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Abstract
Mood disorders associated with dysfunction of the hypothalamic-pituitary-adrenal (HPA) axis are
common psychiatric conditions. The glucocorticoid receptor (GR) is a steroid-activated nuclear
receptor that, upon binding to cortisol, translocates to the nucleus where it targets genes related to
neuronal metabolism and plasticity. In patients suffering from major depressive disorder (MDD),
hypercortisolemia is a common finding. In the current study we investigated the molecular events
associated with the FK506 binding proteins (FKBP) -52 and -51 response to cortisol exposure in
neuronal cell cultures and their effect on GR translocation. We noted that FK506 altered nuclear
localization of the GR and inhibited expression of GR-responsive genes. Furthermore, si-RNA
knockdown of FKBP4 gene, coding for the immunophilin FKBP52, inhibited cortisol-activated GR
nuclear translocation, while knockdown of FKBP5, coding for immunophilin FKBP51, was
associated with increased baseline GR nuclear localization. We propose that immunophilins are
modulators of the cortisol-HPA axis response to stress and related chronic brain disorders.
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1. Introduction
Psychiatric conditions associated with altered HPA axis function such as MDD and post-
traumatic stress disorder (PTSD) are becoming increasingly recognized as significant causes
of morbidity in the United States (Bao et al., 2007; Carroll et al., 2007) and there is a need to
identify the underlying pathophysiological processes. In response to physical, emotional, and
cognitive stress, corticotrophin releasing hormone (CRH) is secreted by the hypothalamus,
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signaling to the pituitary to release adrenocorticotropic hormone (ACTH). ACTH then
stimulates the adrenal cortex to increase the production of corticosteroids, mainly glucorticoids
such as cortisol. Glucocorticoids have an array of physiological effects to prepare the body for
fight-or-flight, including effects on brain neurons and glia (Miyakawa et al., 1974; Tombaugh
et al., 1992).

The type II corticosteroid receptor, GR, is expressed in the hypothalamus, hippocampus, and
frontal cortex, and mediates feedback inhibition of the HPA axis (Chao et al., 1989). It is the
low-affinity for cortisol receptor, its activity becomes prominent when the cortisol levels
exceed the physiologic peaks of the circadian rhythm production as part of the physiologic
response to stress. GR is a steroid-activated nuclear receptor and upon cortisol-binding it
translocates to the nucleus where it binds target DNA sequences as a positive or negative
transcription factor to mediate mRNA production of genes related to neuronal plasticity,
neuronal activation, and neuronal metabolism (Maccari et al., 1992; Pavlides et al., 1995). In
individuals with MDD, the negative feedback loop is deficient at reducing elevated cortisol
levels, which is the basis of the dexamethasone suppression test for evaluation of HPA function
(Sapolsky et al., 1986). In HPA axis dysregulation, for example Cushing's Disease and MDD,
cortisol and ACTH are not suppressed and patients are called “non-suppressors” (Gold et al.,
1988). The glucocorticoid cascade hypothesis proposes that deficiency of the HPA axis to
regulate circulating cortisol results in a feed-forward mechanism of increased cortisol levels
during stress and a decreased ability to return to resting conditions, consequently all cells,
including neurons, are subject to prolonged GR activation and its downstream effects (Sapolsky
et al., 1986).

This study analyzes the role of two adapter proteins, putative chaperones to the GR that are of
the immunophilin protein class. FK506 binding protein of molecular weight 51 (FKBP51) and
the related protein FKBP52 are thought to be involved in the regulation of GR signaling (Davies
et al., 2002). FKBP51 acts as a competitive inhibitor to its genetic relative FKBP52 (gene ID
FKBP4) (Davies et al., 2002). The protein products of FKBP4 were originally identified by
co-precipitation of the activated GR/HSP90 complex as “HSP56” (Sanchez, 1990). Molecular
studies have since clarified that these are two proteins of 52 and 59 kilodaltons, owing to two
poly-adenylation sites of the FKBP4 gene producing two mRNA's (Callebaut et al., 1992).
There is no known functional difference between the long or short form; for all purposes,
FKBP52 and FKBP59 are synonymous and we will refer to the active protein as FKBP52.

FKBP52 colocalizes with microtubules, binds specifically to dynein by its N-terminal
immunophilin (also known as prolyl isomerase) domain, and its cis/trans prolyl isomerase
activity is required for this interaction (Harrell et al., 2004). The FKBP52 knockout male mouse
displays decreased prostate development, malformed seminal vesicles, and reproductive
abnormalities that correlates to decreased androgen levels or inadequate androgen receptor
response (Cheung-Flynn et al., 2005). The female knockout has no uterine receptivity for
embryo implantation, a progesterone receptor-mediated event (Tranguch et al., 2005). The
effects of FKBP52 knockout on the developing or adult male and female mouse brain have not
yet been studied. FKBP52, through its TPR domains, links GR to the molecular motor protein
dynein (Davies et al., 2005). Dynein is a retrograde motor protein and the interaction between
GR-FKBP52-dynein may be of particular importance in cells such as neurons where the
distance between the receptor and the nucleus may be extensive.

There are data indicating that GR plays a role in MDD and mood disorders such as PTSD
(Pariante and Miller, 2001). The administration of reserpine, a drug inducing depressive
symptoms, causes altered GR signaling and glucocorticoid resistance (Lowy, 1990). In fact,
transgenic mice that under- or over-express GR have been used as models of MDD or PTSD
(Alexandre Urani, 2003; Chourbaji et al., 2008; Gass et al., 2001). Pariante et al showed that
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antidepressants exert effects on GR function, not expression (Pariante et al., 1999). It is thought
that prolonged high glucocorticoid levels cause GR to be saturated with ligand leading to
overburdening the recycling capacity of GR, and finally diminishing the function of GR
(Pariante and Miller, 2001). Decreased GR mRNA was found in the frontal cortex of
postmortem tissue of individuals with MDD, bipolar disorder and schizophrenia (Webster et
al., 2002). In a rat model of PTSD, which involves subjecting the mice to a single-prolonged
stress, long-term potentiation in the CA1 of the hippocampus was impaired, and administration
of the GR antagonist RU40555 prevented this effect (Kohda et al., 2007). In this model, the
rats exhibited enhanced contextual fear conditioning one week following the single-prolonged
stress induction, and this effect was prevented by concomitant administration of the GR
antagonist (Kohda et al., 2007). Interestingly, the abnormal glucocorticoid feedback regulation
in HPA axis dysfunction was shown to occur at the level of the brain (Young et al., 1991),
indicating that GR signaling in the brain would be a potentially important novel target of study
for diseases like MDD.

Species of New World primates have general resistance to glucocorticoids (Brown et al.,
1970), and as they do express the GR, that binds to cortisol, the mechanism of resistance was
puzzling (Chrousos et al., 1982; Reynolds et al., 1999). Later, it was found that a soluble factor,
FKBP51, inhibits the binding of cortisol to GR. Expression of FKBP51 is 13-fold higher in
these primates, and FKBP52 expression less than one-half compared to humans; effectively
rendering the monkeys resistant to the effects of cortisol mediated by GR (Denny et al.,
2000). Structural differences between FKBP51 and FKBP52 are thought to cause FKBP51 to
act as a competitive inhibitor of FKBP52 in the context of GR signaling (Sinars et al., 2003;
Wu et al., 2004). These data, along with indications that brain GR function is dysregulated in
MDD, indicate that FKBP52 / FKBP51 kinetics may be important in GR-mediated pathologies
such as depression.

There may be a genetic component in variants of FKBP5 that could affect its function. Single
nucleotide polymorphisms (SNP's) in FKBP5 were recently found to be linked to MDD. The
functional significance of these SNP's is unknown (Binder et al., 2004; van Rossum et al.,
2006). A study by Binder et al. linked polymorphisms in the FKBP5 gene to increased
recurrence of depressive episodes and rapid response to drugs. Recently, they linked the
FKBP5 polymorphisms with risk of PTSD symptoms in adults who suffered from abuse during
childhood (Binder et al., 2008). The same alleles, rs3800373 and rs1360780, were associated
with increased occurrence of peri-traumatic dissociation in children after physical trauma
requiring medical attention (Koenen et al., 2005), which is a risk factor for developing adult
PTSD (Ozer et al., 2003).

Past studies have clearly shown that FKBP52 and FKBP51 differentially regulate the function
of the GR through the interaction of FKBP52 with dynein (Davies et al., 2002; Galigniana et
al., 2002; Harrell et al., 2004; Pratt et al., 2004; Wochnik et al., 2005). On the other hand the
evidence whether FK506 would enhance or inhibit nuclear translocation of the GR is still
conflicting (Edinger et al., 2002). In the current study we hypothesized that inhibition or
knockdown of FKBP4 would inhibit the effects of cortisol in neurons. We investigated the
molecular functions of FKBP52 and FKBP51 in the context of cortisol exposure in neuronal
cell cultures. Immunophilin ligand FK506, which is commonly used as an immunosuppressant
in organ transplant patients, inhibited nuclear translocation of the GR and altered nuclear
distribution of the FKBP51 chaperone in neurons. Knockdown by si-RNA of FKBP4 slowed
cortisol-activated GR nuclear translocation. Knockdown of FKBP5 caused increased baseline
localization of GR to the nucleus.
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2. Results
2.1. FK506 Inhibits Cortisol-Induced Redistribution of GR and FKBP51 in Neurons

We sought to determine whether there was a cellular consequence of the presence of
immunophilin ligand FK506 to GR and FKBP51 localization. We imaged GR and FKBP51 in
neurons exposed to cortisol with and without 2 hr pre-incubation with FK506. We used a
primary human brain cell culture system composed mainly of neurons and occasional glia;
illustrated in Figure S2 showing Microtubule Associated Protein-2 (MAP2) and Glial Fibrilary
Acidic Protein (GFAP) immunopositivity using fluorescent labeled antibodies. The GR was
present in astrocytes (Figure S2a; GFAP positive cells), most abundant in neurons
(neurofilament and MAP2 positive cells, Figure S2c).

Neuronal immunostaining for GR was apparent in nuclei without 100 nM cortisol, (Figure 1a).
There was diffuse staining in the soma and dendrites with and without FK506 as well as
diffusely in the nucleus (Figure 1a). Figure 1c shows intensity of staining for Hoechst and GR,
outlining the location of the neuronal nuclei, indicating with and without FK506 were similar.
After treatment with 100 nM cortisol, abundant punctate staining for GR was apparent in the
nucleus (Figure 1b). The Hoechst stain indicated that the DNA became more diffuse as well,
particularly in locations of GR foci (Figure 1c, white arrows). In the presence of FK506,
however, the GR staining remains diffuse in the soma, dendrites, and nucleus, failing to form
the GR foci, remaining relatively condensed when compared to the non-FK506 controls (Figure
1c).

With regard to FKPB51, we found, as shown by others (Zhang et al., 2008), that it stained
diffusely throughout the nucleus and cytoplasm of cells, shown in Figure 2a. In the presence
of cortisol, the distribution of FKBP51 is not changed (Figure 2b). However, with FK506
treatment, FKB51 stains perinuclearly and in the soma of neurons, possibly in a polar fashion,
congregating toward the axonal side of the neuronal soma (Figures 2b and 2c). The
phenomenon of perinuclear and soma staining occurred in the absence of cortisol as well, as
shown in Figure 2a and 2c. It is most apparent at the 60 min timepoint shown in Figure 2b.

As FK506 apparently altered the cortisol-mediated distribution of GR in neuronal cells, we
hypothesized that FK506 may alter gene transcription of a GR-responsive gene. For
reproducibility and quantitation, we utilized the SH-SY5Y cell line for qPCR of these genes
after exposure to cortisol, in the presence or absence of FK506. Two genes, FKBP5 and
Bcl2L1, are induced by cortisol and GR-mediated gene transcription (Hubler and Scammell,
2004; Wang et al., 2004). The FKBP5 gene encodes the FKBP51 protein, contains
glucocorticoid-responsive elements to which GR binds directly (Meijsing et al., 2009), and has
polymorphisms that are associated with mood disorders (Binder et al., 2004; Gawlik et al.,
2006; Hubler and Scammell, 2004; Koenen et al., 2005). The Bcl2-L1 gene encodes the protein
Bcl-xL, a mitochondrial member of the Bcl2 family, thought to link mitochondria function,
metabolism, and synaptic transmission (Jonas, 2006). We found that FKBP5 and Bcl2L1
mRNA were both elevated by 30% at 30 min in response to exposure to cortisol, as shown in
Figure 3. FKBP5 expression returned to baseline at 24 hr (Figure 3a), while Bcl2L1 remained
elevated for up to 48 hr (Figure 3b). In SH-SY5Y cells pretreated with FK506, the FKBP5
gene expression response was delayed and the Bcl2L1 genes expression remained below or
close to baseline. In comparing the 2 hr FK506 pre-treatment with vehicle, at time-zero cortisol,
gene transcription wasn't changed. Others found that FK506 pre-treatment, not coincubation,
inhibited GR-induced transcription (Edinger et al., 2002), our findings seem to indicate that
the effect may be due to the large-molecular FKBP repertoire of the cell-type; FKBP52 and
FKBP51 being expressed in neurons, and the effect is on induction. These data are consistent
with the model that pretreatment with FK506, in neurons, having altered immunophilin proteins
present in the GR heterocomplex, slows GR-responsive gene induction.
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2.2. siRNA Knockdown of FKBP4 and FKBP5
Since FKBP52 protein distribution is predominantly neuronal (Tatro, 2008) and acts to promote
GR trafficking, we sought to determine whether FKBP4 siRNA would inhibit the nuclear
translocation of GR in SH-SY5Y differentiated cells (Figure S5). Exposure to 250 ng siRNA
for 24 hr achieved 70% reduction in FKBP52 protein expression as determined by densitometry
of western blot bands (Figure 4a). Figure 4b shows a western blot for FKBP51, indicating
reduction after treatment with siRNA to the FKBP5 gene. Since our read-out is GR
immunoreactivity, we wanted to ensure that any difference observed in GR localization was
not due to changes in GR expression. Western blot analysis showed no changes in GR levels
in the si-Control and si-FKBP4, along with si-Control and si-FKBP5 conditions (Figure 4c);
the two siRNA experiments were performed independently and had specific controls: siRNA
generated to the GFP gene supplied by the manufacturer.

The si-RNA exposures were performed in 24 well plates. To compensate for the low protein
yield we utilized the avidin-biotin-complex (ABC) system for amplification of western blot
signal as described in Materials and Methods. It is for this reason also that Actin and FKBP52
were probed simultaneously. Since a non-specific band occurs above 53 kD we wanted to
confirm that we are measuring the correct band. To do so, whole cell lysates from SH-SY5Y
cells was separated by PAGE and transferred to a PVDF membrane, which was cut into three
2-lane strips, of 20 μg and 10 μg protein. Western blotting was performed as described in
Materials and Methods except that the strips were incubated separately: the first was considered
“normal” control (Figure 4d, left), the second strip was incubated without primary antibody
(Figure 4d, center), and the third was incubated without primary or secondary antibody (Figure
4d, right).

2.3. Immunofluorescence Imaging and Quantification of Nuclear and Cytoplasmic GR
After exposure to either si-FKBP4, si-FKBP5 or siRNA control, cells were with saline or 100
nM cortisol for 15, 30, and 60 minutes. Immunofluorescent labeling for GR showed nuclear
translocation of the GR with addition of cortisol (Figure 5a). With si-FKBP4, nuclear GR did
not increase after addition of cortisol (Figure 5b and quantified in Figure 5d). With si-FKBP5,
GR was elevated in the absence of cortisol compared to si-control. We quantified the intensity
of cytoplasmic and nuclear signals and determined fluorescence intensity of the immunolabled
GR per μm3, as illustrated in Figure 5d. The values were compared by two-way ANOVA with
p < 0.01 set as statistically significant. Post-test comparing intensity between si-control and si-
FKBP4 showed differences due to siRNA at 15 and 30 mins. Intensity was increased in the
Control group due to cortisol, as expected, and was inhibited in the si-FKBP4 group (Figure
5d, left). Fluorescence intensity was increased in the absence of cortisol in si-FKBP5 compared
to si-control (Figure 5d, right). GR translocation in the absence of FKBP51 is the same at the
various timepoints and baseline (0 min cortisol) where GR is elevated (Figure 5d, right).

3. Discussion
The GR is a highly dynamic protein both in the nucleus and in the cytoplasm: it is involved in
the formation of various DNA and protein complexes and also undergoes proteolysis inside
the nucleus (Defranco, 2000; Deroo et al., 2002; Elbi et al., 2004; Wang et al., 2002). Since
some of the GR molecules may have already been involved in DNA-transcription factor
complexes, prior to any cortisol exposure, our images seem to indicate that FK506 interrupts
an interaction that would cause GR to be maintained in the nucleus or become involved in focal
protein complexes; it may potentially interrupt the interaction with the chaperone complex that
includes an immunophilin protein like FKBP51. While nuclear translocation occurs quickly,
we examined the GR distribution at relatively late timepoints, as it would be relevant to a
chronically stressful environment or hypercortisolemia that is a physiologic feature of MDD
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and PTSD. At 180 minutes of cortisol exposure, fewer aggregates are formed in the nucleus
and the distribution is more diffuse. Furthermore, there is increased cytoplasmic FKBP51
staining noted in the presence of FK506. This would support the notion that perhaps FKBP51
promotes stability of the GR and the formation of foci, potentially protecting it from
proteolysis; in this case it would be acting as a chaperone protein associated with GR in the
nucleus.

It is not known whether FKBP51 binds in heterocomplexes with the DNA-attached GR. While
the staining of GR in the nucleus showed specific foci, which became more prominent over
time with cortisol, the FKBP51 nuclear staining remained diffuse. GR likely is in
heterocomplex with FKBP51 in the nucleus when it is not DNA-bound or in foci, but rather
soluble in the nucleus; potentially, the involvement of FKBP51 in the HSP90 complex protects
non-DNA-bound-GR from proteolysis in the nucleus. Others have shown diffuse nuclear
staining of FKBP51 in trabecular meshwork cells, (GTM-5 and NTM-5 cells), mouse
embryonic fibroblasts (MEF), and rat intestinal epithelia (RIE) cells (Limited, 2008; Zhang et
al., 2008). After treatment with FK506, FKBP51 was excluded from the nucleus and showed
cytoplasmic, perinuclear staining in a similar pattern previously described in osteosarcoma
cells (U2OS cell line) and in megakaryocytes (MK cells) (Giraudier et al., 2002; Limited,
2008). The differential localization of FKBP51, nuclear versus perinuclear, seems to be cell-
type dependent. This suggests that nuclear localization of FKBP51 is dependent on some
component present in MEF cells, neurons, GTM-5, NTM-5, REI cells that is not present in
MK cells or U2OS.

In the cytoplasm, FKBP52 is hypothesized to be an accessory protein for GR trafficking to the
nucleus. To test this hypothesis in neuronal cells, we knocked down FKBP52 via siRNA in
differentiated SH-SY5Y cells. We treated the FKBP52-deficient cells with cortisol and stained
for GR using immunofluorescence. FKBP52-deficiency did not totally abrogate nuclear
translocation of GR. As shown in Figure 5, in the si-Control group, the nuclear GR fluorescence
intensity increased with cortisol present. The FKBP52-deficient cells formed GR aggregates.

We hypothesized that the nuclear translocation of GR would be abrogated by the absence of
FKBP52. We observed a significant reduction in the nuclear immunofluorescence signal for
GR in the FKBP52 knockdown (Figure 5a), as expected from recent work using GFP-tagged
GR (Banerjee et al., 2008). We assessed the effect of FKBP52 on the kinetics of relatively
early cortisol-induced GR trafficking. However, if a spike in cortisol levels due to a stressful
event caused ligand-induced GR signaling in neurons, and the physiologic cortisol levels
dissipated quickly, FKBP52 may play a role in these transient stress-induced short cortisol
spikes.

Si-FKBP5 contributed to increased nuclear GR translocation in the SH-SY5Y cells in the
absence of cortisol, but not after cortisol-induction; which indicates that FKBP51 may play a
role in chronic, baseline glucocorticoid signaling in the brain. Since in the absence of FKBP51
there was higher nuclear GR distribution without cortisol (Figure 5d), either GR import is
increased or GR-turnover is decreased in the absence of FKBP51. There are SNPs in the
FKBP5 gene that associate with MDD, PTSD, peritraumatic dissociative disorder, and
impaired recovery from psychosocial stress in normal adults (Binder et al., 2004; Binder et al.,
2008; Ising et al., 2008; Koenen et al., 2005). A microtubule-associated protein called Double-
cortin-like was recently shown to regulate the transport of GR in neuroprogenitor cells
(Fitzsimons et al., 2008). If SH-SY5Y cells express Double-cortin-like, then this would be a
factor independent of FKBP52 and FKBP51 regulating GR translocation. Since SH-SY5Y is
a cell line and it may express markers of “immature” neuronal cells our standard practice is to
“differentiate” the cells by incubation for at least three days with retinoic acid prior to
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experiments; at that point they develop neuritic networks and the proliferation is stopped
(Supplementary Information) (PÂhlman et al., 1984).

Treatment with FK506 did not alter the ability of the GR to form nuclear aggregates, but the
aggregates were fewer and more diffuse. Also, there was appreciable GR present in the
cytoplasm after 180 minutes if FK506 was present compared to cells that were not treated with
FK506. This is evidence that association of GR with immunophilins supports GR stability in
the nucleus. Based on this, changing the GR-immunophilin interaction, using FK506, seems
to affect the formation and stability of GR in neuronal nuclei. Finally, knockdown of FKBP52
seemed to have the greatest effect, inhibiting GR nuclear translocation on cortisol-induction.
However, no genetic association of its gene has been made with HPA-axis disorders, while the
related gene, coding for FKBP51 has been associated multiple times with these disorders. Our
findings show that knockdown of FKBP51 caused increased baseline nuclear localization of
GR; and it may be the chronic, long-term, or baseline GR signaling that is relevant. The results
suggest that FKBP51 is pertinent to inhibiting chronic, baseline signaling and FKBP52 is
primarily involved in promoting acute, fast GR response. In conclusion, we propose that
immunophilins may be modulators of the cortisol-HPA axis response to stress and related
chronic brain disorders. Altering neuronal gene expression through controlling GR-mediated
signaling pathways may represent therapeutic intervention for central nervous system diseases
marked by HPA axis dysregulation such as MDD and PTSD.

4. Experimental Procedure
4.1. Cell culture

Human forebrain fetal tissue was acquired from Advanced Bioscience Resources (Alameda,
CA) according to the University of California San Diego Internal Review Board guidelines.
The tissue was processed as previously described (Avramut et al., 2001; White et al., 1999).
Cells were seeded at 106 cells per well on glass coverslips coated with polyornithine and
laminin in 24-well plates and maintained in DMEM-F12 media (Gibco 12634-010)
supplemented with 22 mM glutamine, 5% human serum, and 10 μg/mL gentamycin sulphate
(Gibco 15750) for four weeks with media-change every 3 days. The primary human neuroglial
cultures were used in qualitative microscopic analyses.

The neuronal cell line SH-SY5Y was used for transfection with siRNA to knockdown the
FKBP51 and FKBP52 translation. SH-SY5Y cells were plated at 5×105 cells/well on glass
coverslips in 24-well plates which had been coated with poly-L-ornithine and laminin by
sequentially incubating overnight at 37°C first with 0.1 mg/mL poly-L-ornithine hydrobromide
in H2O solution (Sigma, St. Louis, MO, P5666) and then 2 μg/mL laminin in H2O (Sigma
L2020). SH-SY5Y cells were grown in media composed of 1:1 mixture of Ham's F-12 Media
(Gibco, Carlsbad, CA, 31765-035) and Dulbelco's Modified Eagle Media (DMEM) (Gibco
11960-044) supplemented with 2 mM glutamine (Gibco), sodium bicarbonate (Gibco
25080-094), sodium pyruvate (Gibco P333-1000), and 10% fetal bovine serum (Gibco
16140-071), and 50 μg/mL penicillin and streptomycin (Invitrogen, Carlsbad, CA, 15640-055).
After three days in culture, the media were supplemented with 1 μg/mL retinoic acid (Fisher
Scientific, Waltham, MA, AC41897) for differentiation, media were changed daily with the
retinoic acid supplement until cells showed neuritic networks, typically 3-5 days.

4.2. Western Blotting
Primary antibodies used for Western Blotting: rabbit anti FKBP51 (Abcam, Cambridge, MA,
46002), Mouse anti FKBP52 (Stressgen, Ann Arbor, MI, SRA1400), Mouse anti GR (Abcam
ab2768), Rabbit anti Actin (Sigma A3853). Biotin-conjugated secondary antibodies were used
from Jackson Immunoresearch (Westgrove, PA, anti mouse 715-065-151, anti rabbit
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711-065-152, both at 1:1,000, 2 hr at room temperature, and vector ABC kit was used for signal
amplification (Vector Laboratories, Orton Southgate, England, PK-4002).
Chemiluminescence was performed following manufacturer's instructions (Pierce Biologicals,
Rockford, IL, 32106). As a control for secondary detection, 3 groups of 20 μg and 10 μg of
total protein from SH SY5Y cells were run in a 10% polyacrylamide gel and transferred to a
PVDF membrane and the membrane cut into 3 strips. For the first strip, the normal western
blotting procedure was performed for FKBP52. For the second strip, the primary antibody was
excluded. For the third strip both primary antibody and secondary antibody was excluded.

4.3. PCR and siRNA Synthesis
The Dicer siRNA Generation Kit (Gene Therapy Systems, San Diego, CA, T510001) was used
to generate siRNA to FKBP52 following manufacturer's protocols. The mRNA sequences for
human FKBP4 and human FKBP5 (Genebank accession numbers NM002014)were used to
design primers to amplify 650 base-pair regions of the mRNAs spanning both Exons 2 and 3,
coding for the linker region between the two immunophilin domains, a region of high variation
between individuals and very low homology with FKBP5. The primers are: FKBP52-T7-F
gcg-taatacgactcactatagggag-agcggtgaaggctatgctaag, FKBP52-T7-R gcg-
taatacgactcactatagggag-acttctcgttgttgctgtcca, FKBP51-T7-F gcg-taatacgactcatatagggag-
atccctcgaatgcaactctct, FKBP51-T7-R gcgtaatacgactcactatagggag-aaaggcagcaaggagaatga
(leader-T7 RNA polymerase promoter- target sequence). Differentiated SH-SY5Y cells were
exposed to siRNA (250 ng siRNA, 3.5μL GeneSilencer reagent per well) for 24 hr prior to
cortisol exposure. Control siRNA, specific to green fluorescent protein (GFP), was generated
using the template plasmid and primers for GFP supplied by the manufacturer.

4.4. Cortisol and FK506 Exposure
Differentiated SH-SY5Y cells or primary human neuroglia cultures were exposed to vehicle
or 10 μM FK506 for 2 hr; followed by 100 nM cortisol for various time points. Each treatment
(vehicle, FK506, cortisol 30, 60, 180 min, and cortisol pre-treated with FK506) was performed
in triplicate and cells were fixed in 4% paraformaldehyde for immunofluorescent labeling of
GR and Hoechst 33342 (Molecular Probes, Carlsbad, CA, H3570). Primary neuronal cultures
were labeled for GR (mouse Abcam ab9568, 1:50), or FKBP51 (rabbit - Abcam ab54992,
1:40). To date, we have been unable to satisfactorily image FKBP52 in primary neuronal
cultures, though the PCR and Western blotting products were detected (Supplementary Figure
S1). To determine cell types in culture, counter-labeling was performed. To identify neuronal
dendrites and soma we used antibodies to MAP2 (mouse - Sigma M9942, 1:500; or rabbit -
Cell Signaling Technologies, Danvers, MA, #4542, 1:1000). To identify neuronal axons we
used antibodies to neurofilament (rabbit – Covance, San Diego, CA, PRB574C, 1:500; or
mouse - Cell Signaling Technologies, #2835, 1:1000). To identify astrocytes we used the mouse
monoclonal antibody to GFAP (Cell Signaling, #3670, 1:400). Cells were permeabilized in
1% Triton × 100 for 30 min at room temp, and washed 3 times with phosphate buffered saline
with 0.2% TWEEN-20 (PBS-T) prior to blocking for 1 hr with 10% normal donkey serum in
PBS-T. After fixation, washing, and blocking, cells were incubated with primary antibody
overnight at 4°C. To reduce non-specific antibody binding to extracellular debris previously
observed using rabbit antibodies, the wash buffer was supplemented with 100 mM NaCl for
primary antibodies generated in rabbit. Donkey anti-mouse Alexafluor 488 (Invitrogen,
A21203) and Alexafluor 546 (Invitrogen, A10036); and donkey anti-rabbit Alexafluor 488
(Invitrogen 21206) and Alexafluor 546 (Alexafluor A10042); antibodies were used at 1:2000,
and cells were incubated for 2 hr, at room temperature.
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4.5. Quantitative PCR
To assess whether GR-responsive genes, FKBP5 and BCL21A are altered due to the presence
of FK506, qPCR was performed. RNA was isolated from differentiated cells pretreated with
or without 10 μM FK506 followed by 100 nM cortisol for various lengths of time. For qPCR,
20 ng cDNA per reaction was used and 6-carbosyfluorocein (FAM) -labeled 20× prevalidated
probes were purchased from Applied Biosystems (Foster City, CA). For FKBP5, assay
Hs00188025_m1; for BCL21A, assay Hs00236329_m1; and for endogenous control we used
the actin gene, ACTB, assay 4352935E. TaqMan master mix (2×), purchased from Applied
Biosystems was used in 20 μL reactions on 96 well-plates and assays were performed at the
University of San Diego Center for AIDS Research Genomics Core. Gene expression is
reported as fold-control versus the median of the control-group using the ΔΔ-CT method
comparing to housekeeping gene ACTB whereby ΔCT=CTACTB–CTGene, ΔΔCT=ΔCTControl-
ΔCTTreatment, and Fold-Control = 2 −ΔΔCT. Plotted are mean of percent-changes and standard
deviation of triplicate.

4.6. Imaging
Images were acquired utilizing a 40× objective on a Carl Zeiss (Thornwood, NY) Axiovert 40
inverted fluorescent microscope with deconvolution capabilities. For 3D imaging, 10 planes
were imaged at 0.5 μm steps and deconvolved using the Nearest Neighbor algorithm in the
image analysis software Slidebook 4.2 (Intelligent Imaging, Santa Monica, CA) (Leffler,
1997). All the images for a particular experiment were acquired at the same time under identical
parameters such as exposure time, intensity, 2× binning, and Normalization settings following
the conventions outlined in Slidebook 4.2 (Leffler, 1997).

4.7. Quantitative Imaging of Glucocorticoid Receptor Nuclear Translocation in SH-SY5Y Cells
In order to quantify the nuclear staining of the GR in the SH-SY5Y cells, fluorescence intensity
from the green channel was measured in the nuclei and expressed as fluorescence units per
μm3. Ten fields from each treatment were acquired with a 40× objective on a Carl Zeiss
Axiovert 40 inverted microscope. Fields were selected randomly and to reduce bias, the user
focused only using the blue channel. For each field, 10 planes were imaged in 0.5 μm steps in
the z-plane with 2× binning, green channel 1.75 sec, and blue channel 0.650 sec.

A mask was created in all planes and all images according to the Slidebook 4.2 (Leffler,
1997) procedures that encompassed the regions of blue intensity, designating the nuclei and
mask statistics were exported to Excel for data analysis. Fluorescence intensity in the green
channel accounts for intensity of GR staining, and intensity units per μm3 were calculated for
each field, 3D imaging allowed for volume determination. Two-way ANOVA and Bonferroni's
multiple comparison using a one-tailed test (we hypothesized greater intensity after treatment
with cortisol), and significance is reported if p < 0.01.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Cortisol-induced nuclear translocation of GR slowed in primary human neuronal cultures
with preincubation with 10 μM FK506
Primary human neuroglial cultures were pretreated with vehicle (1:500 ethanol) or 10 μM
FK506 for 2 hr and subsequently treated with 100 nM Cortisol for 0 (a), 60 (b), 180 (c) min.
The cell cultures were immunolabeled for neuronal markers (MAP2 and NF; green), and GR
(red), and nuclei counterstained with Hoechst (blue); arrows indicate GR localization. More
focal nuclear staining of GR was apparent in a time-dependent manner with cortisol. Increased
cytoplasmic GR is noted at 180 min in cultures pretreated with FK506, as shown by
fluorescence intensity plots; arrows indicate nuclear GR (d).
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Figure 2. Localization of FKBP51 in primary human neuronal cultures is altered in the presence
of 10 μM FK506
Primary human neuroglial cultures were pre-treated with vehicle (1:500 ethanol) or 10 μM
FK506 for 2 hr and subsequently treated with 100 nM Cortisol for 60 (a), 60 (b) and 180 (c)
min. The cell cultures were immunolabeled for neuronal markers (MAP2 and neurofilment;
green), and FKBP51 (red), and nuclei counterstained with Hoechst (blue). Three-dimensional
reconstruction showed diffused nuclear staining of FKBP51 with and without cortisol present
as indicated in top panels and ▲ showing FKBP51 staining in z-axis imaging in and intensity
plots (c) are illustrated. Pretreatment with FK506 caused exclusion of FKBP51 from the
nucleus.
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Figure 3. FK506 Inhibits Cortisol - Induced Gene Expression of (a) FKBP5 and (b) Bcl2-l1 in
Differentiated SH-SY5Y cells
Differentiated SH-SY5Y cells were exposed to100 nM cortisol for up to 48 hr with (▲) or
without (■) pretreatment with 10 μM FK506. Saline controls are indicated by ∇, mean and
standard deviation of 3 measurements are plotted. RNA was isolated and qRT-PCR was
performed as described in Methods, percent of control comparing to Time 0 for each treatment
and time point for the (a) FKBP5 and (b) Bcl2-l1 transcripts are plotted. One-way ANOVA
and Dunn's multiple comparison tests compared the treatments (p < 0.05 for significance). *
Indicate significant difference at a particular time point of 100 nM Cortisol compared to Vehicle
Control, and # indicate significant difference between 100 nM Cortisol compared to the FK506
pre-treated group. There is low induction of FKBP5 (A) with cortisol treatment (■) that is
slowed but not abrogated by FK506 (▲). Induction of Bcl2-l1 is abrogated by FK506. The
vehicle control (∇) elevated Bcl2-l1 (B) expression after 24 hr compared to Time point 0, which
was not observed in the Cortisol + FK506 group (▲).
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Figure 4. Confirmation of siRNA knockdown of FKBP52 and FKBP51 in SH SY5Y cells
Differentiated SH-SY5Y cells on glass coverslips in 24 well plates were exposed to 250 ng
siRNA generated against the FKBP4 (a) gene or against FKBP5 gene (b) and a control gene,
encoding GFP provided by the manufacturer, for 24 hr; protein was isolated for Western blot.
Concurrent to probing for FKBP52 a western blot for Actin was performed for the loading
control (a). To ensure that a difference in GR immunofluorescence was not due to altered GR
protein content, GR was assessed by western analysis (c). To discern non-specific bands in the
western blots, membranes were developed with primary antibody (d-left), without primary
antibody (d-middle) and without either secondary or primary antibody (d-right center), and it
was determined that the non-specific band originates from the avidin-biotin amplification
system in (a).
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Figure 5. Quantification of nuclear and cytoplasmic immunofluorescent staining of GR after
treatment with 100 nM cortisol and siRNA to FKBP4 and FKBP5
Differentiated SH-SY5Y cells were grown on glass coverslips and exposed to 250 ng control
(a), FKBP4 (b), or FKBP5 (c) siRNA for 24 hr and then to saline or 100 nM cortisol 15, 30,
or 60 min. Following fixation, cells were fluorescently labeled for GR (green) and nuclei (blue).
Using Slidebook image analysis software, nuclear GR staining was partitioned according to
the Methods and quantified in 10 3-D fields for each treatment, mean and standard deviation
of intensity per μm3 is plotted for the treatment groups. Two-way ANOVA compared the
effects of siRNA or cortisol on nuclear fluorescence intensity. Significance is represented by
* (p < 0.01) and ** (p<0.001) between the treatment groups in (d). Si-FKBP4 contributed to
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lower nuclear staining intensity, and si-FKBP5 contributed to elevated nuclear staining
intensity. The experiments were performed independently with separate controls, therefore,
the scale of the intensity (arbitrary units) per μm3 is different.
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