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Expression of Serum- and Glucocorticoid-Inducible Kinase
Is Regulated in an Experience-Dependent Manner and Can
Cause Dendrite Growth
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The interaction of an animal with its environment during a critical period in early postnatal life has lifelong effects on the structure and
function of sensory and motor systems. To gain insight into the molecular mechanisms of experience-dependent development, we
challenged young rats to adapt to a new environment that engenders novel motor behavior. Rats born in the gravitational field (1G) of the
earth subsequently were reared for 2 weeks either in the absence of gravity (microgravity) or at 1G. A comparison of gene expression using
microarrays led to the identification of a panel of differentially regulated transcripts. We report here that the abundance of serum- and
glucocorticoid-inducible kinase (SGK) is increased in spinal cord tissue from animals reared in microgravity in comparison with 1G-
reared controls. The induction of SGK expression also can be achieved by administration of glucocorticoids to animals at 1G or neurons
in vitro. Expression of constitutively active SGK in neurons leads to the elaboration of neuronal dendrites and their branching. Glucocor-
ticoids also lead to dendrite elaboration, and this effect can be abrogated by inhibiting SGK activity. Changes in the level of expression of
SGK could be part of the mechanism for experience-dependent acquisition of mature neuronal properties.
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Introduction
During a critical period in early postnatal life (Hensch, 2004), the
environment in which an animal is reared can influence the
structural, electrophysiological, and molecular properties of de-
veloping neurons (Goodman and Shatz, 1993; Albright et al.,
2000; Zhang and Poo, 2001). At the cellular level, the experience-
dependent development involves, in part, the selective growth
and stabilization of specific synapses and the elimination of oth-
ers (Constantine-Paton et al., 1990). The driving force for these
phenomena involves the environmentally evoked level and pat-
tern of synaptic activity (Shatz, 1990).

Experience-dependent development of locomotor behavior
has been shown in a number of experimental systems (Walton et
al., 1992, 2005a,b). Although neurons at every level of the neu-
roaxis participate in locomotor function, for several reasons, we

focused attention on the spinal cord elements. Spinal cord cir-
cuitry plays a central role in organizing rhythmic alternating limb
movements (Cazalets et al., 1996), can learn motor tasks, and will
retain this information for prolonged periods (Lovely et al.,
1990). Use-dependent remodeling of spinal cord circuitry occurs.
For example, a comparison of animals reared in two different
environments necessitating distinct locomotor function [the ab-
sence of gravity (microgravity) vs gravitational field of the earth
(1G)] demonstrated experience-dependent development of mo-
tor neuron dendritic architecture (Kalb, 1994; Inglis et al., 2000).
To identify genes that might subserve this developmental plastic-
ity, we analyzed the effect of rearing environment (microgravity
vs 1G) on spinal cord gene expression.

Materials and Methods
Animals. The 8- and 13-d-old Sprague Dawley rats were launched aboard
the NASA Neurolab space shuttle (STS-90) and lived for 16 d in micro-
gravity (Inglis et al., 2000). Details of animal selection, breeding, hus-
bandry, and in-flight health have been described previously (Inglis et al.,
2000; Stegenga et al., 2003). Tissues from flight animals (FLT) were ob-
tained for analysis within 12 h of shuttle landing when the lysates were
made. Tissues from the two sets of age-matched control animals were
collected in the same manner as the FLT tissue.

Microarrays. At the commencement of this study, there was limited rat
sequence information publicly available. Therefore, to study the maxi-
mum number of rodent genes, we probed a microarray that consisted
mostly of mouse sequences; rat sequences were �5%. To adjust for dif-
ferences in signal intensity for each array, we normalized samples by
using �-actin and glyceraldehyde phosphate dehydrogenase (GAPDH)
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intensity levels. The details of the probe generation, the specific microar-
rays used, and the data analysis are described in the supplemental mate-
rial (available at www.jneurosci.org).

Quantitative reverse transcription-PCR. Candidate gene sequences
from the GeneChip (Affymetrix, Santa Clara, CA) probe array expression
study were analyzed to generate sequence specific primers and probes for
TaqMan. The details of probes used in this study, RNA/cDNA prepara-
tion, and the methods for quantitative analysis are described in the sup-
plemental material (available at www.jneurosci.org).

Amplification plots were generated to determine the threshold cycle
(Ct). The Ct value for all gene targets was normalized to the Ct value of
GAPDH and relative to a calibrator to generate a comparative Ct value
(��Ct) for each sample. Analysis comparing FLT and control samples
was performed by using the fold difference value.

Immunological analysis of FLT and control spinal cord tissue. After ho-
mogenization in Trizol (Invitrogen, San Diego, CA) and extraction of
RNA, the DNA and protein were extracted from the spinal cord samples
as recommended by the vendor. The details of immunoblot procedures
and quantitative analysis are described in the supplemental material
(available at www.jneurosci.org). Immunohistological techniques have
been described previously (Jakowec et al., 1995; Stegenga et al., 2003).

In vivo studies of serum- and glucocorticoid-inducible kinase. Postnatal
day 25 (P25) Sprague Dawley rats received a subcutaneous injection of
corticosterone (4 mg/100 g in sesame oil) or vehicle. Then, 2 h later, the
spinal cord tissue was isolated, and lysates were subjected to Western blot
analysis.

In vitro studies of serum- and glucocorticoid-inducible kinase. Mixed
spinal cord cells were grown on a confluent astrocyte monolayer and
supported with glial-conditioned media (Ye and Sontheimer, 1998). The
materials used in generating spinal cord cultures and subsequent immu-
nocytological analysis are described in the supplemental material (avail-
able at www.jneurosci.org).

Cell culture and transfection. Mixed spinal cord neurons were grown for
2 d before being transfected with Lipofectamine 2000 according to the man-
ufacturer’s protocol (Invitrogen). At 5 d in vitro (5 DIV), the cells were fixed
with 4% paraformaldehyde, immunostained for mitogen-activated protein-
2/green fluorescent protein/serum- and glucocorticoid-inducible kinase
(MAP-2/GFP/SGK), and visualized by using either fluorescence or the
�-galactosidase reaction. �-Galactosidase-stained neurons were traced by
using computer-assisted camera lucida software (Neurolucida; Micro-
BrightField, Williston, VT) as described previously (Inglis et al., 1998, 2000,
2002; Gazula et al., 2004). Then, three to six neurons were traced per inde-
pendent condition from any given in vitro preparation of neurons, and an
average was derived. Average values from four to five separate experiments
were the basis of the subsequent statistical analysis. The total number of
traced neurons included in the analysis displayed in Figure 3 was dominant-
negative-SGK (D-N-SGK; n � 25), LacZ (also known as �-galactosidase;
n � 23), and constitutively active-SGK (CA-SGK; n � 22) and in Figure 4
was dexamethasone plus D-N-SGK (n � 19), dexamethasone plus LacZ
(n � 19), and vehicle plus LacZ (n � 19). Groups of neurons were compared
statistically with ANOVA (SAS Institute, Cary, NC), using the harmonic
mean to create F values because of variable group sizes. Post hoc comparisons
between groups were made by using Scheffé’s test, with significance set at
p � 0.05.

Generation of recombinant herpes simplex viruses. The cDNA for D-N-
SGK or CA-SGK was cloned into the PRPUC amplicon vector and used
to generate recombinant virus as described previously (Neve et al., 1997;
David and Kalb, 2005). The titer of virus used in these studies was 3–5 �
10 7 pfu/ml.

Results
Rats were reared in the gravitational field of the earth until P8 or
P13 before being launched on the space shuttle and spending the
next 16 d in microgravity. These young animals (termed FLT)
were compared with two control groups who developed at 1G
[reared in standard vivarium cages, VIV; reared in cages similar
to those on board the shuttle, asynchronous ground control
(AGC)]. In-depth behavioral studies comparing the effects of

these rearing environments are described in separate publica-
tions (Walton et al., 2005a,b).

On a mouse cDNA microarray, �10% of the 6500 genes was
detected (called positive), using labeled probes derived from rat
spinal cord tissue. A subset of genes was expressed at higher levels
in FLT versus control animals within each age group. In this
subgroup, using 24-d-old tissues, there was a 3.3 � 0.9-fold in-
crease in FLT versus AGC and 4.2 � 1.6-fold increase in FLT
versus VIV. Using P29 tissues, we found there was a 3.5 � 1.1-
fold increase in FLT versus AGC and a 3.4 � 0.9-fold increase in
FLT versus VIV. Of genes demonstrating at least a twofold change
in intensity, transcript levels of nine were examined by TaqMan
quantitative reverse transcription-PCR (RT-PCR). Among these
candidate genes, we focused on one called SGK for two reasons:
(1) the abundance of this transcript (monitored by TaqMan) was
elevated in every microgravity tissue sample (n � 8) in compar-
ison with controls, and (2) this transcript underwent the largest
increase expression in comparison with controls. The increase in
SGK transcript levels in 24-d-old animals was 3.8 � 0.4-fold (FLT
vs VIV) and 3.0 � 0.3-fold (FLT vs AGC). The increase in SGK
transcript levels in 29-d-old animals was 4.6 � 0.6-fold (FLT vs
VIV) and 3.0-fold � 0.4 (FLT vs AGC).

Western blot confirmed that protein levels of SGK also are
regulated by the experience of a space shuttle mission (Fig. 1).
SGK immunoreactivity for day 29 FLT animals was �4.4- and
3.0-fold the levels detected in either the VIV or AGC age-matched
animals, respectively. For day 24 FLT animals, the SGK immuno-
reactivity was 3.8- and 3.0-fold higher compared with VIV and
AGC age-matched animals. These data corroborate the SGK
mRNA results collected by both GeneChip analysis and TaqMan
RT-PCR.

Immunohistological examination of spinal cord sections from
29-d-old spinal cord slices was undertaken to identify the puta-
tive cell type or types expressing SGK (Fig. 1). Immunostaining
revealed the expression of SGK within many large multipolar cells
scattered throughout the spinal gray matter; large angulated cells
residing within the ventral horn are likely to be motor neurons.

In a mammary epithelial cell line, SGK message and protein
can be induced by exposure to the synthetic glucocorticoid dexa-
methasone (Webster et al., 1993b). We inquired whether glu-
cocorticoids similarly could induce SGK expression in the CNS of
animals. At 2 h after administration of corticosterone to P25 rats,
there was a marked induction in SGK in comparison with
vehicle-injected animals (Fig. 2). To determine whether the same
effects of glucocorticoids could be achieved in spinal cord neu-
rons in vitro, we generated cultures of dissociated spinal cord
neurons from embryonic day 15 (E15) rats and stimulated them
with dexamethasone or vehicle. Baseline levels of SGK in our
cultures were below the level of detection of our assay system, and
glucocorticoids led to a pronounced induction of SGK at 2 and
4 h after drug administration (Fig. 2). To determine the cell type
in which dexamethasone induces SGK expression, we immuno-
stained cultures for cell type markers (MAP-2, neurons; GFAP,
astrocytes) and found that dexamethasone induced SGK expres-
sion exclusively in neurons (Fig. 2).

In addition to induction of SGK, prolonged rearing of young
animals in microgravity leads to restructuring of motor neuron
dendritic architecture (Inglis et al., 2000). If these two events are
linked, one might anticipate that SGK expression would have
measurable effects on the morphology of neurons. To examine
this issue, we introduced forms of SGK that operate in a CA or
D-N manner (Maiyar et al., 1997; Lang et al., 2000; Brunet et al.,
2001; David and Kalb, 2005) (or a control vector) into spinal
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neurons in vitro and undertook a quantitative morphometric
analysis (Fig. 3). Neuronal expression of CA-SGK led to a signif-
icant increase in primary dendrites and dendritic branch points
in comparison with neurons expressing LacZ and D-N-SGK. The
cell soma of D-N-SGK-expressing neurons was larger than the
LacZ control and CA-SGK-expressing neurons. Groups did not
differ in terms of the length of the longest dendrite or the overall
tree. Thus, increases in SGK activity stimulate select aspects of
neuronal dendrite growth.

Because the abundance of SGK is increased by glucocorti-
coids, we were interested in examining the potential role of SGK
in glucocorticoid-induced alterations in neuronal morphology
(Fig. 4). A 3 d treatment of neurons with dexamethasone led to an
increase in primary dendrites and increased branching of the
dendritic tree in comparison with controls, although not affect-
ing the overall size of the tree or the extent of the longest dendrite.
Expression of D-N-SGK prevented the dexamethasone effect,
and there were no statistically significant differences between
vehicle-treated cultures and cultures in which D-N-SGK-
expressing neurons were stimulated with dexamethasone.

The MAP kinase (MAPK) and phosphatidylinositol 3� kinase
(PI3�K) signaling cascades have been implicated in dendrite

growth (Dijkhuizen and Ghosh, 2005). To determine whether
SGK influences the state of activation of these pathways, we gen-
erated recombinant herpes simplex virus (HSV) that expresses
CA-SGK, D-N-SGK, or LacZ. Spinal cord cultures were infected
with these viruses; 24 h later, lysates were prepared, and immu-
noblotting was performed (supplemental Fig. 5, available at www.
jneurosci.org as supplemental material). The abundance of
MAPK and its activated phospho form was the same in cultures
infected with HSV-CA-SGK, HSV-D-N-SGK, or HSV-LacZ.

Figure 1. Identification of SGK induction during the STS-90 Neurolab Space Flight Mission.
A, Protein expression for SGK relative to �-actin levels for 7-5 age group. B, Protein expression
for SGK relative to �-actin levels for the 13-2 age group. Error bars indicate � SEM; *p �0.05;
**p �0.01. Representative Western blot is shown below each bar graph. C, Immunohistology
for SGK from 29-d-old rat spinal cord. Immunostaining is seen in a small number of neurons
throughout the spinal cord, but most immunostaining is in Rexed lamina IX where motor neu-
rons reside. Scale bar, 100 �m. D, Higher-magnification view of the ventralmost portion of the
spinal gray matter. The gray matter/white matter (GM/WM) border is delineated by asterisks.
The large multipolar-immunostained cells are motor neurons. Scale bar, 25 �m.

Figure 2. Corticosteroid induction of SGK in neurons. The top left panel shows immunoblots
for SGK or �-actin of spinal cord lysates from P25 animals given corticosterone or vehicle.
Corticosteroid treatment led to an approximately sixfold induction of SGK protein in the spinal
cord. The top right panel shows immunoblots for SGK or �-actin of spinal cord neurons grown in
vitro that were treated with dexamethasone or vehicle. Below are images of spinal cord cultures
treated with dexamethasone and stained immunocytologically for MAP-2 and SGK (labeled).
Corticosteroid treatment led to the induction of SGK expression specifically in neurons (Merge).
Scale bar, 45 �m.
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Similarly, the abundance of �-kinase murine thymoma (AKT)
and its activated phospho form (a downstream reporter of PI3�K
activity) was the same under the three conditions. Glycogen syn-
thase kinase 3� (GSK3�) is a bona fide SGK target (Sakoda et al.,
2003; David and Kalb, 2005), and expressing CA-SGK in neuro-
nal culture led to an increase in the abundance of phos-
phoGSK3�, but not GSK3� itself. The D-N-SGK did not reduce
the baseline level of activation of this kinase.

Discussion
The environment in which an animal lives can influence the
structural, electrophysiological, and molecular properties of the
nervous system, and this plasticity is most robust during a brief
period in early postnatal life. To identify genes potentially in-
volved in this process, we reared animals in two environments
(1G vs microgravity) and performed a comparative microarray
study. These two rearing environments led to distinct behavioral

repertoires (Walton et al., 2005a,b) and significant differences in
neuroanatomy (Inglis et al., 2000). The present studies provide
evidence that SGK is a candidate plasticity gene.

Several technical issues need examining before a discussion of
SGK. First, the microarray analysis was performed on RNA that
was isolated from spinal cord tissue of FLT animals within 12 h of
the landing of the space shuttle. The degree to which microgravity
itself versus other environment factors (noise, stress of landing,
postlanding cage handling, etc.) contributes to gene induction
cannot be established definitively. A second issue relates to the
use of mouse microarrays probed with RNA from rat tissues. This
was unavoidable because at the time of this study rat cDNA mi-
croarrays did not exist. Because we hybridized mouse arrays with
rat probes, we have information on only a subset of potential
candidate plasticity genes.

In these studies, we find that SGK mRNA and protein levels
were increased in FLT animal spinal cord samples in response to
conditions of the STS-90 mission. SGK, a serine/threonine pro-
tein kinase with sequence similarity to AKT (also called protein
kinase B), was identified originally on the basis of its transcrip-
tional upregulation in vitro in response to glucocorticoids and
serum (Webster et al., 1993a). In vitro studies indicate that, in
addition to serum and/or glucocorticoids, the transcription of
SGK also is influenced by hormones such as follicle-stimulating

Figure 3. Quantitative analysis of spinal cord neuron dendrites expressing D-N-SGK, CA-
SGK, or �-galactosidase (LacZ). Values are the means � SEM. There was a statistically signifi-
cant increase in the number of primary dendrites and branches in the CA-SGK-expressing neu-
rons compared with the D-N-SGK-expressing or LacZ-expressing neurons. Representative
camera lucida drawings of neurons are shown above the table. Scale bar, 25 �m.

Figure 4. Quantitative analysis of spinal cord neuron dendrites treated with dexamethasone
or vehicle and expressing either D-N-SGK or LacZ. Values are the means � SEM. Dexametha-
sone led to a statistically significant increase in primary dendrites and branching in comparison
with vehicle-treated cultures. Expression of D-N-SGK in neurons blocked the dexamethasone
effect on primary dendrite number and branching. Vehicle-treated neurons were statistically
indistinguishable from dexamethasone-treated D-N-SGK-expressing neurons. Representative
camera lucida drawings of neurons are shown above the table. Scale bar, 35 �m.
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hormone (FSH) (Alliston et al., 2000) and aldosterone (Chen et
al., 1999), injury (Imaizumi et al., 1994), cell volume changes
(Waldegger et al., 1997; Bell et al., 2000), and heparin (Delmolino
and Castellot, 1997). One possibility is that stress accompanying
launching, prolonged existence in microgravity, and/or landing
could produce elevated glucocorticoid levels (Macho et al., 1993;
Stein et al., 1999) and thereby induce SGK expression. Another
possibility is that extracellular fluid shifts occurring during space
flight may provide the osmotic stimuli for SGK induction.

What are the physiological consequences of increased SGK
within neurons of microgravity-reared animals? Because the den-
dritic architecture of spinal motor neurons in flight animals is
distinctly different from that elaborated by motor neurons in
ground-based control animals (Inglis et al., 2000), we asked
whether SGK could lead to remodeling of neuronal dendrites.
Our in vitro data argue in favor of this notion because overex-
pressing a constitutively active form of SGK in spinal neurons led
to a doubling of the number of primary dendrites and the num-
ber of dendritic branches in comparison with control neurons.
These in vitro observations contrast with our previous findings
that motor neurons from microgravity-reared animals have a
smaller and less branched dendritic tree than in control animals.
These two studies, however, are not directly comparable because
the analysis of motor neuron dendrites used FLT tissue, whereas
the in vitro studies with CA-SGK or D-N-SGK constructs used
neurons from dissociated spinal cords (of which motor neurons
are likely to be �0.1–1.0% of the total cell population). This
raises the possibility that different neuronal populations (motor
neurons vs other spinal cord neurons) respond to the effects of
SGK is a distinct manner.

Another possible explanation for the differences between the
in vitro and in vivo observations on dendrites may relate to the
effects of glucocorticoids. Chronic treatment of animals with glu-
cocorticoids leads to atrophy of hippocampal neuron dendrites
(Woolley et al., 1990; Magarinos and McEwen, 1995). Because
serum glucocorticoids may be elevated for a substantial period of
time during microgravity (Macho et al., 1993), susceptible neu-
rons may undergo dendrite atrophy throughout the neuroaxis.
The upregulation of SGK expression in spinal cord neurons
might counter this effect and act to maintain the dendritic arbor
in the setting of systemic stress. Subpopulations of neurons may
be distinguished by their glucocorticoid-evoked SGK expression
as well as their intrinsic responsiveness to the dendrite atrophy-
promoting action of glucocorticoids.

The molecular events downstream of SGK that result in den-
drite growth are not known but appear unlikely to involve MAPK
or AKT directly (supplemental Fig. 5, available at www.jneurosci.
org as supplemental material). The alteration in GSK3� activity
(i.e., its state of phosphorylation) is intriguing because a close
relative, GSK3�, recently has been shown to regulate microtubule
assembly and axon morphogenesis (Jiang et al., 2005; Yoshimura
et al., 2005). It is noteworthy that BDNF-induced primary den-
drite formation in cortical neurons uses the PI3�K signaling path-
way (Dijkhuizen and Ghosh, 2005), and PI3�K is an upstream
activator of both AKT and SGK (Kobayashi and Cohen, 1999;
Park et al., 1999; David and Kalb, 2005). Finally, because SGK is a
cAMP response element-binding protein (CREB) kinase (David
and Kalb, 2005) and CREB is known to participate in dendrite
morphogenesis (Redmond et al., 2002), this is another potential
mechanism by which SGK could evoke dendrite remodeling.

Our microarray study aimed to identify genes that change
levels of expression during the process of the young nervous sys-
tem adapting to a new environment. Identification of SGK targets

in CNS tissues from flight animals may yield insight into the
(patho)physiological processes incurred during space shuttle
missions.
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