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The superfamily of importin-b–related proteins is the
largest class of nuclear transport receptors and can be
generally divided into importins and exportins according
to their transport directions. Eleven importins and seven
exportins have been identified, and the expression pat-
terns of both classes are important for their functions in
nucleocytoplasmic transport activities. This study demon-
strates that all of the importins (importin-b; transportin-1,
-2, and -3; and importin-4, -5, -7, -8, -9, -11, and -13) and
all the exportins (exportin-1, -2, -4, -5, -6, -7, and -t) are
differentially expressed in the cerebral cortex, cerebellum,
hippocampus, and brainstem and in primary cultures of
cerebral cortical astrocytes and neurons. For astrocytes,
we observed that different importins and exportins dis-
played different expression changes during 0–6 hr of
ischemia treatment, especially an increase of both the
mRNA and the protein of exportin-7. Immunostaining
showed that exportin-7 accumulated inside the nucleus
and around the nuclear envelope. In addition, we noticed
an increased cytoplasmic distribution of one of the cargo
proteins of exportin-7, LKB1, an important element in
maintaining energy homeostasis. This increased cyto-
plasmic distribution was accompanied by an increased
expression of exportin-7 under ischemia in astrocytes.
We demonstrate that exportin-7 responds to ischemia in
astrocytes and that this response involves translocation
of LKB1, a protein that plays important roles during meta-
bolic stress, from the nucleus to the cytoplasm. VC 2014
Wiley Periodicals, Inc.
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The nucleocytoplasmic transport of macromolecules
larger than 40–60 kDa is mediated mainly by the superfam-
ily of importin-b–related proteins, which are generally

divided into importins and exportins according to their
transport directions (Fried and Kutay, 2003; Mingot et al.,
2004; You et al., 2013). The subfamily of importins
includes importin-b, -4, -5, -6, -7, -8, -9, -11, and -13
and transportin-1, -2, and -3, and the subfamily of expor-
tins includes exportin-1, -2, -t, -4, -5, -6, and -7 (Fried
and Kutay, 2003; Guttler and Gorlich, 2011).

The expression levels of importins and exportins in
a cell or an organ are highly related to their functions in
each cell or organ, inasmuch as different importing or
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exporting activities are dependent on the amounts of
importins and exportins (Hosokawa et al., 2008; You
et al., 2013). In the central nervous system (CNS), expres-
sion level changes in importins and exportins have been
reported to be involved in neuronal cell differentiation
and embryonic development (Grunwald et al., 2013; You
et al., 2013). In addition, expression changes of importins
and exportins are also involved in various CNS functions,
dysfunctions, and injuries, such as neuronal differentia-
tion, axonal injury and functional recovery, neuronal plas-
ticity formation, and pathogenesis of amyotrophic lateral
sclerosis (ALS; Hanz et al., 2003; Yasuhara et al., 2007;
Deng et al., 2009; Nagara et al., 2013).

Ischemia injury is common in the brain; it is the sec-
ond most frequent cause of death and major disability in
the world (Dong et al., 2010; Xu et al., 2012; Bai and Li,
2013). Our previous study (Chen et al., 2003) identified
that 14-3-3g and exportin-7 (unpublished data) mRNA
expression increased in astrocytes under ischemia treat-
ment. Exportin-7 was first discovered and identified as a
novel RanGTP-binding protein by two different groups
(Koch et al., 2000; Kutay et al., 2000). It was shown to
bind RanGTP and prevent hydrolysis, directly interact
with nucleoporins, and enter the nucleus without other
soluble transport factors in HeLa cells (Kutay et al., 2000).
Exportin-7 can mediate nuclear export of p50RhoGAP
and 14-3-3r in a process dependent on nuclear export
signals that differ fundamentally from the classic leucine-
rich exportin-1-dependent signals (Mingot et al., 2004).
Exportin-7 also interacts with the basic helix-loop-helix
transcription factor E12 and enhances its transcriptional
activity (Lee et al., 2010). In addition, exportin-7 is
responsible for the nuclear export of LKB1, a master
kinase that controls at least 13 downstream protein
kinases, including the adrenosine monophosphate
(AMP)-activated protein kinase (Dorfman and Macara,
2008). LKB1 is also critically important in mediating
energy homeostasis in response to energy stress (Shaw
et al., 2004, 2005; Ohashi et al., 2010).

This study clarifies the mRNA expression patterns
of the importins and exportins in the cerebral cortex, cer-
ebellum, hippocampus, and brainstem of adult mice; in
primary cultures of neurons and astrocytes; and in primary
culture of astrocytes under 0–6 hr of ischemia treatment.
The results indicate that upregulation of exportin-7 in
astrocytes under ischemia might facilitate nuclear export
of LKB1, which might help astrocytes respond to ische-
mic insult.

MATERIALS AND METHODS

Primary Cultures of Astrocytes and Neurons

Primary cultures of cerebral cortical astrocytes were pre-
pared from newborn ICR mice as previously described (Yu
et al., 1982; Yu and Lau, 2000; Chen et al., 2003; Jiang et al.,
2003; Yang et al., 2011; Chai et al., 2013). Cerebral cortices
were carefully dissected from the brains and cut into small pieces
(<1 mm3) in ice-cold Dulbecco’s modified Eagle’s medium
(DMEM; Gibco, Life Technologies, Gaithersville, MD). After

undergoing vortexing for 1.5 min at 2,000 rpm to dissociate the
cells mechanically, the cell suspension was sequentially passed
through 70- and 10-lm sterile nylon filters (Spectra/Mesh;
SpectrumLabs, Rancho Dominguez, CA). Fetal bovine serum
(FBS; HyClone, Australia) was added (to 10% in the final vol-
ume) and the mixture was plated in 35-mm Falcon tissue culture
dishes at 4 3 105 cell/ml (Becton Dickinson, Franklin Lakes,
NJ). Cultures were kept in a 37!C, 5% CO2 incubator and were
fed twice weekly with DMEM and 10% FBS for the first 2
weeks and then DMEM, 7% FBS for the following 2 weeks.
Cultured astrocytes were used for experiments 4 weeks after
being seeded.

Primary cultures of cortical neurons were prepared from
embryonic ICR mice as described previously (Z. Li et al.,
2001; Q. Li et al., 2002; Chen et al., 2005c). Cytosine arabino-
side (40 lM; Sigma-Aldrich, St. Louis, MO) was added on day
3 to inhibit the growth of the astrocytes. Cultured neurons
were used on day 7 (Yu et al., 1984).

Acute Isolation of Brain Tissues

Nine-week-old mice (male) were anesthetized with chlo-
ral hydrate (350 mg/kg; Sigma-Aldrich) and perfused with
phosphate-buffered saline (PBS) to remove all the blood. Brains
were carefully isolated from the cranium and dissected in ice-
cold PBS. Tissues of the cerebral cortex, cerebellum, hippo-
campus, and brainstem were dissected and frozen in liquid
nitrogen immediately before being stored at 280!C.

Anaerobic Chamber-Induced Ischemia

In vitro ischemia was induced by using a Forma anaerobic
chamber (85% N2, 10% H2, and 5% CO2 at 37!C; Thermo
Fisher Scientific, Waltham, MA) as previously described (Yu
et al., 2001, 2003, 2007; Chen et al., 2005a; Dong et al., 2009;
Zhou et al., 2010; Chai et al., 2013). Briefly, the medium used
for the ischemia experiment was glucose and serum-free
DMEM, equilibrated overnight in an anaerobic chamber. Cul-
tures were first washed twice with ischemic medium and then
incubated with 0.8 ml ischemic medium per 35-mm culture
dish for 0.5, 1, 2, 4, and 6 hr in the anaerobic chamber.

The mineral oil ischemia model previously described by
Yu et al. (1995) was used for studying astrocytes via micros-
copy. Briefly, after undergoing ischemia treatment for 30 min
with anaerobic chamber-induced ischemia, the medium was
changed with 2 ml of glucose-free HEPES buffer saturated with
nitrogen for 30 min. Mineral oil (0.2 ml) saturated with nitro-
gen for 30 min was added to the surface of the HEPES buffer
in the anaerobic chamber, 1.2 ml HEPES buffer was drained
with a syringe, and the culture was immediately observed via
microscopy.

RNA Extraction and Reverse Transcription-Polymerase
Chain Reaction

Total RNA from tissues and cultures was isolated by
using Trizol reagent according to the manufacturer’s protocol
(Invitrogen Life Technology, Carlsbad, CA). Total RNA (2
lg) was used to perform reverse transcription with M-MLV
transcriptase (Promega, Madison, WI) and random primers
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(Promega) in a total volume of 25 ll. cDNA was amplified by
polymerase chain reaction (PCR). Forward and reverse primers
used for PCR were designed in Primer Premier 6.0. Suitable
annealing temperatures (Supp. Info. Fig. 1) and cycle numbers
(Supp. Info. Fig. 2) for each primer pair used in the reverse
transcription-PCRs (RT-PCRs) were experimentally deter-
mined (Table I). Glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) was used as an internal control. The amplified prod-
ucts were observed with agarose gel electrophoresis. Two-
percent agarose gels were prepared with the boiling method,
and the ExRed dye (Zomanbio, China) was added to the gel
solution before electrophoresis. After undergoing electrophore-
sis at 120 V for 25 min, the gels were observed with UV light
in an EC3 300 Imaging System (UVP, Upland, CA). Support-
ing Information Figure 3A–C shows that the intensity of the
bands changed in relation to the amount of starting cDNA
concentrations. The intensity of the bands was quantified in
Quantity One software (Bio-Rad, Hercules, CA) and perfectly
represented the initial cDNA concentrations (Supp. Info.
Fig. 3D,E).

Protein Extraction and Western Blot Analysis

Total protein of ischemia-treated astrocytes was extracted
according to our previously published procedure (Chen et al.,
2003, 2005b; Chai et al., 2013). Briefly, astrocytes were placed
on ice, washed three times with ice-cold PBS, and lysed in ice-
cold RIPA buffer (50 mM Tris, pH 7.5, 250 mM NaCl,
10 mM EDTA, 0.5% NP-40, 1 lg/ml leupeptin, 1 mM phen-
ylmethylsulfonyl fluoride [PMSF], and 4 mM NaF). The cell
lysate was centrifuged at 12,000g for 10 min at 4!C to yield the
total protein extract in the supernatants.

The subcellular fractions were prepared according to a
previously published procedure (Chai et al., 2013). Confluent
astrocytes were washed three times with ice-cold PBS, and
then 200 ll of ice-cold fractionation buffer (0.25 M sucrose,

25 mM KCl, 10 mM MgCl2, 20 mM HEPES, pH 7.4, 1 mM
dithiothreitol, and 0.1 mM PMSF) was added to the 35-mm
culture dishes, and the cell lysate was collected in a 1.5-ml
Eppendorf (Hamburg, Germany) tube on ice. The lysate was
then passed through a 25-G needle 10 times with a 1-ml
syringe and incubated on ice for 15 min. Centrifugation at 720g
at 4!C for 5 min produced the crude nuclear pellet. The super-
natant was transferred into a fresh tube and then centrifuged
again at 1,000g at 4!C for 10 min; the resulting supernatant
contained the cytoplasmic fraction. The crude nuclear pellet
was washed by adding another 200 ll of fractionation buffer,
dispersed with a pipette, passed through a 25-G needle 10
times, and centrifuged at 1,000g at 4!C for 10 min; the resulting
pellet contained the nuclear fraction.

The protein content of the supernatant was determined
by Lowry’s method (Lowry et al., 1951), with slight modifica-
tion, and stored at 280!C until use. Standard Western blotting
analysis was performed. Samples were separated on an 8%
sodium dodecyl sulfate polyacrylamide gel, and proteins were
transferred onto a polyvinylidene fluoride membrane (Milli-
pore, Billerica, MA). Exportin-7 was detected with exportin-7
polyclonal antibody (1:1,000; Santa Cruz Biotechnology, Santa
Cruz, CA) and anti-rabbit IgG horseradish peroxidase conju-
gated antibody (1:1,000; Beijing Zhongshan Biotechnology,
China). LKB1 was detected with LKB1 polyclonal antibody
(1:800; Santa Cruz Biotechnology) and anti-goat IgG horserad-
ish peroxidase (1:1,000; Santa Cruz Biotechnology). b-Actin,
b-tubulin, and lamin A were used as internal controls to quan-
tify equal loadings.

Immunofluorescence Staining and Microscopy

Immunofluorescence staining and microscopy were per-
formed as previously described (Chai et al., 2013). Cells on cul-
ture dishes were washed with ice-cold PBS three times, fixed
with 4% paraformaldehyde for 10 min, washed with ice-cold

TABLE I. Forward and Reverse Primers Used for PCR

Forward primers Reverse primers Cycles
Annealing

temperature (!C)

Importin-b 50-TGGAAGTGTTGGGTGGTGAA-30 50-CACCAATGGCAAGAGCAATATC-30 28 58
Transportin-1 50-GCTCTCGATGTTCTCGCAAAT-30 50-GGAACGCACAAGAGCCTTTT-30 28 58
Transportin-2 50-TCCTCGTGAATGGGATGAAGT-30 50-CAGATTCCAGTCCGACAAAGC-30 28 58
Transportin-3 50-ATAAGCACCGAGCCGACAAT-30 50-GCTGAAAGGTGGGAATGCAT-30 28 58
Importin-4 50-TCTTTGGGTTGGGCGTACTG-30 50-TGAGCCACTCCTCCATGTCTT-30 28 58
Importin-5 50-CTTGGTGGAAAGCTCGTTCTG-30 50-ATTTGACCCACAGCATTGCA-30 28 58
Importin-7 50-CAGCTTACTACGTGCATCCATCA-30 50-GAGGACAGACTGGTCGGATTG-30 28 58
Importin-8 50-GCACAAGCCAAGGAGCACAT-30 50-GGCCATGACAGTTTTGTCTTCA-30 28 58
Importin-9 50-AAGTCCTGGGCTTTGAGAACCT-30 50-CTTGAGCGGCAATCCTAACAG-30 28 58
Importin-11 50-AGTGGGAGACACAGCCAGGTT-30 50-TCTGGGTCGCAATCTGGTTT-30 28 58
Importin-13 50-ATCCCACGGATCAGCATCAG-30 50-GCTACAATGTTGGCAGCATAGG-30 28 58
Exportin-1 50-AGCACTCATGGAGGCTCTTCA-30 50-GCCATGCGACTAACCATCAA-30 28 58
Exportin-2 50-CTTGTCTTGGATGCCTTTGCTT-30 50-ATCCAGTGTCAGGAGGGTATGAA-30 28 58
Exportin-t 50-GCAGCTCATCAGGGAGACACT-30 50-GAATCGATGGCCATGAGGAT-30 28 58
Exportin-4 50-CACAGCATTTGGAGCGGATA-30 50-CTGCACTGGACTGGACAGGAA-30 28 58
Exportin-5 50-GTGAAAGCGGTGACGGTCAT-30 50-GACCTTCTCCAATCGGGACAT-30 28 58
Exportin-6 50-GTGCGGCCTGTCTTTCTGAT-30 50-TGTCACCAAGTGGCACCTTTC-30 28 58
Exportin-7 50-CCCTGATTGCCTGAGCAAGT-30 50-CAGCCCAGCTTTGTGATCCT-30 28 58
LKB1 50-AATGGAGAGGCCAACGTCAA-30 50-CTGGCGGAAGTACCCATGAG-30 26 58
GAPDH 50-TGATGACATCAAGAAGGTGGTGAAG-30 50-TCCTTGGAGGCCATGTAGGCCAT-30 24 58
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PBS three times for 5 min each, permeabilized with 0.3% Tri-
ton X-100 for 30 min, and washed with PBS three times for 5
min each. After blocking of nonspecific binding with 3%
bovine serum albumin in PBS for 1 hr at room temperature,
the cells were incubated with primary antibodies rabbit anti-
exportin-7 antibody (1:100; Santa Cruz Biotechnology) and
goat anti-LKB1 antibody (1:100; Santa Cruz Biotechnology)
overnight at 4!C, washed with ice-cold PBS three times for 5
min each, incubated with Alexa Fluor 488-conjugated donkey
anti-rabbit antibody (1:100; Beyotime, shanghai, China) or
Cy3-conjugated donkey anti-goat antibody (1:100; Beyotime)
for 1 hr, and washed with ice-cold PBS three times for 5 min
each. Finally, the cells were mounted on a slide, and the stained
sections were examined through an inverted FluoView FV1000
confocal microscope (Olympus, Tokyo, Japan) with a 360 oil
objective. During microscopy, lasers with wavelengths of 405,
488, and 549 were selected to stimulate the fluorescence sepa-
rately. The pinhole used was 100 ms, and the optical slice thick-
ness was 0.64 lm. Photographs were processed in FluoView
FV1000 software (Olympus) without deconvolution and
arranged in Photoshop CS15 (Adobe Systems, San Jose, CA).

Plasmid Construction and Transient Transfection

The coding regions of the mouse LKB1 gene without the
stop codon was isolated from primary cultures of astrocytes and
inserted into the pDsRed-N1 vector (LKB1-DsRed; Clontech,
Mountain View, CA). The construct was confirmed by DNA
sequencing.

Plasmids were transiently transfected into confluent pri-
mary astrocyte cultures with Lipofectamine2000 reagent (Invi-
trogen) with serum-free DMEM, and the culture medium was
replaced with medium containing 10% FBS after 6 hr. Ischemia
treatment was performed 24 hr after transfection.

Fluorescence Recovery After Photobleaching Assay

Astrocytes were transfected with LKB1-DsRed or
pDsRed-N1 plasmid. After 24 hr, the medium was replaced
with HEPES buffer, and the cells were imaged at room temper-
ature via confocal microscopy. Photobleaching was performed
mainly as described by Dorfman and Macara (2008). Regions of
interest were photobleached with the 549-nm laser line at
100% intensity, and then the images were observed at 15%
intensity at 5, 30, 60, 150, 300, and 600 sec after bleaching.

Statistical Analysis

All experiments were performed at least three times with
cultures from at least two different batches. Results were ana-
lyzed in Prism 5.0 (GraphPad Software, La Jolla, CA), and sta-
tistical analysis was performed by Student’s t-test or by one-way
ANOVA, with Tukey’s multiple-comparisons test. Results are
expressed as mean 6 SEM. P< 0.05 was considered significant.

RESULTS

Importin mRNA Expression in the CNS

The mRNA levels of all 11 importins (importin-b;
transportin-1, -2, and -3; and importin-4, -5, -7, -8, -9,
-11, and -13) were measured with RT-PCR (Fig. 1).

mRNA expression of the 11 importins was detected in
the cerebral cortex, cerebellum, hippocampus, and
brainstem of adult mice (Fig. 1A). The 11 importin
mRNAs were also detected in primary cultures of neu-
rons and astrocytes (Fig. 1A). For each importin, its
expression level was similar in the different brain tissues
(Fig. 1B). However, all of the importins had higher
expression levels in primary cultures of neurons than in
primary cultures of astrocytes, except for importin-3 and
importin-13 (Fig. 1C).

Exportin mRNA Expression in the CNS

The mRNA levels of all seven exportins (exportin-
1, -2, -t, -4, -5, -6, and -7) were measured with RT-
PCR (Fig. 2). All seven exportin mRNAs were detected
in the cerebral cortex, cerebellum, hippocampus, and
brainstem of adult mice and in primary cultures of neurons
and astrocytes. Exportin-4, exportin-5, and exportin-7
were differentially expressed in tissues collected from dif-
ferent parts of the brain (Fig. 2B). All seven exportins
were expressed at higher levels in primary cultures of neu-
rons than in primary cultures of astrocytes (Fig. 2C). We
also compared the expression levels of exportin-7 in dif-
ferent brain tissues and in primary cultures of astrocytes
and neurons with both RT-PCR and real-time PCR
(Supp. Info. Fig. 4). Both RT-PCR and real-time PCR
results showed that exportin-7 expression levels were dif-
ferent in different brain tissues. Among the different brain
structures, exportin-7 had the highest expression levels in
the hippocampus, whereas the lowest expression levels
were measured in the brainstem. In primary cultures of
astrocytes and neurons, exportin-7 expression levels were
higher in neurons than in astrocytes.

Importin mRNA Expression in Astrocytes Under
Ischemia

Importin expression levels in astrocytes during ische-
mia for 0.5–6 hr were studied with RT-PCR (Fig. 3).
Both importin-4 (P< 0.01) and importin-5 (P< 0.05)
increased significantly after ischemia treatment for 1 hr,
whereas importin-7 decreased significantly after ischemia
for 0.5 hr (P< 0.05). At the same time, the expression of
importin-8 decreased significantly after ischemia treatment
for 4 hr (P< 0.001), whereas the expressions of most other
importins (importin-b, -4, -7, -8, and -13 and transportin-
1, -2, and -3) decreased significantly after ischemia treat-
ment for 6 hr (importins, P< 0.05, P< 0.01, P< 0.001,
P< 0.001, P< 0.05, respectively; transportins, P< 0.01,
P< 0.001, P< 0.01, respectively).

Exportin mRNA Expression in Astrocytes Under
Ischemia

We also measured the expression levels of exportins
in astrocytes under ischemia from 0.5–6 hr with RT-
PCR (Fig. 4). Decreased mRNA expressions of exportin-1
(P< 0.05) and exportin-4 (P< 0.01) were observed after
ischemia treatment for 6 hr. We noted that, among all the
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Fig. 1. Expression of importins in the mouse brain and primary cultures
of astrocytes and neurons. A: Representative RT-PCR results reveal the
expressions of 11 types of importins (importin-b; transportin-1, -2, and -
3; and importin-4, -5, -7, -8, -9, -11, and -13) in tissues of the cerebral
cortex, cerebellum, hippocampus, and brainstem of 9-week-old male
mice; in primary astrocyte cultures; and in primary neuron cultures. B,C:

Statistical data for the PCR results from A. The ratios of the relative
expression levels of importins (the ratio of the expression levels of impor-
tins to the expression level of the internal control GAPDH) to that of
importins in the cerebral cortex or in astrocytes are presented in the final
graphic. GAPDH was amplified simultaneously as an internal control.
N 5 9. *P< 0.05, **P< 0.01.
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Fig. 2. Expression of exportins in mouse brain and primary cultures of
astrocytes and neurons. A: Representative RT-PCR results reveal the
expression of seven types of exportins (exportin-1, -2, -t, -4, -5, -6,
and -7) in tissues of the cerebral cortex, cerebellum, hippocampus,
and brainstem of 9-week-old male mice; in primary astrocyte cultures;
and in primary neuron cultures. B,C: Statistical data for the PCR

results from A. The ratios of the relative expression levels of exportins
(the ratio of the expression levels of exportins to the expression level
of internal control) to that of exportins in the cerebral cortex or in
astrocytes are presented in the final graphic. GAPDH was amplified
simultaneously as an internal control. N 5 9. *P< 0.05, **P< 0.01,
***P< 0.001.



Fig. 3. mRNA expression of importins in astrocytes under ischemia.
A,B: Representative RT-PCR results (A) and statistical results (B)
reveal the expression changes of importins in primary cultures
of astrocytes under ischemia treatment for different lengths of time

(0.5–6 hr). GAPDH was amplified simultaneously as an internal con-
trol. Quantitative data were analyzed by one-way ANOVA and
Tukey’s multiple-comparisons test. N 5 7. *P< 0.05, **P< 0.01,
***P< 0.001.
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exportins, only exportin-7 mRNA expression increased
significantly after ischemia treatment for 1 hr (P< 0.01)
and 2 hr (P< 0.05). The other exportins did not show
any significant variance in astrocytes under ischemia dur-
ing the period of study.

Protein Expression and Localization Changes of
Exportin-7 in Astrocytes Under Ischemia

Subcellular localization of exportin-7 in primary
cultures of astrocytes was also observed with immuno-
staining (Fig. 5A). The laser confocal scanning micros-
copy images showed that intrinsic exportin-7 was
distributed both in the nucleus and in the cytoplasm of
astrocytes, with a higher aggregation around the nucleus.

To confirm that the upregulation of exportin-7 mRNA
caused an increase in protein, we performed Western
blotting to explore exportin-7 protein expression changes
after ischemia (Fig. 5B). The exportin-7 protein was
increased in astrocytes after ischemia treatment for 1 and
2 hr (P< 0.001).

We also observed the expression and distribution
changes of exportin-7 under ischemia treatment with
immunostaining (Figs. 5C, 9). In the confocal laser
microscopy images there was no significant difference
between the exportin-7 signals in the cytoplasm and in
the nucleoplasm of astrocytes without ischemia. During
ischemia treatment for 0–4 hr we noticed that the
exportin-7 signal intensity increased inside the nuclei of
astrocytes after 1 hr, whereas with longer ischemia

Fig. 4. mRNA expression of exportins in astrocytes under ischemia.
A,B: Expression of exportins varied in astrocytes under ischemia.
Representative RT-PCR results (A) and statistical results (B) reveal
the mRNA expression changes of exportins in primary cultures of

astrocytes under ischemia treatment for different lengths of time (0.5–
6 hr). GAPDH was amplified simultaneously as an internal control.
Quantitative data were analyzed by one-way ANOVA and Tukey’s
multiple-comparisons test. N 5 7. *P< 0.05, **P< 0.01.
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treatment (2–4 hr) the exportin-7 signal intensity inside
the nuclei gradually decreased.

Expression and Distribution Changes of LKB1 in
Astrocytes After Ischemia Treatment

After confirming that both mRNA and protein levels
of exportin-7 were increased by ischemia, we examined
whether this increase would lead to changes in the expres-
sion and distribution of the exportin-7 substrate LKB1
(Fig. 6). RT-PCR of LKB1 mRNA levels in astrocytes
after ischemia treatment for 0.5–6 hr (Fig. 6A) revealed
that LKB1 mRNA did not change under ischemia treat-
ment. However, LKB1 protein levels increased signifi-
cantly in astrocytes after ischemia treatment for 1 and 2 hr
(Fig. 6B), indicating that LKB1 protein expression
responded to ischemia injury in astrocytes. Examination of

LKB1 protein expression changes in the nucleus and in the
cytoplasm of astrocytes by Western blotting (Fig. 6C;
Supp. Info. Fig. 5) revealed that the ratio of cytoplasmic
LKB1 to nuclear LKB1 increased significantly in astrocytes
after ischemia treatment for 0.5–2 hr, indicating an
increased LKB1 translocation from the nucleus into the
cytoplasm. The increased translocation of LKB1 from the
nucleus to the cytoplasm in astrocytes under ischemia treat-
ment was also confirmed by immunostaining and LKB1-
DsRed transfection (Fig. 6D; see also Fig. 8).

Transport of LKB1-DsRed From the Cytoplasm
Into the Nucleus in Astrocytes

To confirm that LKB1 could be transported into the
nucleus after synthesis in astrocytes, we studied the trans-
port of LKB1-DsRed from the cytoplasm into the nucleus

Fig. 5. Protein expression changes of exportin-7 in astrocytes under
ischemia. A: Localization of exportin-7 in astrocytes under normal con-
ditions. Primary astrocyte cultures were subjected to immunofluores-
cence staining of exportin-7 and observed via laser confocal scanning
microscopy. Representative images show the intrinsic exportin-7
(green) localization in astrocytes; nuclei were stained with Hoechst
(blue). B: Protein expression changes of exportin-7 in astrocytes under
ischemia. Representative Western blotting results and statistical results
reveal the protein expression changes of exportin-7 in astrocytes under
ischemia for 0–6 hr. b-Actin was detected simultaneously as an internal

control. Quantitative data were analyzed by one-way ANOVA and
Tukey’s multiple-comparison test. N 5 7. ***P< 0.001. C: Exportin-7
distribution changes in astrocytes under ischemia. Primary astrocyte cul-
tures after 0, 1, and 4 hr ischemia treatment were subjected to immuno-
fluorescence staining of exportin-7 and observed via laser confocal
scanning microscopy. Representative images reveal the exportin-7
(green, arrows) distribution changes in astrocytes under ischemia; nuclei
were stained with Hoechst (blue). Scale bars 5 10 lm. [Color figure
can be viewed in the online issue, which is available at
wileyonlinelibrary.com.]
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with a fluorescence recovery after photobleaching (FRAP)
assay (Fig. 7). In the confocal laser microscopy images,
LKB1-DsRed signals in the nuclei of astrocytes, both with-
out ischemia injury and with ischemia injury for 30 min,

could recover after photobleaching (Fig. 7A,B). However,
the recovery of the LKB1-DsRed signal in the nuclei of
astrocytes without ischemia injury was much faster than
that in the nuclei of astrocytes with ischemia injury

Fig. 6. Expression and translocation of LKB1 in astrocytes under
ischemia. A: LKB1 mRNA expression in astrocytes under ischemia.
Representative RT-PCR results and statistical results reveal mRNA
levels of LKB1 in astrocytes under ischemia for 0–6 hr. GAPDH was
amplified simultaneously as an internal control. Quantitative data were
analyzed by one-way ANOVA and Tukey’s multiple-comparisons
test. N 5 7. B: Protein expression of LKB1 in astrocytes under ische-
mia. Representative Western blotting results and statistical results
reveal the protein expression changes of LKB1 in astrocytes under
ischemia for 0–6 hr. b-Actin was detected simultaneously as an inter-
nal control. Quantitative data were analyzed by one-way ANOVA
and Tukey’s multiple-comparisons test. N 5 7. *P< 0.05, **P< 0.01.
C: Subcellular expression changes of LKB1 protein in astrocytes under
ischemia. Representative Western blotting results and statistical results
reveal the ratio of relative LKB1 protein levels in the cytoplasm to

those in the nucleus in astrocytes under ischemia for 0–6 hr. Lamin A
and b-tubulin were detected as internal controls for calculating relative
LKB1 levels in the nuclear fraction and in the cytoplasm fraction,
respectively. Quantitative data were analyzed by one-way ANOVA
and Tukey’s multiple-comparisons test. N 5 7. *P< 0.05, **P< 0.01.
D: LKB1 expression and distribution changes in astrocytes after ische-
mia. Primary astrocyte cultures after 0 and 4 hr of ischemia were sub-
jected to immunostaining with LKB1 antibody and then observed via
laser confocal scanning microscopy. Representative images reveal
LKB1 (red, arrows) expression and distribution changes in astrocytes;
nuclei were stained with Hoechst (blue). Images in the lower panels
show the expression and distribution changes of LKB1 in astrocytes
under ischemia treatment at higher magnification. Scale bars 5 10 lm.
[Color figure can be viewed in the online issue, which is available at
wileyonlinelibrary.com.]
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(Fig. 7C–E). The LKB1-DsRed signal in the nuclei of
astrocytes without ischemia recovered to 100% of the
intensity before photobleaching within 300 sec, whereas
the LKB1-DsRed signal in the nuclei of astrocytes under
ischemia treatment for 30 min recovered only to 60% of

the intensity before photobleaching after 600 sec (Fig. 7E).
We also observed distribution changes of pDsRed-N1 in
astrocytes with FRAP, and the confocal laser microscopy
images showed that the DsRed signal had not recovered
600 sec after bleaching (Supp. Info. Fig. 6).

Fig. 7. Transport of LKB1-DsRed from the cytoplasm to the nuclei
of astrocytes. A,B: LKB1-DsRed signals (red) in nuclei of astrocytes
without (A) or with (B) ischemia treatment for 30 min are shown
before bleaching and at different times (5–600 sec) after bleaching via
laser confocal scanning microscopy; nuclei were stained with Hoechst
(blue). C,D: Quantification data show LKB1-DsRed signal intensity
changes in the boxes from A (C) and from B (D) before bleaching

and at different times (5–600 sec) after bleaching. E: Quantification
data show the relative LKB1-DsRed intensity (normalized to the
LKB1-DsRed signal before bleaching) of the boxes from A (C) and
from B (D) before bleaching and at different times (5–600 sec) after
bleaching. Scale bars 5 10 lm. [Color figure can be viewed in the
online issue, which is available at wileyonlinelibrary.com.]
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Distribution Changes of LKB1-DsRed in
Astrocytes Under Ischemia

To observe the distribution changes of LKB1 in
astrocytes under ischemia more clearly, we also observed
the LKB1-DsRed distribution in astrocytes under ische-
mia from 0 to 6 hr via a confocal laser microscope
(Fig. 8). In astrocytes without ischemia, the LKB1-DsRed
signal was much higher in the nucleus than in the cyto-
plasm. During the ischemia treatment from 0.5 to 2 hr, the
intensity of the LKB1-DsRed signal in the nucleus gradu-
ally became similar to that in the cytoplasm, whereas the
intensity of the LKB1-DsRed signal in the nucleus was
lower than that in the cytoplasm after ischemia for 4 hr.

Colocalization Changes of LKB1 and Exportin-7
in Astrocytes After Ischemia Treatment

To determine whether exportin-7 plays a role in the
distribution changes of LKB1 in astrocytes under ische-
mia, we also studied colocalization changes of LKB1 and
exportin-7 in astrocytes after ischemia treatment with
double immunostaining (Fig. 9). In the confocal laser
microscopy images of astrocytes without ischemia, the
staining of LKB1 was too faint to show any possible colo-
calized distribution of LKB1 and exportin-7. After ische-
mia treatment for 1–4 hr, the expression of LKB1 was
obviously increased, and the colocalized distribution of
LKB1 and exportin-7 was observed accompanying the
distribution changes of exportin-7 and LKB1 (Fig. 9A,B).

DISCUSSION

This study demonstrates that all 11 importin and all seven
exportin mRNAs are differently expressed in the cerebral
cortex, cerebellum, hippocampus, and brainstem and in
primary cultures of astrocytes and neurons. This finding is
consistent with the expression patterns of importin-b;
transportin-1, -2, and -3; and importin-9 and -13 in the
brain that have been previously reported (Kortvely et al.,
2005; Hosokawa et al., 2008; Sato et al., 2011; You et al.,
2013). Moreover, this study presents comprehensive
information on the expression of all of the importins and
exportins in some major structures of the brain in adult
mice. The functions of importins and exportins in a cell
or an organ are highly dependent on the amount present
(Hosokawa et al., 2008; You et al., 2013), and our find-
ings provide new evidence demonstrating the variations
in importins and exportins in different brain structures
and cell types. Further experimentation is required to
determine how these differences affect transport mecha-
nisms and whether they have any physiological or patho-
logical significance.

We examined the mRNA levels of the importins
and exportins in astrocytes after ischemia treatment for
0–6 hr. We observed that the mRNA levels of importin-
b; transportin-1, -2, and -3; importin-4, -5, -7, -8, and
-13; and exportin-1 and -4 were significantly decreased in
astrocytes after ischemia treatment for 6 hr. Because most
astrocytes die after 6 hr of in vitro ischemia (Yu et al.,

Fig. 8. Distribution changes of LKB1-DsRed in astrocytes under ischemia. After astrocytes had been
transfected for 24 hr, the LKB1-DsRed (red) signals in astrocytes under ischemia (0–6 hr) were observed
via laser confocal scanning microscopy; nuclei were stained with Hoechst (blue). Scale bar 5 10 lm.
[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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2001), the decreased expression of these importins and
exportins might be related to the low viability of the cells
during ischemia treatment. The mRNA expressions of
importin-4 and -5 and exportin-7 were significantly
increased after ischemia treatment for 1 hr. We did not
study exportin-7 expression in ischemic neurons because
the neuronal response to ischemia is very different from
that of astrocytes, with the response and cell death occur-
ring very rapidly. This creates difficulties in recording and

measuring the details of changes from the initiating injury
to the end result, cell death. Proper expression and regula-
tion of importins and exportins is critical for the normal
function and the dysfunction of the nucleocytoplasmic
transport machinery. Decreased importin-b levels are
associated with the pathogenesis of ALS (Nagara et al.,
2013), whereas increased expression of importin-a2
is correlated with higher histological grade, more prolifer-
ative activity, and poorer prognosis in patients with

Fig. 9. Expression and distribution of LKB1 and exportin-7 in astro-
cytes under ischemia. A,B: LKB1 and exportin-7 expression and dis-
tribution changes in astrocytes after ischemia. Primary astrocyte
cultures, after 0–4 hr of ischemia, were subjected to immunostaining
with LKB1 and exportin-7 antibodies and then observed via laser
confocal scanning microscopy. Representative images reveal LKB1

(red) and exportin-7 (green) expression and distribution changes in
astrocytes; nuclei were stained with Hoechst (blue). Colocalization of
LKB1 and exportin-7 are indicated by arrowheads. The boxed areas
in A are shown at higher magnification in B. Scale bar 5 10 lm.
[Color figure can be viewed in the online issue, which is available at
wileyonlinelibrary.com.]
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infiltrative astrocytomas (Gousias et al., 2012). The upreg-
ulation of importin-4 and -5 and exportin-7 that we
observed indicates that these transport receptors might be
involved in astrocytic responses to ischemic insult.

We confirm that the protein level of exportin-7 is
also upregulated in astrocytes under ischemia. The endog-
enous exportin-7 in astrocytes under normal conditions
was distributed throughout the cell, with a slight aggrega-
tion around the nuclear envelope, consistent with the dis-
tribution reported for HeLa cells (Koch et al., 2000;
Kutay et al., 2000). We also observed that exportin-7 sig-
nificantly aggregated inside the nucleus after 1 hr of ische-
mia, and exportin-7 expression increased both inside and
around the nuclei of astrocytes after 4 hr of ischemia.
These data suggest that exportin-7 is involved in a more
intensive transport process during ischemia.

As previously discussed, exportin-7 is involved in
the nuclear export of LKB1, a kinase with multiple func-
tions in cells, including energy metabolism regulation
(Shaw et al., 2005; Dorfman and Macara, 2008; Courchet
et al., 2013). We also observed that the protein ratio of
LKB1 in the cytoplasm to that in the nucleus increased
significantly in astrocytes after 0.5, 1, and 2 hr of ische-
mia, an indication of the translocation of LKB1 from the
nucleus to the cytoplasm in astrocytes during ischemia
injury. Although the elevation of this ratio might also
have been caused by increased translation in the cyto-
plasm, the data confirmed that the elevation of LKB1 in
the cytoplasm of astrocytes was more likely related to the
nuclear export of LKB1. The data indicated that the ele-
vation of the ratio occurred at 0.5 hr, whereas the total
protein level of LKB1 did not increase until 1 hr. In addi-
tion, as a protein with a nuclear localization sequence,
LKB1 would be transported into the nucleus after being
translated in the cytoplasm, and this was confirmed by the
results from the FRAP assay. From the FRAP data, we
also observed a reduced transporting of LKB1-DsRed
from the cytoplasm to the nucleus in astrocytes after
ischemia injury; this was caused by the increased nuclear
export of LKB1. Moreover, the translocation of LKB1
from the nucleus to the cytoplasm was also observed
through immunostaining and LKB1-DsRed transfection.
Translocation of LKB1 from the nucleus to the cytoplasm
has been found to be important for its functioning (Min-
got et al., 2004; Shaw et al., 2005; Dorfman and Macara,
2008). LKB1 is exported from the nucleus to the cyto-
plasm, and its catalytic activity toward its substrates is sig-
nificantly increased tenfold (Boudeau et al., 2003).
Mutants of LKB1, with disruption of the nuclear location
signal, still retain the ability to suppress cell growth, sug-
gesting that the cytoplasmic pool of LKB1 plays an
important role in mediating its tumor suppressor function
(Tiainen et al., 2002; Alessi et al., 2006). Previously we
reported the linkage between energy stress and ischemia in
astrocytes by utilizing the same in vitro ischemia model (Yu
et al., 2002). The current study confirms that LKB1, an
important kinase in mediating energy homeostasis in
response to energy stress (Shaw et al., 2004, 2005; Ohashi
et al., 2010), is also involved in ischemia in astrocytes. LKB1

has been reported to be activated following physiological
and pathological stimuli, such as exercise, hypoxia, or
glucose deprivation, when AMP levels increase (Hardie
et al., 2003); recently, LKB1 activation was proved to be
essential for neuronal cell survival under mitochondrial dys-
function (Ma et al., 2013). However, this study is the first to
examine the role of LKB1 in astrocytes during ischemia.

Although LKB1 can be transported from the nucleus
to the cytoplasm through exportin-1 or exportin-7 (Dorf-
man and Macara, 2008), the data show that the expression
of exportin-1 did not change significantly in astrocytes
under ischemia, suggesting a more important role for
exportin-7 in the translocation of LKB1 in astrocytes, inas-
much as both the increased cytoplasmic and nuclear LKB1
ratio and the increased exportin-7 expression appeared in
astrocytes during ischemia for 0.5–2 hr. The mRNA levels
of LKB1 did not change significantly in astrocytes under
ischemia for 0–6 hr, whereas LKB1 protein levels increased
significantly in astrocytes after ischemia treatment for 2 hr,
indicating that LKB1 could be upregulated in a posttran-
scriptional manner in astrocytes under ischemia.

In summary, this study reveals information on the
expression of all of the importins and exportins in the cer-
ebral cortex, cerebellum, hippocampus, and brainstem of
adult mice as well as in cultured neurons and astrocytes.
It also shows that importins and exportins display differ-
ent expression changes in astrocytes under ischemia.
Exportin-7 was upregulated at both mRNA and protein
levels and accumulated inside and around the nucleus.
LKB1, a substrate of exportin-7, showed significant
nuclear export in astrocytes after a short period of ische-
mia, and the protein levels were upregulated after longer
ischemia treatment. We have shown that exportin-7
responds to ischemia through mediating LKB1, a multi-
functional kinase, and increases its translocation from the
nucleus to the cytoplasm in astrocytes.
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