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Abstract

The brain is a central hub for integration of internal and external conditions and, thus,
a regulator of the stress response. Glucocorticoids are the essential communicators
of this response. Aberrations in glucocorticoid signaling are a common symptom
in patients with psychiatric disorders. The gene FKBP5 encodes a chaperone pro-
tein that functionally inhibits glucocorticoid signaling and, thus, contributes to the
regulation of stress. In the context of childhood trauma, differential expression of
FKBP5 has been found in psychiatric patients compared to controls. These variations
in expression levels of FKBP5 were reported to be associated with differences in
stress responsiveness in human carriers of the single nucleotide polymorphism (SNP)
rs1360780. Understanding the mechanisms underlying FKBPS5 polymorphism-asso-
ciated glucocorticoid responsiveness in the CNS will lead to a better understanding
of stress regulation or associated pathology. To study these mechanisms, two novel
humanized mouse lines were generated. The lines carried either the risk (A/T) al-
lele or the resilient (C/G) allele of rs1360780. Primary cells from CNS (astrocytes,
microglia, and neurons) were analyzed for their basal expression levels of FKBP5
and their responsiveness to glucocorticoids. Differential expression of FKBPS5 was
found for these cell types and negatively correlated with the cellular glucocorticoid
responsiveness. Astrocytes revealed the strongest transcriptional response, followed
by microglia and neurons. Furthermore, the risk allele (A/T) was associated with
greater induction of FKBP5 than the resilience allele. Novel FKBP5-humanized
mice display differential glucocorticoid responsiveness due to a single intronic SNP.
The vulnerability to stress signaling in the shape of glucocorticoids in the brain cor-
related with FKBP5 expression levels. The strong responsiveness of astrocytes to
glucocorticoids implies astrocytes play a prominent role in the stress response, and in
FKBP5-related differences in glucocorticoid signaling. The novel humanized mouse
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1 | INTRODUCTION

Glucocorticoids are secreted following the diurnal rhythmic-
ity of the hypothalamus-pituitary-adrenal (HPA) axis, and on
demand during challenging situations that require allostatic
adjustment. Glucocorticoids influence a plethora of phys-
iological processes via transactivation or transrepression
of gene expression. A high demand on the stress response
system, such as with chronic exposure to stress, can lead
to allostatic over-load and stress-related pathologies (Juster
et al., 2010; McEwen, 2004; Nold et al., 2019). In stress-as-
sociated disorders like post-traumatic stress disorder (PTSD)
or depression, dysregulation of the HPA axis is a common
shared pathology, although the specifics of this dysregulation
can range from hypo- to hyper-sensitivity (Pariante, (2009);
Perrin et al., 2019). As chronic stress has a direct impact on
HPA-axis function, it is considered to be an environmental
risk factor for the development of many disorders (Chandola
et al., 2006; Cohen et al.,, 2012; Lagraauw et al., 2015;
Machado et al., 2014). The brain is a central hub for inte-
gration of psychological stress perception and consequent
physiological stress responses. This can be demonstrated,
for example, at the circuit level by combining neuroimaging
with paradigms meant to induce stress (Rauch et al., 2006).
Of course, these circuit-level responses are not only purely
driven by neuronal activity but also have a glial cell contri-
bution. It is known that at the cellular level, either diurnal
circulating or stress-induced glucocorticoids impact neurons,
microglia, and astrocytes to a different extent (Lucassen
et al., 2014; Radley et al., 2015; Ressler & Smoller, 2016).
Hence, the sensitivity to glucocorticoids, and regulators of
such sensitivity, may be addressed at the cellular level. The
chaperone FK506-binding protein 51 (FKBP51), which is
encoded by the FKBP5 gene, is a potent negative regulator
of glucocorticoid function. FKBP51 binds to heat-shock pro-
tein 90 (Hsp90) complexes, and works within this complex
to aid in folding or stabilizing a number of ‘client’ proteins
(Lorenz et al., 2014). When the client protein is the glucocor-
ticoid receptor, the receptor is expected to be in a low-affinity
state. Release of FKBP51 from this complex configuration is
necessary for the glucocorticoid receptor to be active (Fries
et al., 2017; Pirkl & Buchner, 2001; Scammell et al., 2003;
Wochnik et al., 2005). As FKBPS5 is a target of glucocorti-
coid-mediated transcription, activation of the glucocorticoid
receptor with its ligand induces FKBP5 and, subsequently,
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lines will allow for further study of the role that FKBPS5 SNPs have in risk and resil-

ience to stress pathology.

astrocyte, CNS cell types, Fkbp5, glucocorticoid responsiveness, psychiatric disorders

its protein FKBP51, again providing functional inhibition.
Therefore, FKBP5/FKBP51 represents an ultra-short nega-
tive feedback loop within the cell to terminate glucocorticoid
signaling (Chun et al., 2011; Jaaskelainen et al., 2011; Yeo
et al., 2017). Expression levels of FKBPS5 are, therefore, a
critical setscrew for glucocorticoid sensitivity.

In the human population, there is a wide variation in per-
ception of stressful challenges, and variation in physiolog-
ical expression of stress. Single nucleotide polymorphisms
(SNPs) within the FKBP5 gene locus have been reported to
impact stress responsivity, and risk or resilience to psychiatric
disorders (Appel et al., 2011; Binder, 2009; Criado-Marrero
et al., 2019; Liebermann et al., 2017; Wilker et al., 2014).
Differential expression levels of FKBP5 have preclinically
been shown to impact on stress-coping behavior and the SNP
rs1360780 was reported to profoundly influence stress cop-
ing, suggesting FKBP5 genotypes as one source of human
variation (Ising et al., 2008; Touma et al., 2011). In com-
bination with early-life adversity, demethylation of FKBP5
has been reported (Hohne et al., 2014; Klengel et al., 2013),
which could lead to a higher expression of FKBP5 render-
ing the affected individual more prone to glucocorticoid
resistance and psychiatric disorders (Binder et al., 2008;
Zimmermann et al., 2011). The ability of the A/T or C/G
rs1360780 allele to impart differential stress responses could
contribute to the wide variation in stress responses observed
in the human population.

These SNPs do not exist in laboratory rodents. Hence, in
order to study the effect of these human gene variants pre-
clinically, two novel humanized mouse lines carrying the
risk-associated rs1360780-A/T or the resiliency-associated
rs1360780-C/G allele of the human FKBP5 were developed
at Taconic Biosciences. Hereafter, these lines are referred to
as risk (A/T) and resilience (C/G), respectively. There were
three goals in these first studies: (1) establish that the two
mouse lines, carrying only a single nucleotide difference,
responded to glucocorticoid stimulation, therefore, validat-
ing both the functional polymorphism and intact glucocor-
ticoid signaling following humanization; (2) determine if],
in primary cell culture, differential responses between risk
(A/T) and resilience (C/G) could be observed; and (3) as-
sess relative expression across cell types and association with
glucocorticoid responsiveness. In these novel strains, we in-
vestigated whether the human risk or resiliency version of
FKBPS5 would influence acute glucocorticoid responsiveness
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of primary astrocytes, microglia, and neurons. Based on the
inhibitory capacity of FKBP5 on glucocorticoid signaling,
we hypothesized that high basal expression level of FKBP5
would be associated with a decreased responsiveness to glu-
cocorticoids and that the risk (A/T) allele of FKBPS5 should
show a higher reactivity to glucocorticoids than the resiliency
allele. A more far reaching goal is for these mice to serve
as a unique tool to further study the influence of the human
FKBPS5 gene variants on the risk and resilience to stress-re-
lated disorders.

2 | MATERIALS AND METHODS
2.1 | Generation of FKBP5 - Transgenic
mice

Taconic Biosciences was commissioned to generate two
novel transgenic mouse models carrying either the cytosine
(C)/guanidine (G) variant at position 3622 in the human
FKBP5 gene (Ensembl gene ID: ENSMUSG00000024222;
NCBI gene ID: 14229) or the risk-associated adenine (A)/
thymidine (T) version of rs1360780 (Insertion gene identi-
fier: ENSG00000096060 [Ensembl gene ID]; 2289 [NCBI
gene ID]). This process was performed under the scientific
guidance of Dr. Elisabeth Binder from the Max Planck
Institute for Psychiatry in Munich. The targeting strategy
for the constitutively humanized FKBP5 gene was based
on the NCBI transcript NM_010220_4 (Ensembl transcript
ENSMUST00000079413, Fkbp5_001) for the mouse and
the transcript NM_001145775_2 (ENSMUST00000536438,
Fkbp5_201) for the human gene. Using BAC clones from the
mouse C57BL/6]J RPCI-23 and human RPCI-11 BAC and/
or CalTechD libraries, a targeting vector was generated. The
mouse genomic region between exon 2, containing the transla-
tion initiation codon, and exon 11, containing the termination
codon, has been replaced with the human counterpart contain-
ing a neomycin resistance (NeoR, flanked by FRT, exon 3)
and a puromycin resistance (PuroR, flanked by F3, exon 11)
for positive selection of clones. A schematic map of the tar-
geting vector (Figure SA1) and the sequence (Supplementary
Material Text 1) is provided. The linearized DNA targeting
vector was transfected via electroporation into the Taconic
Biosciences C57BL/6N Tac ES cell line, incorporated via
homologous recombination, and recombinant clones were
isolated based on double-positive (NeoR and PuroR) and
negative (Thymidine kinase) selections. Single integration
and homologous recombination at the 5’ and 3’ side were as-
sessed via digestion with restriction enzymes (Baul, Mfel,
Kpnl, Spel, EcoRI, Bmtl, Scal, EcoRV, and Pacl) and south-
ern blotting as well as PCR-based sequencing of the 5" and
3’ junction between human and murine regions. The selected
heterozygote-targeted ES cells were transiently transfected

with the circular vector pCAG-Flpe-pA (3465) containing a
Flp recombinase targeting the F3, F5, or FRT sites as well as
the vectors pCAG-Cre for loxP sites and phiC31 for attB/attP
sites, via nucleofection for in vitro removal of the selection
markers. Recovery of the humanized allele was confirmed
using PCRs and tested for sensitivity to the respective antibi-
otics. The selected ES cells containing the humanized allele
were transferred into blastocysts and the resulting chimeras
were used for breeding with C57BL/6NTac mice and found-
ing the novel mouse strain C57BL/6NTac-Fkbp5tm4570
(FKBPS) Tac, carrying the risk-associated rs1360780-A/T or
the mouse-line C57BL/6NTac-Fkbp5tm4571 (FKBPS) Tac
carrying the resiliency version, respectively. Breeding of the
homozygote humanized mice and their wild types was per-
formed in house. The ownership of these animals was trans-
ferred to Taconic to make them publicly available.

2.2 | Primary cell cultures

Protocols were validated in house for optimal yield and de-
velopment of cell type-specific features and experiments
were performed under the allowance of the regional council
for animal welfare (Regierungsprisidium Tiibingen, Baden-
Wiirttemberg, Germany).

To obtain single cell suspensions for neuronal cultures,
cortex and hippocampus of embryos at E16.5 were dis-
sected, enzymatically digested, and mechanically disso-
ciated. If viability was above 90%, cells were seeded into
PDL-Laminin—coated plates in a density of 100,000 cells
per 24-well and incubated at 37°C and 5% CO,. Half ex-
changes of the serum-free culture medium (5 ml GlutaMax,
10 ml SM1-Supplement [#05711; Stemcell Technologies,
Koln, Germany], 5 ml HEPES 1 M [#83264-100MI-F; Sigma
Aldrich, Taufkirchen, Germany], and 500 ml Neurobasal
[#12348017; Invitrogen]) were performed in intervals of
3—4 days.

Cell suspensions for glial cultures were obtained by iso-
lating cells from the cortices of neonates via enzymatic di-
gestion with DNase (#LS002139; Worthington, NJ, USA)
and 2.5% trypsin (#15090046; Invitrogen) followed by me-
chanical homogenization in flask medium (10% FCS, 5 ml
Penicillin/Streptomycin, 5 ml HEPES, and 500 ml advanced
DMEM [#12491015; Invitrogen]). Cells were cultured in pre-
coated flask (75 cm? flasks, Poly-L-Ornithin Hydrobromid
[MW: <30,000-70,000 Dalton, #P3655; Sigma]) at 37°C
with 5% CO,. Every 3—4 days, the flasks were washed with
PBS (#14040174; Invitrogen) and refilled with flask me-
dium. Microglia were harvested in 3—4 days and plated at a
density of 150,000 cells per 24-well of uncoated PRIMARIA
plates (#353847; Corning, Germany).

For plating of astrocytes, remaining microglia were
shaken off, flasks were washed, and the astrocyte layer was
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detached using 0.05% trypsin-EDTA solution (#25300054;
Invitrogen). Astrocytes were suspended in 50-ml advanced
DMEM containing 10% FCS to stop trypsination per flask
and 1 ml of this suspension was used per 24-well of a
PRIMARIA plate. On the next day, a full medium exchange
was performed. On post-plating day (PPD) 8, a confluent as-
trocyte layer was obtained and cells were exposed to AraC
medium (#251010; Cytosine Arabinoside, Sigma, 8 pM) for
4 days. On PPD11, the medium was exchanged to LME me-
dium (L-leucine methyl esters, #1.1002; Sigma, 50 mM) for
1 hr and astrocytes were subsequently washed three times
with medium. On PPD14, the medium was exchanged to se-
rum-free medium and the assay was performed the next day.

2.3 | Stimulation with glucocorticoids
Stimulation was performed between 08:00 a.m. to 10:00 a.m.
with neuronal cultures being stimulated on day in vitro 12,
while microglia were stimulated 1 day and astrocytes 15 days
after plating, respectively. Stocks of glucocorticoids in dime-
thyl sulfoxide (DMSO) were freshly diluted 1:200 in the re-
spective warmed culture medium and cells were stimulated by
replacing 0.5 ml of the medium in the well with the obtained
agonist solutions so that final concentrations of 0.8, 4, 20, or
100 nM for dexamethasone and corticosterone or 5.6, 28, 140,
and 700 nM for prednisolone were obtained. To control for ma-
nipulation of vehicle effects, a half medium exchange was per-
formed or cells were treated with medium containing 0.005%
DMSO, respectively. To investigate transcriptional responses
to an acute challenge, after 4 hr of incubation cells were lysed
in 250 ul RLT buffer (#79216; Qiagen, Hilden, Germany) con-
taining 1% beta-mercapto-ethanol (#M3148-100Ml; Sigma),
and frozen at —20°C prior to RNA isolation. No sample had
to be excluded from analyses due to diminished viability after
stimulation, as assessed by visual inspection and occasional
lactate-dehydrogenase—based viability assays.

2.4 | Reverse transcription-quantitative
polymerase chain reaction (RT-qPCR)

RNA was isolated using RNeasy Plus kit (#74192; Qiagen) fol-
lowing the manufacturer's recommendations. Prior to reverse
transcription of the RNA, integrity was confirmed to be above
a RNA integrity number of 8 on occasion using the Fragment
analyzer (Thermo Fisher Scientific, Langenselbold, Germany)
and the obtained yield was determined spectrophotometrically
(QIAxpert, Qiagen) to allow normalization of the input RNA
concentration to 500 ng. Reverse transcription of the total
mRNA to complementary DNA was performed using the high-
capacity cDNA kit (#4368813; Qiagen). All TagMan gene ex-
pression assays were labeled with FAM (#4352042; Thermo
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Fisher) and used in conjunction with the fast universal PCR
Master Mix (#4351368; Thermo Fisher). The used primers
were as follows: succinate dehydrogenase complex subunit A
(Sdha, Mm01352366_m1), human FKBP5 (Hs01561006_m1),
murine Fkbp5 (Mm00487403_m1), FK506 binding protein 4
(Fkbp4, Mm00487391_m1), glucocorticoid receptor (Nr3cl,
MmO00433832_ml), mineralocorticoid receptor (Nr3c2,
MmO01241596_m1), glucocorticoid-induced leucine zipper
(Tsc22d3, Mm01306210_g1), nuclear factor-k-B-inhibitor o
(NFkBia, Mm00477798_ml), period 1 (Perl, Mm00501813_
ml), sestrin 1 (Sesnl, MmO01185732_m1), and serum and GC-
regulated kinase 1 (Sgkl, Mm00441380_m1). Samples were
analyzed in technical triplicates on a QuantStudio 6 (Thermo
Fisher). All gene expression levels were normalized relative to
the cycle thresholds measured for Sdha and relative to DMSO-
treated cells within the same cell type, genotype, and mouse
strain for stimulation experiments.

2.5 | Statistics

Technical replicates of stimulations, RNA isolations, cDNA,
and TagMan were summarized per sample so that each indi-
vidual data point shown and used for analysis represent one
individual biological sample. Thus, the number of data points
represents the replicates per group. All data visualization and
analysis were performed using R version 3.6.1. Distribution
of data points and model residuals were tested for depar-
ture from normality and homogeneity of variances using a
Shapiro-Wilk test, visual inspection, as well as the Bartlett's
test or Levene's test, respectively. One-way ANOVA of type
II for baseline values of Fkbp5 in wild-type cells was used to
compare between untreated (native) and DMSO-treated cells.
A Kruskal-Wallis ranked ANOVA was used for comparing
the dCT data of the glucocorticoid receptor expression due
to not normally distributed residuals. A two-way ANOVA
of type I was used for the (ranked) fold-change data with
cell type and glucocorticoid dose as model factors. In case
of significant findings in the ANOVA, the Tukey Honest
Significant Difference test or Wilcoxon test was used post
hoc to determine which groups differed and to adjust p-values
for multiple comparisons. The contrasts of interest were de-
fined a priori. Rank-based tests were applied when required.
All tests were performed in a two-sided manner.

3 | RESULTS

3.1 | Cell type-specific expression of Fkbp5
and Nr3cl in the CNS

In primary murine wild-type (WT) astrocytes, microglia, and
neurons, the basal mRNA expression of the glucocorticoid
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FIGURE 1

Sdha-normalized mRNA expression levels of Fkbp5 (left panel) and Nr3cl (right panel) of primary murine wild-type astrocytes

(dark grey, left), microglia (grey, middle), and neurons (ecru, right). Individual data points are shown alongside with their mean + 95% CI (red).

High values in the PCR cycles needed to reach the set threshold represent low amounts of the targeted mRNA and, hence, a low expression of the

gene while low cycle numbers indicate higher expression

receptor (Nr3cl) and its functional inhibitor FKBP51 (Fkbp5)
was examined and is visualized as qPCR cycle number dif-
ference from the housekeeper Sdha (Figure 1). A one-way
ANOVA revealed that cell types differed in the expres-
sion of Fkbp5 (F(3, 168) = 33.54; p < 0.0001) and a Tukey
Honest Significance Post Hoc Test showed that astrocytes
had the lowest expression of the inhibitory chaperone Fkbp5
(5.14 +0.78) compared to microglia (2.99 + 1.56, p < 0.0001)
and neurons (3.37 + 0.85, p < 0.0001). Nr3cl was also dif-
ferentially expressed between the cell types (Kruskal-Wallis
rank-sum test X2(3) = 64.07, p < 0.0001) with the highest
expression in both glial cell types (astrocytes = 1.91 + 0.26,
microglia = 1.83 + 0.22) compared to neurons (3.11 + 0.72,
p < 0.0001).

3.2 | Induction of glucocorticoid response
element containing genes differs across
cell types

To determine responsiveness to glucocorticoids, the different
cell types were stimulated with increasing doses of the syn-
thetic glucocorticoid dexamethasone. In response, prominent
fold changes in the expression of glucocorticoid-responsive
genes were observed (Table 1). A ranked ANOVA revealed
an interaction of cell type and dose, F(8, 309) = 95.9,
p < 0.0001, on the induction of Fkbp5. Subsequent analysis
indicated that astrocytes (21.01 + 10.52) differed from micro-
glia (7.81 + 8.09) and neurons (2.13 + 1.76). Furthermore,
all dexamethasone doses (10.85 + 11.11) were different from
vehicle (1.25 + 1.28). For the glucocorticoid receptor, the
ANOVA of ranks suggested differences between cell types,
F(2,237) =372, p < 0.00001, and post hoc testing revealed
astrocytes (0.72 +0.20) to have areduced expression of Nr3c!

after stimulation. For Tsc22d3, the ANOVA of ranks sug-
gested a highly significant interaction of cell type and dose,
F(8,237) =38.0, p <0.0001, which was attributable post hoc
to both glial cell types differing from neurons (2.73 + 2.77).
Astrocytes (16.92 + 7.95) were more responsive than micro-
glia (9.90 + 10.31), and stimulated (11.09 + 9.08) were dif-
ferent from vehicle-treated (1.33 + 0.96) cells. Fold changes
of Perl showed a significant interaction of cell types and
dexamethasone dose, F(8, 238) = 21.9, p < 0.0001, in the
ANOVA of ranks that originated from stronger responses in
astrocytes (4.42 + 1.80) than in microglia (2.19 + 1.36) and
neurons (1.18 +0.54). The difference between vehicle-treated
(1.11 + 0.50) and dexamethasone-treated (5.07 = 1.08) astro-
cytes was also demonstrated. Ranked fold changes of Nfkbia
were found to vary between cell types and dexamethasone
stimulation, F(8, 238) = 12.5, p < 0.0001, which was at-
tributed to differences between astrocytes (3.12 + 1.25)
and microglia (2.03 + 1.53) and differences between all
glial cells and neurons (1.3 + 0.47). Differences were also
demonstrated between stimulated (2.32 + 1.29) and vehicle-
treated (1.11 = 0.73) cells. For the ranked fold changes of
Sgkl, the same interaction was observed, F(8, 238) = 9.67,
p < 0.00001, and confirmed post hoc to be based on astro-
cytic responsiveness to dexamethasone (3.50 + 1.06) com-
pared to vehicle-treated astrocytes (1.04 + 0.30).

3.3 | Expression levels of Fkbp5 correlate
with cellular glucocorticoid responsiveness

Correlation analyses of basal expression levels of Fkbp5 and
Nr3cl with induction of glucocorticoid response element con-
taining genes indicated a strong relation (Table 2). As meas-
ure of glucocorticoid responsiveness, the cycle difference from
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(Continued)

TABLE 1

Neurons

Microglia

Astrocytes

Cell type

100

0.8 20

100

0.8 20

100

20

0.8

Dexamethasone (nM)

Tsc22d3 237 df

~
N

31

27

12

33

18

19

18

18

14

—
‘R
o

3.56
4.03
1.28
5.84

2.70
2.79
0.26
5.14

4.52
1.49

0.86

1.52
1.18

—0.69

11.71

10.20

10.37
10.29

5.57
15.17

11.25
9.90

20.75

1.06
0.32
-3.17

18.87

20.36

20.06

3.10
17.07
23.05

20.55

1.04
0.35
-2.35
4.44

Mean
SD

=
—
9\

10.43
15.08

26.43

4.82
15.88
21.86

4.75
17.45
23.27

3.68
17.56
23.54

0.07
4.95

6.91
16.51

6.45
16.04

LCL

8.19

3.73

5.29

UCL

Abbreviations: nM, nano-molar; N, number of observations; SD, standard deviation; df, degrees of freedom; LCL, lower 95% confidence level; ULC, upper 95% confidence level.
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housekeeper assessed after exposure to 100nM dexamethasone
was used. The cycle difference after stimulation negatively cor-
related with the basal expression of Fkbp5 for the genes Nfkbia
(B = —0.46, p = 0.006), Tsc22d3 (p = —0.42, p = 0.01), and
Sgkl (p = —0.34, p = 0.05) and was marginally significant for
Nr3cl, Sesnl, and Fkbp5. Including the basal levels of Nr3cl
resulted in significant correlations of the differences from
Fkbp5 to Nr3cl with all tested glucocorticoid-responsive genes.
The difference of Fkbp5 to Nr3cl expression levels at baseline
strongly correlated with cell type (p = 0.8, p < 0.00001).

3.4 | FKBP5 is expressed in CNS cells of
humanized mice

In primary astrocytes, microglia and neurons derived from
the FKBP5-humanized mouse lines carrying either the
risk (A/T) allele or the resiliency (C/G) allele the, same
cell type-specific expression differences of FKBP5, as ob-
served for WT cells, were found (Figure SA2). An ANOVA
of ranks suggested a significant difference in basal FKBP5
expression, F(2, 101) = 33.80, p < 0.0001, and a trend of
the transgenic strains expressing less FKBPS5 than wild
type (F(1, 101) = 3.36, p = 0.07). The difference between
cell types was post hoc found to originate from astrocytes
(5.10 + 1.35) differing from microglia (3.73 + 0.62) and neu-
rons (3.43 + 0.60). To confirm that the humanized FKBP51
protein is expressed in these mice, Western Blot analyses
were performed. An exemplary blot of prefrontal cortex,
amygdala, and hippocampus homogenate from a human-
ized mouse and a wild-type mouse 24 hr after stimulation
with 0.1 mg/kg subcutaneous dexamethasone is provided
(Figure SA3) together with a description of the method.

3.5 | Differential responsiveness of human
FKBPS5 rs1360780 variants

The responsiveness of these primary cell cultures to glucocorti-
coids was investigated by measuring the fold change of FKBP5
expression after stimulation with dexamethasone (Figure 2). In
astrocytes and microglia, a dose-responsive increase in FKBP5
mRNA expression was detected, which was stronger in cells
carrying the risk (A/T) than the resilience (C/G) allele or the
murine Fkbp5. In the ANOVA of ranks, an interaction between
strains and dose was found in astrocytes, F(8, 260) = 14.1,
p < 0.0001. Post hoc testing showed this was attributable to
a significant difference between the risk (A/T) allele carrying
astrocytes that were treated with 100 nM or 20 nM compared
to wild-type or resilience (C/G) allele carrying astrocytes.
With respect to dose, only the risk (A/T) allele carrying as-
trocytes showed a dose-responsive effect to dexamethasone
(55.3 + 28.6 at 100 nM versus 1.2 + 0.7 in vehicle-treated
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TABLE 2 Correlation of glucocorticoid response element containing gene induction after stimulation with 100 nM dexamethasone to basal

Fkbp5 and Nr3cl expression

Basal Fkbp5 Basal difference Fkbp5-Nr3cl

Gene Method S/t df p-value 1] Method S/t df p-value g

Fkbp5 Spearman 9,434 0.06 -0.32 Spearman 11,000 0.001 —0.54
Nfkbia Spearman 10,424 0.006 —0.46 Spearman 12,486 <0.00001 —0.75
Nr3cl Pearson -1.99 33 0.06 -0.33 Pearson -5.96 33 <0.00001 —0.72
Sesnl Pearson -1.93 33 0.06 —0.32 Pearson —6.04 33 <0.00001 —0.72
Sgkl Pearson -2.09 33 0.05 —0.34 Pearson -3.44 33 0.002 -0.51
Tsc22d3 Spearman 10,122 0.01 —-0.42 Spearman 11,114 0.0006 -0.56

Abbreviations: nM, nano-molar; S, Spearman's rank correlation statistic sum of squared rank differences; #, Pearson's statistic 7-value; df, degrees of freedom; ,

correlation estimate.

astrocytes). In resilience (C/G) allele carrying astrocytes or
wild types, a dose-responsive induction was visible but not of
statistical significance and both strains did not differ from each
other. In microglia, the interaction of strain and dexamethasone
was significant (F(8, 123) = 7.0, p < 0.0001). This was due to
differences in microglia carrying the risk (A/T) allele between
vehicle-treated (1.1 + 0.5) and stimulated cells (100 nM dexa-
methasone: 10.5 + 4.7; 20 nM dexamethasone: 7.3 + 4.6). For
neurons, no significant changes were observed.

3.6 | Human SNP rs1360780 modifies
cellular glucocorticoid responsiveness

To rule out dexamethasone-specific effects, the cellu-
lar responsiveness to other glucocorticoids was assessed.

Stimulation with corticosterone or prednisolone resulted in a
dose-responsive increase in FKBP5 expression in astrocytes
with risk (A/T) allele carrying cells trending to respond more
than resiliency (C/G) allele carriers (Figure 3). The ANOVA
of ranks suggested a significant dose effect in astrocytes,
F(4, 252) = 53.8, p < 0.0001, which was caused by differ-
ences between astrocytes stimulated with 100 nM corticos-
terone (7.8 + 4.8) and astrocytes treated with lower amounts
(20nM:3.7+2.7,4n0M: 1.7 + 1.6, 0.8 nM: 2.0 + 3.8) or ve-
hicle (2.7 + 4.5). Furthermore, the effect of strain was signifi-
cant, F(2, 252) = 3.4, p < 0.04, originating from differences
between wild types (3.4 + 3.8) and risk (A/T) allele carriers
(4.6 £5.8;1(690) = —3.3, p < 0.04). In microglia, the ANOVA
of ranks suggested a significant interaction of corticosterone
and strain, F(8, 110) = 13.0, p < 0.0001, based on differ-
ences between microglia treated with 100 nM corticosterone
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(8.6 + 5.4) and lower doses (20 nM: 4.0 + 2.0; 4 and 0.8 nM:
1.6 + 0.4) or vehicle (1.1 & 0.4) that varied between strains.
In neurons, no changes bigger than technical resolution were
found. For prednisolone, the ANOVA of ranks suggested
significant influence of strain, F(2, 181) = 5.2, p < 0.007,
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3.7 | Functional
induction of other glucocorticoid response
element harboring genes

To address whether the humanization of the murine
Fkbp5 locus would interfere with the induction or sup-
pression of other glucocorticoid response element har-
boring genes, Tsc22d3, Nr3cl, and Sgkl expression was
analyzed (Figure 4). For Tsc22d3, the ANOVA suggested
a significant interaction of strain and dexamethasone dose,
F(8, 119) = 2.1, p = 0.04, for which post hoc was attrib-
uted to resiliency (C/G) allele carrying astrocytes after dexa-
methasone treatment differing from vehicle-treated cells
(1.1 £ 0.1) and resiliency (C/G) allele astrocytes exposed to
100 nM dexamethasone (25 + 15.1) differing from wild-type
cells exposed to the same dose (10 + 10.3). For Sgkl ex-
pression, only the main effect of dose was significant in the
ANOVA, F(4, 123) = 13.5, p < 0.00001, which was due to
astrocytes treated with 100 nM dexamethasone (2.8 + 1.7)
differing from vehicle-treated cells (1 + 0.3). With respect
to Nr3cl, the ANOVA suggested a statistically significant
effect of dose, F(4, 123) = 5.1, p = 0.0008, stemming from
differences between vehicle-treated (1 + 0.2) and 100 nM
dexamethasone-treated cells (0.8 + 0.2). Furthermore, a
trend for strain, F(2, 123) = 2.8, p = 0.07, attributable to
differences between wild-type astrocytes (1 + 0.3) and resil-
iency (C/G) allele carriers (0.9 + 0.2) was found for Nr3cl.
However, the reported changes for Nr3cl were within the
range of technical variability.

4 | DISCUSSION

We demonstrated that astrocytes, microglia, and neurons
show a differential responsiveness to glucocorticoids based
on the induction of RNA transcripts from numerous gluco-
corticoid-responsive genes. In addition, we demonstrated
that astrocytes, microglia, and neurons derived from mice
carrying the human rs1360780 polymorphism display a dif-
ferential responsiveness to glucocorticoids. Astrocytes de-
rived from the risk (A/T) strain are more responsive than
astrocytes derived from the resiliency (C/G) strain. As the
SNP-associated differences were most notable in astrocytes,
our findings imply astrocytes may be a functional mediator
of FKBPS5 polymorphism-associated variations in stress re-
sponses in the CNS.

The brain is a central hub for the integration of chang-
ing internal and external conditions and, thus, plays a pivotal
role in the initiation and termination of the stress response.
Within this response, glucocorticoids elicit immediate tran-
scriptional changes in their target cells. Various cells types
in the brain will, dependent on their function, differently re-
spond to glucocorticoid stimulation (Lucassen et al., 2014;
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Radley et al., 2015; Ressler & Smoller, 2016). Regulators
of glucocorticoid signaling, such as FKBP51, will necessar-
ily contribute to cell type-specific responsiveness. Previous
studies found a correlation of Fkbp5 expression levels and
stress responses in peripheral blood mononuclear cells and
immortalized lympohblastoid cell lines (Chun et al., 2011;
Yeo et al., 2017). These cell types are informative on pe-
ripheral responses of the immune system to stress. A critical
missing factor in the literature was whether Fkbp5 expression
levels in the brain might affect cellular stress responsiveness.
Data on human-induced pluripotent stem cells that were dif-
ferentiated into forebrain-lineage neural cultures and exposed
to a high dose of dexamethasone did not indicate a neuronal
response to glucocorticoids (Liebermann et al., 2017). This is
in line with our data, where neurons appeared to be protected
from glucocorticoid signaling and only showed a minor in-
duction of glucocorticoid-responsive genes. In conformity
with the common understanding of Fkbp5 acting as potent
negative regulator of glucocorticoid signaling, this low re-
sponsiveness of neurons to glucocorticoids was correlated
with a high expression of Fkbp5 at baseline in neurons. The
previous remark that forebrain-lineage neurons may not be
an optimal neural cell type to examine relationships between
glucocorticoid receptor activation and Fkbp5 expression
(Liebermann et al., 2017) could, thus, be extended to the hy-
pothesis that neurons, in general, are not the primary target
cells of glucocorticoid signaling. As at individual cell level
the responsiveness of microglia and especially astrocytes
to glucocorticoids was much stronger than in neurons, our
data support the need for further study on the impact of glial
FKBP51 signaling on central stress responses.

The observed prominent role of astrocytes fits with tran-
scriptomic studies where an astrocyte-specific gene up-reg-
ulation after glucocorticoid exposure was reported to occur
prior to adaptations in other cell types (Carter et al., 2012).
This may be necessary to prevent neuronal loss by ensuring
metabolic support for example via shuttling lactate (Genc
et al., 2011; Ma et al., 2020) to circumvent the glucose-re-
stricting effects of glucocorticoids (Homer et al., 1990; Virgin
et al., 1991). Our data provide insights that astrocytes could
fulfill this function by promptly up-regulating Fkbp5 to in-
hibit glucocorticoid signaling and Sgk/, a kinase favoring cel-
lular glucose uptake from the circulation (Boini et al., 2006).
In addition, astrocytes responded to glucocorticoids by in-
duction of Tsc22d3, which drives metabolism toward oxida-
tive phosphorylation (Andre et al., 2017). This might be a
means to provide astrocytes with more energy for clearance
of the synaptic cleft. Notably, the combined exposure to cor-
ticosterone and the excitatory neurotransmitter glutamate
was reported to deprive cells from energy in the shape of ad-
enosine-tri-phosphate (Tombaugh & Sapolsky, 1992). This
simultaneous presence is likely to occur during the stress re-
sponse and would threat neuronal energy supply. Enhanced
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clearance of the synaptic cleft from glutamate by astrocytes
could, therefore, be another way to safeguard neurons from
shortcomings in energy.

Besides their supportive role in terms of metabolism, as-
trocytes were shown to influence information processing and
cognition by integrating local sensory information and behav-
ioral state (Hallmann et al., 2017; Lima et al., 2014; Oksanen
etal.,2019; Peteri et al., 2019; Slezak et al., 2019). In response
to glucocorticoids, resetting of the circadian clock via non-ca-
nonical pathways (Suchmanova et al., 2019) was reported.
Our data on the up-regulation of Perl following stimulation
with glucocorticoids suggest an astrocytic involvement in the
regulation of the circadian rhythm. Furthermore, astrocytic
responses to glucocorticoids were reported to directly influ-
ence (emotional) learning by structurally reorganizing neu-
ronal networks via an increased expression of Sgk/ (Slezak
et al., 2013) or micro-RNAs, described to influence neuro-
genesis (Luarte et al., 2017). Astrocytes might, hence, play an
important role in shaping plasticity in response to emotional
stress and set the stage for future stressful encounters (Bender
et al., 2016; Tertil et al., 2018). Taken together, the observed
astrocytic responses would be appropriately placed to at least
partially mediate the known interaction of FKBPS and ear-
ly-life trauma.

Very little is known about how genetic risk factors for
stress vulnerability might affect astrocyte functions. By hu-
manizing the murine Fkbp5-locus with either the risk (A/T)
or the resiliency (C/G) version of rs1360780, we sought to
create a unique model that would allow further mechanis-
tic studies into how these SNPs can alter the trajectory of
pathology due to environmental stressors. In astrocytes, we
found the risk (A/T) allele to stronger respond to glucocor-
ticoid exposure than the resiliency (C/G) allele. The associ-
ated inherent higher reactivity of astrocytes carrying the risk
rs1360780-A/T gene variant could lead to excessive inhibi-
tion of further GC signaling, or faster inhibition via the fast
intracellular feedback. These data are supported by a prelim-
inary, albeit un-quantified, observation that after stimulation
with dexamethasone, the FKBP51 protein is also translated in
the humanized mice. Taken together, this is the first demon-
stration that human risk and resilience FKBP5 polymor-
phisms can be transferred successfully to mice.

There are technical considerations relevant to production
of such humanized mouse lines. It is technically difficult to
humanize a large (>16,000 bp) gene, hence, only truncated
versions were inserted in place of the murine Fkbp5. The
observed responsiveness suggests that humanized alleles
can interact normally with murine gene regulator elements.
Nonetheless, our results on cellular glucocorticoid respon-
siveness are limited to mRNA expression and quantification
of cell type—specific effects on protein expression remains
challenging. The SNP is only known to affect chromatin

folding, not the structure or function of the protein. However,
it would be important to establish normal FKBP51 inter-
actions with the glucocorticoid receptor, such as the ligand
binding affinity. Additionally, in vitro experiments can only
reflect certain in vivo aspects and, hence, further studies are
needed to draw conclusions as to whether the risk (A/T) al-
lele would have functional influence on global glucocorti-
coid responsiveness in these mice and whether these could be
used to model disorders. These mice have been made com-
mercially available by Taconic Biosciences to aid in future
studies by all researchers.

FKBP5 SNPs have been shown to impart variability in
HPA-axis responses in the healthy population, but more
importantly to impart differential risk for pathology when
combined with environmental risk factors such as early
life adversity. Early life adversity has been discussed to
prime the stress response systems to pathological processes
(Ganguly & Brenhouse, 2015; Jens & Zakreski, 2015;
Kompier et al., 2019; Lesuis et al., 2018, 2019; Vaiserman &
Koliada, 2017) and astrocytes were reported to be involved
in the early programming of stress responsivity (Abbink
et al., 2019; Gunn et al., 2013; Saavedra et al., 2017). During
neuronal development, demethylation of the FKBP5 locus
as consequence of glucocorticoid exposure was reported
(Provengal et al., 2019) and if the same holds true for as-
trocytes, allele-specific methylation changes in FKBP5 could
exacerbate the observed FKBP5-SNP-associated differences
in glucocorticoid reactivity. These data provide a first indica-
tion that differential stress sensitivity via astrocytic signaling
could play a role in pathology linked to FKBP5 SNPs.

In sum, cell type-specific expression of FKBP5 regulates
responsiveness to glucocorticoids in the CNS with astro-
cytes being a promising cellular target for advancing the cur-
rent knowledge on how metabolic processes and astrocytic
functioning can shape the termination of the central stress
response. These novel FKBP5-humanized mouse lines are a
unique tool to advance the current knowledge on how FKBP5
variants interact with glucocorticoid sensitivity to influence
physiology and we hope that their use in future studies will
benefit patients.
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