSO neurons, and no or
very weak expression in the brain is supported by an EST
database analysis (unpublished data).

A general assumption in mRNA expression studies is
the correlation between mRNA and protein level. For Cl�

cotransporters, a good correlation has been consistently
found when protein and mRNA level were analyzed in
parallel, i.e., for NKCC1 in the forebrain (Plotkin et al.
1997) and for KCC2 in the hippocampus, cerebellum (Lu
et al. 1999), and brainstem (Balakrishnan et al. 2003).
However, to unequivocally correlate the expression of
AE3 and KCC2 with the functional aspect of active and
differential [Cl�]i regulation in developing LSO neurons,
additional physiological studies have to be performed
using gene-specific knockout approaches and/or specific
pharmacological inhibition. These studies will contribute
to the elucidation of the precise molecular mechanisms by
which [Cl�]i regulation is accomplished in developing
inhibitory projections and to the understanding of basic
brain function.

Difference between hippocampus and SOC

This study completes the expression analysis of all known
Cl� transporters that are sensitive to loop diuretic drugs in
LSO neurons. Our data imply clear differences in the
maturation of GABAergic neurotransmission in the
hippocampus, where postsynaptic neurons abundantly
express several CCC members during early postnatal and/
or adult stages, namely NKCC1 (Plotkin et al. 1997;
Kanaka et al. 2001; Marty et al. 2002), KCC1 (Kanaka et
al. 2001), KCC2 (Rivera et al. 1999; Kanaka et al. 2001),
KCC3 (Pearson et al. 2001), and AE3 (Kopito et al. 1989;
Raley-Susman et al. 1993). KCC4 expression has so far
not been analyzed in the hippocampus. In addition, Cl�

extrusion in the hippocampus becomes effective by an
age-related upregulation of KCC2 expression (Rivera et
al. 1999). In contrast, our data suggest that AE3
expression is the basis of intracellular Cl� accumulation

in young LSO cells, resulting in depolarizing responses
upon glycine application, and that the decrease of [Cl�]i in
mature LSO neurons is achieved by recruiting KCC2 to
the plasma membrane (Balakrishnan et al. 2003). If AE3
is still active in mature LSO neurons, it will diminish the
effect of chloride extrusion by KCC2. The last surmise
needs to be tested in physiological experiments.
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