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Abstract The serum- and glucocorticoid-dependent kinase SGK1 is regulated by alterations of cell volume,
whereby cell shrinkage increases and cell swelling decreases the transcription, expression and activity of
SGK1. The kinase is expressed in all human tissues
studied including the brain. The present study was performed to localize the sites of SGK1 transcription in the
brain, to elucidate the influence of the hydration status
on SGK1 transcription and to explore the functional significance of altered SGK1 expression. Northern blot
analysis of human brain showed SGK1 to be expressed
in all cerebral structures examined: amygdala, caudate
nucleus, corpus callosum, hippocampus, substantia nigra, subthalamic nucleus and thalamus. In situ hybridization and immunohistochemistry in the rat revealed increased expression of SGK1 in neurons of the hippocam-

pal area CA3 after dehydration, compared with similar
slices from brains of euvolaemic rats. Additionally, several oligodendrocytes, a few microglial cells, but no astrocytes, were positive for SGK1. The abundance of
SGK1 mRNA in the temporal lobe, including hippocampus, was increased by dehydration and SGK1 transcription in neuroblastoma cells was stimulated by an increase of extracellular osmolarity. Co-expression studies
in Xenopus laevis oocytes revealed that SGK1 markedly
increased the activity of the neuronal K+ channel Kv1.3.
As activation of K+ channels modifies excitation of neuronal cells, SGK1 may participate in the regulation of
neuronal excitability.
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Many genes are modulated by alterations of osmolarity
and/or cell volume [5, 23]. A gene particularly sensitive
to even minor alterations of osmolarity is the serum- and
glucocorticoid-dependent kinase-1 (SGK1) originally
cloned from rat mammary tumour cells [41, 42]. Human
SGK1 (hSGK1) has been cloned as a cell volume-sensitive gene from human hepatoma cells [37] and is expressed in all human tissues hitherto tested, including the
brain [37]. In situ hybridization has shown SGK1 kinase
mRNA in the rat brain to be expressed mainly in oligodendrocytes and hippocampus neurons [13].
The present study was performed to define the cerebral localization of SGK1 at both mRNA and protein
levels, and to test for an influence of dehydration on the
expression of cerebral SGK1.
The study also addresses a functional role of SGK1.
SGK1 is known to up-regulate the renal epithelial Na+
channel (ENaC) [4, 6, 8, 24, 26, 36], the Na+/K+/2Cl– cotransporter (NKCC or BSC1) [24] the cystic fibrosis
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transmembrane conductance regulator (CFTR)-dependent Cl– channel [36] and the cation channel induced by
4F2/LAT1 [35]. The present study explores the possible
influence of SGK1 on the function of Kv1.3, with
respect to participation in the regulation of neuroexcitability.

Materials and methods
Cell culture
SKNSH human neuroblastoma cells (about 0.5×106 per sample)
were maintained in RPMI 1640 supplemented with 10% (vol/vol)
fetal calf serum (FCS) and 100 units/ml penicillin/100 µg/ml
streptomycin containing 10.1 mM glucose at 37 °C, pH 7.4 (5%
CO2). Cells were grown to subconfluency, then deprived of FCS
for 24 h followed by substitution of complete medium without
FCS prior to stimulation.
Acquisition of rat brain tissue
Male Sprague-Dawley rats (200–250 g) were maintained on standard chow and either allowed free access to water (control, n=6)
or were deprived of water for 3 days (n=6). The animals were
killed by inhalation of CO2 for 5 min. Brain tissue was removed
carefully, immediately snap-frozen in liquid nitrogen and stored at
–70 °C until analysis.
Northern blotting
For preparation of mRNA, approximately 200 mg frozen rat brain
(temporal lobe including hippocampus) or SKNSH cells were
homogenized in 2 ml Trizol (Life Technologies, Karlsruhe, Germany) or in 0.4 ml RNA lysis buffer (Macherey and Nagel, Düren,
Germany), respectively. Tissue samples were minced using a mechanical homogenizer (Miccra D-8, Roth, Karlsruhe, Germany),
followed by centrifugation at 275 g for 10 min (Sorvall RT 6000
B, Kendro, Hanau, Germany). The supernatant was collected, centrifuged (12,000 g, 15 min, 4 °C, Heraeus Biofuge 22R, Kendro)
and again collected. Total RNA was isolated as indicated in the
protocol provided by the distributors. For SGK1 detection in
mammalian brain the Human Brain Multiple Northern Blot III
(Clontech, Heidelberg, Germany) was hybridized. Alternatively
Northern blots were prepared with 15 (SKNSH) or 20 µg (tissue)
total RNA that had been separated by electrophoresis through
10 g/l agarose gels (Life Technologies) in the presence of 2.2 M
formaldehyde (Roth, Karlsruhe, Germany). Vacuum blotting (Oncor Trans DNA Express Vacuum Blotter, Appligene, Heidelberg,
Germany) was used to transfer the RNA onto positively charged
nylon membranes (Roche, Mannheim, Germany). The RNA was
then cross-linked to the membrane under 120 mJ ultraviolet light
(UV Stratalinker 1800, Stratagene Europe, Amsterdam, Netherlands). Hybridization overnight was performed in Dig-Easy-Hyb
(Roche) at a probe concentration of 25 µg/l at 50 °C. The digoxigenin (Dig)-labelled SGK1 probe was generated by PCR as described in [37]. For generation of Dig-labelled β-actin probes, the
sense primer 5′-AAC CGC GAG AAG ATG ACC CAG ATC
ATG TTT-3′ and the antisense primer 5′-AGC AGC CGT GGC
CAT CTC TTG CTC GAA GTC-3′ were chosen from the coding
sequence of accession no. X00351 and obtained from Life Technologies. cDNA was reverse transcribed from total RNA isolated
from HEK 293 cells as described above. Using an oligo(dT)18
primer (Advantage RT-for-PCR Kit, Clontech) RT-PCR was performed in accordance with the manufacturer’s protocol. The PCR
reaction mix contained 4 µl cDNA, 82.5 µl distilled H2O, 1 µl digoxigenin-labelled or non-labelled nucleotide mix (10 mM each),
respectively, 1 µl sense primer, 1 µl antisense primer (10 µM

each), 0.5 µl Taq polymerase and 10 µl 10×reaction buffer (15 mM
MgCl2). PCR of samples was performed by incubation for 3 min
at 94 °C and subsequent amplification by 30 cycles (denaturation:
45 s at 94 °C, annealing: 1 min at 56 °C, extension: 1 min at
72 °C) followed by a final extension at 72 °C for 7 min. PCR
products (15 µl) were separated on a 1.5% agarose gel and
checked by ethidium bromide staining. Nucleotide mixes, Taq
polymerase and reaction buffer were obtained from Roche. The
Northern blot signals were quantified by scanning densitometry,
using the PC version of the public domain NIH Image program
(Image PC, Scion, Frederick, Md., USA available on the internet
at http://rsb.info.nih.gov/nih-image) and the density of SGK1 signals compared to the β-actin signals.
In situ hybridization
Rats were anaesthetized deeply with pentobarbitone sodium
(40 mg/kg body weight) and perfused retrogradely through the
distal abdominal aorta with 2% freshly depolymerized paraformaldehyde in PBS, pH 7.4, at a pressure of 180–200 mmHg for 3 min.
Thereafter the brain was carefully dissected free and cut in half
mid-sagittally. One half was immersion-fixed overnight in the
same fixative and embedded in paraffin, the other half was incubated in 18% sucrose/1×PBS for 5 h at room temperature before
being snap-frozen in liquid nitrogen-cooled isopentane. For in situ
hybridization a 1.35 kb rat SGK-1 cDNA fragment was cloned into pBluescript (Stratagene). To generate sense and antisense riboprobes, the plasmid was digested with Sal I and Not I and then
transcribed with T7 and T3 RNA polymerase, respectively. In
vitro transcription was carried out according to the manufacturer’s
protocol (Roche). To improve the penetration of the probes during
the in situ hybridization experiments, transcripts were subjected to
partial alkaline hydrolysis to obtain fragments of a calculated average length of 250 nt. In situ hybridization using cryostat sections
was carried out essentially as described previously [27]. Complete
sagittal rat brain cryosections (5–7 µm thick) were transferred
onto silane-coated glass slides, post-fixed in 4% paraformaldehyde/PBS for 15 min and washed in diethylpyrocarbonate (DEPC)treated double-distilled water. Alternatively, deparaffinized brain
sections (4 µm thick) were post-fixed in 4% paraformaldehyde/PBS for 10 min, rinsed 3 times in PBS and then treated with
proteinase K (8 µg/ml in PBS) for 30 min at 37 °C. Following the
digest with proteinase K, sections were washed briefly in PBS,
fixed again for 1 min in 4% paraformaldehyde/PBS and washed in
PBS. Thereafter, both cryostat and deparaffinized sections were
processed similarly. To reduce background, slides were acetylated
in triethanolamine-containing acetic anhydride, rinsed in PBS, dehydrated in 70, 80 and 95% ethanol and air-dried. Prehybridization and hybridization was performed as described previously
[27]. Rat SGK1 sense and antisense probes were used at a concentration of 10 ng/µl in the hybridization mixture. Hybridization was
carried out overnight at a temperature of 46 °C and followed by
several stringent post-hybridization washes (the most stringent
wash was in 0.2×SCC/50% formamide at 54 °C for 2 h). Immunological detection of the hybridized polyclonal alkaline phosphatase-coupled anti-Dig-antibody was performed by incubation with
a polyclonal alkaline phosphatase-antibody (diluted 1:500 in
blocking medium) for 2 h at room temperature followed by an
overnight-incubation at 4 °C. The washed slices were covered
with large amounts of a freshly prepared substrate solution containing 0.417 mM nitro blue tetrazolium chloride (NBT) pre-dissolved in 70% dimethylformamide; 0.406 mM 5-bromo-4-chloro3-indolyl-phosphate, 4-toluidine salt (BCIP) pre-dissolved in
100% dimethylformamide and 1 mM levamisol. Subsequently,
slides were kept at 4 °C in a moist chamber in the dark for usually
12–24 h. Colour reactions were monitored under the microscope
and terminated by immersing the slides twice for 5 min in
100 mM TRIS-HCl, 1 mM EDTA, pH 8.0. After rinsing in PBS,
sections were mounted in bicarbonate-buffered glycerol, pH 8.6
[27]. Control experiments included incubations with sense probes
on alternate sections. These controls yielded completely negative
results.
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The cellular staining pattern of the hybridization signals for
rSGK1 antisense probe in the cryostat sections was virtually identical to that in the respective paraffin sections. Because of the better histomorphological quality of paraffin sections, however, the
latter were used for the photographical documentation of the in
situ hybridization experiments.

sition and analysis (AD Instruments, Castle Hill, Australia). The
external control solution (superfusate/ND96) contained (in mM)
96 NaCl, 2 KCl, 1.8 CaCl2, 1 MgCl2 and 5 HEPES, pH 7.4. Where
applicable, currents are given as means±SEM for n oocytes.
Statistical analysis

Immunohistochemistry
Dehydrated and control rats were anaesthetized, the brains removed quickly, and small brain pieces immersion-fixed in 4%
paraformaldehyde for at least 12 h. The tissue was subsequently
cryoprotected in 30% sucrose. Sections (approx. 20 µm) were collected on gelatinized slides and stored at –40 °C until further processing. Before applying specific reagents, sections were rehydrated in PBS and pre-incubated for 1 h in 4% normal goat serum in
PBS containing 0.3% Triton-X. Anti-SGK1 antibodies (diluted
1:500, [12]) were then applied alone or as a cocktail with one of
the following cell-specific antibodies: anti-glial fibrilliary acidic
protein [GFAP; monoclonal antibody (MAB)360, Chemicon, Hofheim, Germany 1:400] specific for astrocytes, anti-oligodendrocyte MAB1580 (Chemicon, clone RIP, 1:200) and anti-rat integrin
αM[CD11b] (MAB1405, clone OX-42, Chemicon, 1:50) to label
microglial cells. Sections were incubated with primary antibodies
in a moist chamber overnight at 4 °C, all other reactions proceeded at room temperature. Antibodies were diluted in PBS with 1%
DMSO and 0.3% Triton-X 100. Binding of anti-SGK1 antibodies
was visualized with anti-rabbit antibodies either conjugated to
CY-2 in single stains, or conjugated to Texas Red when combined
with other stains. The cell type-specific monoclonal antibodies
were detected with anti-mouse antibodies coupled to AlexaGreen
(Molecular Probes, Eugene, Ore., USA). Secondary antibodies
were applied as cocktails for 1.5 h. After several rinses, sections
were incubated with Neurotrace 640 (fluorescent Nissl stain, Molecular Probes), rinsed again and cover-slipped. With each staining
process we performed control stains by omitting the primary antibodies. In addition, specific staining was abolished by incubating
the primary antibody in the presence of SGK1-peptide (10 µg/ml).
Sections were analysed on a confocal laser-scanning microscope
(Zeiss LSM 410) using an Ar laser at 488 nm and two He/Ne lasers at 543 and 633 nm excitation wavelengths with the appropriate filter sets. To avoid cross-talk between the emission signals only one laser was used at a time. Images were later merged in three
different color channels. Control slides were analysed with the
same gain and brightness settings to test for unspecific and background staining.

Data are expressed as arithmetic means±SEM. Data were analysed
using Student’s t-test or ANOVA, where applicable. P<0.05 was
considered significant.

Results
Cerebral localization of SGK1
Northern blots of human brain (Fig. 1) showed hSGK1
to be expressed in all structures analysed. The most
abundant expression was in the corpus callosum.
In situ hybridization of brain sections from dehydrated rats showed SGK1 mRNA mainly in the neurons of
the hippocampus region (Fig. 2a, b higher magnification). Positive signals were also detected in the periventricular area (Fig. 2c, d). A small number of signals was
observed scattered throughout all layers of the cortex
(Fig. 2e). No hybridization signal was detected with a
sense SGK1 probe (Fig. 2f). Immunohistochemical analysis showed that a few neurons in the hippocampal area
CA3 of control brains (Fig. 3Aa, c) expressed SGK1
whereas in a similar section of dehydrated hippocampus
(Fig. 3Ab, d) SGK1 expression was particularly high in
large projection neurons. Additionally, the number of
these SGK1 expressing cells seemed to be increased, as
became apparent after counterstaining with a fluorescent
Nissl stain (Fig. 3, compare blue and red color channels).
Staining was strongest in the cytoplasm of the cell
bodies and detectable in some dendrites of large neurons.

Two-electrode voltage clamp
Plasmid DNA of hSGK1 and mouse Kv1.3 were linearized with
Not I and transcribed in vitro with T7 RNA polymerase in the
presence of the cap analogue m7G(5′)ppp(5′)G at a concentration
of 1 mM. Template cDNA was removed by digestion with RNasefree DNase I. The complementary RNA (cRNA) was purified by
phenol/chloroform extraction followed by precipitation with
0.5 vol 7.5 M ammonium acetate and 2.5 vol ethanol to remove
unincorporated nucleotides. The integrity of the transcripts was
checked by denaturing agarose gel electrophoresis. Dissection of
Xenopus laevis ovaries, collection and handling of the oocytes
(stages V and VI) have been described in detail elsewhere [34].
Oocytes were injected with 0.125 ng cRNA of Kv1.3 plus H2O or
with 0.125 ng cRNA of Kv1.3 plus 7.5 ng cRNA of hSGK1 in
50 nl water per oocyte. Experiments were performed at room temperature 1–4 days after injection. Two-electrode voltage-clamp recordings were made at room temperature with voltage jumps from
a holding potential of –80 mV to –60, –40, –20, 0, +20 and
+40 mV for 15 s each with an interval of 45 s. Measurements were
only started when there was no run-down of peak currents for at
least 5 min. The data were filtered at 10 Hz and recorded with
MacLab digital-to-analogue converter and software for data acqui-

Fig. 1 Distribution of human serum- and glucocorticoid-dependent kinase (hSGK1) transcripts (2.5 kb) in human brain.
PolyA+RNA of distinct brain areas, available as a blotted nylon
membrane, was hybridized with a digoxigenin (Dig)-labelled
probe of hSGK1. A Dig-labelled RNA molecular weight marker
determined the position of the bands (kb kilobases)
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Fig. 2a–f Expression of SGK1 mRNA in the brain of dehydrated
rats localized by in situ hybridization with an anti-sense SGK1
probe. Positive hybridization signals occurred mainly in neurons
of the hippocampus region (a, higher magnification in b) and in
the periventricular area (c, higher magnification in d), with scattered signals throughout all layers of the cortex (e). f Negative
control (sense-SGK1 probe)

To test whether the kinase was also present in glial cells
we performed double antibody stains for the presence of
SGK1 and glial-specific markers in combination with
the Nissl stain. In sections of dehydrated hippocampus
astrocytes did not show any immunoreactivity to the
SGK1-antibody (Fig. 3B) whereas many oligodendrocytes stained positive (Fig. 3C). A few microglial cells
were SGK1-positive, the majority, however, were not
(Fig. 3D).

Transcriptional regulation of SGK1
As shown in Fig. 4A, hSGK1 transcription in SKNSH
human neuroblastoma cells increased significantly (1064±
227%, n=4) following enhancement of extracellular osmolarity by addition of 50 mmol/l NaCl for 2 h. As illustrated in Fig. 4B, SGK1 mRNA was significantly enhanced (by 166±20%, n=4) in the temporal lobe including hippocampus from dehydrated rats compared to transcripts from control rat brains. There was no significant
alteration of β-actin mRNA expression.
Activation of the shaker K+-channel Kv1.3
by co-expression of hSGK1 in Xenopus laevis oocytes
Xenopus oocytes expressing Kv1.3, but not oocytes injected with water, responded to cell membrane depolar-
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Fig. 3A–D Immunoreactivity of SGK1 in cryosections from the
hippocampal region CA3 in brains from normal (Ab,d) and dehydrated rats (Ab,d,B–D). SGK1-immunoreactivity (red), fluorescent Nissl stain (blue), the respective cell-type-specific antibodies
(green) and all three labels combined (mixed colors) are represented. Neurons are most prominently labelled by the Nissl stain and
most of them are positive for SGK1 antibody stain as demonstrated in all panels. Scale bars 50 µm. A Increased SGK1 immunoreactivity in brain tissue derived from dehydrated rats (b, d) compared to control rats (a, c). B Double staining for glial fibrillary
acidic protein (GFAP, specific for astrocytes) revealed no co-localization with SGK1. In d, the arrows indicate two astrocytes in
which the cell bodies are detected by the Nissl stain but are

clearly immuno-negative for SGK1 (b and c). C Double staining
with an oligodendrocyte-specific marker (MAB1580) revealed immuno-positive cells which also showed SGK1-immunoreactivity
(arrows). In d, some cells in the neuronal cell layer stained only
with the blue Nissl stain, suggesting that not all neurons are positive for the SGK1 antibody. D Double staining with a microglialspecific antibody (anti-integrin) indicated a few cells positive for
both integrin and SGK1. The cell indicated by the arrow in d is
shown in higher magnification in the small figures above. Below
the integrin-positive cell is a SGK1-negative microglial cell
(arrow head in d). Some capillaries are also stained by the antibody
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ization with a rapidly inactivating outwards current as
described previously (Fig. 5). The current was inhibited
completely by the specific Kv1.3 inhibitor margatoxin
(1 nM). In oocytes co-expressing Kv1.3 and hSGK1,
peak currents were significantly larger than in oocytes
expressing Kv1.3 alone (Fig. 5).

Discussion

Fig. 4A, B Up-regulation of hSGK1 by hypertonicity in cells of a
human neuroblastoma cell line (SKNSH) and in the brain of dehydrated rats. A Northern analysis of SKNSH cells (15 µg total
RNA) showing increased hSGK1 transcription following stimulation with 50 mM NaCl for 2 h. B Total RNA (20 µg) of temporal
lobe including hippocampal area of control and dehydrated rat
brains was blotted followed by SGK1 detection. For comparison
β-actin transcripts from the same cell or tissue samples are shown

Fig. 5A–F SGK1-induced upregulation of voltage-gated K+
(Kv1.3) channels in Xenopus
laevis oocytes A Original current traces recorded by the twoelectrode voltage-clamp technique from oocytes co-injected
with active kinase SGK1
S422D (SGK1-SD+Kv1.3),
with inactive kinase SGK1
K127N (SGK1-KN+Kv1.3) and
SGK1-SD+H2O (SGK1-SD).
Currents were evoked by depolarizing square pulses from
–80 mV holding potential to
voltages between –60 to
+40 mV. B Current/voltage relation of the evoked peak currents as recorded in (A) from
oocytes co-injected with
SGK1-SD plus Kv1.3 (squares),
SGK1-KN plus Kv1.3 (circles),
H2O plus Kv1.3 (triangles) or
SGK1-SD plus H2O (inverted
triangles). Means±SEM; n=8.
C Original traces from a
(SGK1-SD+Kv1.3)- and a
(SGK1-KN+Kv1.3)-co-injected
oocyte, recorded in the presence and absence of margatoxin (1 nM). Currents were induced by depolarizing voltage
steps from –80 mV to 0 mV.
D–F Arithmetic means of the
currents induced in Kv1.3expressing oocytes co-injected
with sgk-SD (D), SGK1-KN
(E) or water (F)

The present study demonstrated that SGK1 is expressed
in glial cells and neurons and that its expression can be
up-regulated by osmotic shrinkage. SGK1 transcription
in neural cells is thus apparently similarly sensitive to
cell volume as it is in HepG2 liver cells [37], MDCK
kidney cells [37], pancreatic CFPAC cells [19] macrophages [39], endothelial cells and fibroblasts [24]. Similarly, SGK1 in the mouse [3] and the shark [38] is up-
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regulated by osmotic cell shrinkage. The up-regulation is
mediated by p38 kinase [3, 40]. SGK1 transcription is
up-regulated also by aldosterone [6, 26], which, however, decreases following water deprivation [11] and thus
cannot account for the increase of SGK1 transcription
observed in the present study. As an increase of intracellular Ca2+ activity has also been shown to increase SGK1
transcription in pancreatic CFPAC [19] and human endothelial HuVEC [24] cells, activation of the neurons is expected to similarly enhance SGK1 transcription.
The present observations point further to a possible
functional role of the kinase in influencing the regulation
of neuroexcitability. As shown by the co-expression
studies, the kinase markedly up-regulates the activity of
Kv1.3, which is distributed widely in brain tissue [7, 9,
10, 20, 21, 22, 28, 33] and contributes to the repolarization following action potentials [28, 32].
The up-regulation of SGK1 in the dehydrated brain
on the one hand, and the stimulating effect of SGK1 on
Kv1.3 activity on the other, could indicate that SGK1
participates in alterations of neuroexcitability during dehydration. Neuronal excitation is modified by extracellular osmolarity, whereby an increase of plasma osmolarity
decreases and a decrease of plasma osmolarity increases
the susceptibility to epileptic seizures [1, 31]. A number
of different mechanisms may contribute to altered excitability in dehydration. Neuronal excitability depends
critically on the function of the glial cells [14], which
control extracellular K+ and neurotransmitter concentrations [15]. Both functions are compromized during glial
cell swelling due to depolarization [16] and deranged
transport of neurotransmitters across the cell membrane
[17, 18]. Cell volume may influence neuronal excitability more directly by influencing intracellular [Cl–] and/or
modifying cell volume regulatory ion transport, such as
ion channels and Na+K+2Cl– cotransport [2, 25]. Furthermore, alterations of extracellular osmolarity may modify
excitability through alteration of the extracellular space
[29, 31]. The present study does not provide conclusive
evidence for an SGK1-mediated increase in K+ channel
activity during dehydration in vivo. Even though osmotic
cell shrinkage has in some cells been shown to hyperpolarize the cell membrane [30], K+ channels are activated
by cell swelling rather than by cell shrinkage [23].
Whether or not enhanced K+ channel activity in neurons
participates in the decrease of neuroexcitability during
dehydration thus remains uncertain. We cannot rule out
that the effect of SGK1 on K+ channels may be overridden by other mechanisms regulating K+ channels during
cell shrinkage. Moreover, as the SGK1 kinase modifies
the activity of other ion channels [24, 35, 36] and transporters [24], its influence on neuroexcitability cannot be
predicted with certainty. Nevertheless, SGK1 is a kinase
that is highly sensitive to the hydration status of the animal and has the capacity to regulate ion channels pertinent for regulation of neuroexcitability.
In conclusion, hSGK1 is expressed in both neurons
and glial cells and its expression is stimulated by cell
shrinkage. The kinase is able to stimulate the activity of

the neuronal voltage-gated Kv1.3 K+-channel and may
thus participate in the regulation of neuronal excitability.
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