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Abstract

FK506-binding protein 51 (encoded by Fkpb51, also known as Fkbp5) has been associated with stress-related mental illness.
To investigate its function, we studied the morphological consequences of Fkbp51 deletion. Artificial Intelligence-assisted
morphological analysis revealed that male Fkbp51 knock-out (KO) mice possess more elongated dentate gyrus (DG) but
shorter hippocampal height in coronal sections when compared to WT. Primary cultured Fkbp51 KO hippocampal neurons
were shown to exhibit larger dendritic outgrowth than wild-type (WT) controls and pharmacological manipulation experi-
ments suggest that this may occur through the regulation of microtubule-associated protein. Both in vitro primary culture
and in vivo labeling support a role for FKBP51 in the regulation of microtubule-associated protein expression. Furthermore,
Fkbp51 KO hippocampi exhibited decreases in PIII-tubulin, MAP2, and Tau protein levels, but a greater than 2.5-fold
increase in Parkin protein. Overexpression and knock-down FKBP51 demonstrated that FKBP51 negatively regulates Parkin
in a dose-dependent and ubiquitin-mediated manner. These results indicate a potential novel post-translational regulatory
mechanism of Parkin by FKBP51 and the significance of their interaction on disease onset.
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Introduction

FK506-binding protein 51 (FKBP51, encoded by Fkbp5)
belongs to a subclass of immunophilin proteins and has pep-
tidyl-prolyl cis—trans isomerase (PPlase) activity that is cru-
cial for protein folding [67]. One of the well-studied func-
tions of FKBP51 is its role as a co-chaperone of heat shock
protein 90 (Hsp90) in the formation of the glucocorticoid
receptor (GR) complex, which is a central contributor to the
stress response that modifies the pathophysiology of stress-
induced conditions [70, 74, 76]. For example, Fkbp51 has
been associated with depression, post-traumatic stress dis-
order (PTSD), and other psychiatric disorders [21, 80, 84].
Newly emerging data indicate that FKBP51 may also play
an important role in neuronal development, neurological
diseases, and as a potential target for disease treatment [24,
40, 42, 51, 69, 79]. Interestingly, interactions with childhood
adversity and emotion processing indicate that FKBP51 may
play a role in neuronal plasticity through epigenetic regula-
tion or an unknown function [1, 4, 25, 36].

The hippocampus is critical for learning and memory that
experiences continuous neurogenesis into adulthood, and its
volume has a relatively high level of heritability [34, 47, 64].
Hippocampal volume can be affected by neurogenesis or
dendritic atrophy, which can be influenced by genetic pre-
disposition, disease conditions, and certain therapies [29, 31,
38, 39]. Ample evidence supports the association between
hippocampal volume and neurological and psychiatric dis-
eases [53, 72, 77]. Significantly, FKBP51 has been associ-
ated with hippocampal volume alterations in PTSD patients
[17, 38, 92]. The hippocampus is rich in corticosteroid
receptors as well as FKBP51, and stress-induced glucocor-
ticoid elevations result in many morphological and molecu-
lar changes in the hippocampus [14], 57. However, no study
has been conducted using an Fkbp5 1 knock-out (KO) model
to directly assess its role in hippocampal morphology and
disease development.

In this study, we examined the differences in hippocam-
pal morphology between male Fkbp51 KO and wild-type
(WT) mice using an Artificial Intelligence (AI) approach,
and determined the effects of Fkbp51 ablation on neuronal
development. Pharmacological manipulations were applied
to understand the role of Fkbp51 in microtubule dynamics.
We measured the mRNA and protein levels of MAP2, Tubu-
lin, Tau, and Parkin in Fkbp51 KO and WT mice, and the
functional relationships, particularly between FKBP51 and
Parkin, were thoroughly investigated by knocking down and
overexpressing Fkbp51 in vitro. Co-immunoprecipitation
(Co-IP) and co-transfection experiments support the role of
FKBP51 in the regulation of Parkin. These findings suggest
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that Fkbp51 plays a critical role in the dendritic complexity
of neurons and is reflected by differences of deep cell layers
of CA and DG between KO and WT in vivo, highlighting a
potential mechanism underpinning differences in morpho-
logical, synaptic, and molecular function.

Results

Fkbp51 gene deletion leads to altered hippocampal
size

FKBP51 has been linked to hippocampal volume in human
studies [38]. To directly confirm such an association, we
examined if any changes in hippocampus morphology occur
using the Fkbp51 KO mouse model. Because the use of
individual observers to define the morphological changes
could be biased and limited, artificial intelligence (AI) tools
were developed and applied to perform unbiased and in-
depth surveys of the hippocampal area, using distinguishable
cell layers, such as the neuron cell layers of cornu ammonis
(CA) and the dentate gyrus (DG) as landmarks. Brain posi-
tions were registered and calibrated by the application of
Al-assisted data analysis (Fig. 1 A) and methods previously
established by us and others [65, 78]. In brief, each image
was preprocessed in grayscale with the locally adaptive
histogram equalization method [95], followed by contrast
enhancement and hybrid probability-driven deformable
modeling [78]. The Al analysis suggested alterations in hip-
pocampal size and DG size. Figure 1B depicts an overview
of the results. The yellow region in the image is the segmen-
tation outcome, while red lines are the resulting smooth cen-
terlines along the interface, also shown in magnified views.
Eight measurements were calculated for both left and right
sides. The bar plots indicate corresponding measurements
from all examined stacks across all depths. The results are
shown in the numbered plots corresponding to the annotated
measurements in the displayed magnified view (Fig. 1B).
The cortex plus corpus callosum (CC) height was taller in
KO than WT. Although the hippocampus height was found
to be shorter in KO than WT, the length of the DG was found
to be longer in KO than WT. The curve radii at CA1 was
found to be larger in KO than WT, indicating more flattened
curves. Interestingly, a genotype-specific left and right-side
difference was found for CA3 curve radius, with opposing
trends between KO and WT (Fig. 2B). These data demon-
strate that the CA and DG of KO mice are significantly more
elongated (horizontally) compared to WT, while the height
of the hippocampus in KO is shorter (vertically). Our data
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demonstrate the morphological consequences of knocking
out Fkbp51.

Fkbp51 ablation affects neuronal development

A previous study demonstrated that FKBP51 plays a role
in neurite outgrowth using cell lines and primary cultured
hippocampal neurons from rats [59], but this role has not
been directly studied using KO animal models. To uncover
the effects of Fkbp51 deletion on neuronal development
and to identify its specificity, we examined the morphol-
ogy of primary hippocampal neurons cultured from Fkbp51
KO and WT mice. The neurons were immunofluorescence
(IF)-labeled with BIII-tubulin, MAP2, and DAPI. At 3 days
in vitro (DIV3), axonal specification and primary dendritic
outgrowth had begun (Fig. 2). The distribution patterns
of MAP2 and BIII-tubulin were similar between WT and
Fkbp51 KO neurons, but Fkbp51 KO neurons exhibited
lower MAP2 signal intensities (Fig. 2A, B, DIV3 panel). At
DIV5 one long axonal outgrowth and few dendritic branches
were clearly present in WT neurons. In Fkbp51 KO neurons,
one shorter axonal outgrowth and multiple overgrown den-
dritic branches were observed, an effect not evident in WT
neurons (Fig. 2A, B. DIVS5 panel). Another striking differ-
ence was that KO cells had only weak labeling around the
somatic and nuclear membranes, but WT cells had higher
signal intensity for both BIII-tubulin and MAP2 labeling
in these areas (Fig. 2, DIV5, magnified insets). Neuronal
morphology differences were initially observed at DIV3 but
became more evident at DIV5 and DIV9 (Fig. 2). Quanti-
tative data of MAP2 and BIII-tubulin are on the right of
corresponding DIV panel (Fig. 2B). More representative
neurons with different target labeling are shown in the Sup-
plementary information (SI). Triple labeling of BIII-tubulin,
F-actin, and DAPI (SI-Fig. 1A), or flII-tubulin, Tau, and
DAPI clearly shows more dendrite growth in KO (SI-
Fig. 1A). Sholl analysis was performed to quantify observed
differences using binary images created by Image J soft-
ware (Fig. 2A. binary panel). Multiple neurons of each group
were analyzed including primary branches (the number of
branches that originated from the soma) and the radius of
maximum intersections for the branches. The data indicate
KO has a higher number of primary branches, increased
radius (Fig. 2B), and more intersections at different radii
(Fig. 2C), and with those measurements becoming more evi-
dent with increasing days in culture. These results suggest
that knocking out Fkbp51 has a significant impact on neu-
ronal development, affecting the protein expression levels of
microtubule-associated protein. This result is consistent with
the role microtubule and actin dynamics play in determining
neuronal polarization [90].

Microtubule-stabilizing drug alters hippocampal
neuron development in Fkbp517 KO mice

Neurite outgrowth is essential for wiring the nervous system
during development and in certain disease conditions [3].
We examined the involvement of FKBP51 in neuron devel-
opment through the regulation of microtubules. Pharmaco-
logical interventions were applied to further investigate the
function of FKBP51 in neurite outgrowth and its effect on
microtubule dynamics during neuron development. In this
experiment, a microtubule-stabilizing agent (Taxol, 3 nM)
[37] or a microtubule-destabilizing agent (nocodazole,
50 nM) [11] was applied to Fkbp51 KO and WT primary
hippocampal neuron cultures. Similar to our previous obser-
vations, in untreated conditions, KO hippocampal neurite
overgrowth was evident with BIII-tubulin and MAP?2 labe-
ling. MAP2 quantification between treatments is shown in
Fig. 3B. As before, one long axon with a few short neurites
were observed in WT neurons (Fig. 3A—vehicle panel).
Following treatment with Taxol, the expression of MAP2
was affected in WT neurons (Fig. 3A, Taxol-WT panel),
likely due to the ability of Taxol to promote microtubule
stability and enhance protrusion of polymerizing dynamic
microtubules to the growth cone. In Fkbp51 KO neurons,
the average total neurite number was higher than in WT
after Taxol treatment (Fig. 3C), however, the intersections at
radii close to the cell body were reduced to the level of WT
neurons, with intersections with radii larger than 300 um
unaffected (Fig. 3D). Nocodazole treatment disturbed nor-
mal neuron morphology and produced neurite retraction in
both KO and WT measured by radius (Fig. 3C, D). Sholl
analysis indicated that KO possesses a higher number of
primary branches and more intersections at different radii in
the vehicle control and Taxol treatments when compared to
WT. No differences between genotypes were observed with
nocodazole treatment. The observation that Taxol affects
dendrite overgrowth present in Fkbp51 KO neurons suggests
that the neuronal phenotype of the Fkbp51 KO is associated
with regulation of microtubule-related proteins.

Fkbp51 elimination affects tubulin, MAP2, and Tau
protein expression

Cytoskeletal proteins, including microtubules, neurofila-
ments, and actin microfilaments, are important for main-
taining neuronal morphology and function [27]. MAPs,
particularly MAP2, Tau, and tubulin, are critical for neuron
development and function. Given that dendrite outgrowth
of cultured neurons was apparently affected by knocking
out Fkbp51, we examined the in vivo mRNA and protein
expression levels of MAP2 in the hippocampi of Fkbp51 KO
and WT mice. First, using quantitative real-time PCR, the
levels of mRNA expression of Tubb3 (encodes pIII-tubulin),
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Map?2, and Tau were determined. Unexpectedly, similar
levels of mRNA expression were found between Fkbp51
KO and WT mice (Fig. 4A). We then examined protein
expression using PIII-tubulin, MAP2, and Tau IF labeling,
immunohistochemical (IHC) labeling, and western blotting.
In the DG, CAl, and CA3 subfields, significantly different
expression patterns were found between KO and WT mice
when observed in higher magnifications. In the DG, the
granule cell layer (GCL), hilus region (HR), and molecular
layer (ML) expressed lower levels of MAP2 in KO than in
WT (Fig. 4B, DG panel). Notably, the deep layer (yellow
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arrow) of the GCL exhibited less intense labeling of MAP2
in Fkbp51 KO mice than in WT mice and resulted in no
visible labeling in this subfield. Similarly, low expression
of MAP2 was observed in stratum oriens (Ori), pyramidal
(Pyr) neuron layer, and stratum radiatum (Rad) of Fkbp51
KO compared to WT, a pattern evident in the deep layer
cell of the Pyr neuron layer of the CA1 and CA3 subregions
(Fig. 4B). The differences in MAP2 expression in hippocam-
pal deep layers and superficial layers indicate that neuronal
development has been affected in KO mice.
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«Fig. 1 Ablation of the Fkbp51 gene compromises hippocampal size.
A Image acquisition and data processing. Sagittal view with verti-
cal lines indicating the position range where coronal sections were
acquired. Stacks of images were analyzed from both 5 male WT
and 5 male KO followed by 2D segmentation of areas of interest.
Machine learning was applied and landmarks of CA and DG were
analyzed. B Representative brain section with hippocampal subre-
gions highlighted. The yellow regions indicate the 2D segmentation
outcome, and red lines are the resulting smooth centerlines along the
interface. Eight landmarks were measured, annotated in the magni-
fied view at the bottom of the section (1) the cortex plus corpus cal-
losum (CC) length was approximated using the vertical intensity pro-
file of the contrast enhanced grayscale image; (2) the hippocampus
height was calculated in the vertical direction, after the “peak point”
between CA1 and CA2 was located; (3) the length of the hippocam-
pus was calculated as the arc length of the pyramidal cell layer; (4)
the local curve change at the “peak point” between CA1 and CA2 was
captured by the radius of the best locally fit circle to the curve (in
cyan); (5) similarly, the local curve change of CA3 was captured by
the radius of the best locally fit circle; (6) the length of the colored
DG segment was calculated as the arc lengths of the corresponding
granular cell layer; (7) the DG height was measured vertically, after
locating the peak point between the top and bottom granular cell lay-
ers; (8) the DG apex was captured by the radius of the best locally fit
circle to the DG line. The y-axis in each plot corresponds to meas-
urement in pixels, and the scale varies across the plots for illustra-
tion purposes. In blue and red are the measurements for WT and KO,
respectively. The plots 2-8 are divided by a black vertical line into
left and right hippocampus segment measurements. Bold dots indi-
cate the group averages. CA: cornu ammonis. DG: dentate gyrus;
Hippo: hippocampus. P value shown in (1) was determined by Stu-
dent’s unpaired t-test, shown in (2-8) were determined by One-way
ANOVA

Furthermore, PIII-tubulin and MAP2 were co-labeled
by IF. Lower levels of MAP2 expression were consistently
observed in the DG and CA1 of KO mice, relative to those
of WT mice (SI—Fig. 2, MAP2 panel). For BIII-tubulin,
lower levels were also evident in the HR, GCL, and ML
of the DG. Merged images display the labeling differences
in the deep layers between KO and WT. The Pyr neurons
at CA1 possessed significantly lower signal, evidence of
deep cell layer differences in Fkbp51 KO mice compared to
WT mice (SI—Fig. 2, Merged panel. Particularly, greatly
reduced labeling in the Rad layer, more pronounced in the
alveus (Alv) and lacunosum-moleculare (LM) layers (SI—
Fig. 2) was observed in the CA1 subregion of Fkbp51 KO,
signifying that FKBP51 affects neuronal tubulin.

The protein levels of MAP2, BIII-tubulin and Tau were
further examined using IHC to gain cellular resolution. The
extension of the neuronal dendritic tree into the Rad of CA1
and positively labeled cell number in the HR subfield of DG
were investigated. For MAP2 labeling, KO mice showed less
intensity than WT mice within the Pyr neuron cell layer, as
well as in the apical branch in the Rad sub-region, which is
consistent with what was observed in the cultured neurons
(Fig. AC—MAP2 panel). Similarly, pIII-tubulin and Tau had
lower expression in the CA1 and HR of DG in KO mice,

compared to WT mice (Fig. 4C). Quantitative I[HC data can
be found in SI—Fig. 4.

To gain a more quantitative understanding of the pro-
tein expression levels, western blotting was performed to
quantify the total protein expression in the hippocampus,
and results confirmed the low expression of these proteins
including phosphorylated MAP2 in KO (Fig. 4D, E). Con-
sistent with our in vitro primary neuron culture findings,
in vivo pIII-tubulin, MAP2, and Tau labeling indicated clear
differences in protein levels as well as sublayer expression
differences in hippocampus between Fkbp51 KO and WT
mice. To determine if neurogenesis-driven differences in
cell number contributed to the observed results, anti- Ki67
labeling was also performed. We found that in multiple sub-
fields of the hippocampus, the total number of cell number
counts as well as Ki67 positive cell counts between KO and
WT showed no significant differences. The percentage of
positive cells in total were also indicated (SI—Fig. 5).

Increased Parkin levels occur in Fkbp51 KO mice
via post-translational regulation

Given the importance of Parkin in microtubule stabilization,
we compared the expression of Parkin between Fkbp51 KO
and WT mice and assessed possible mechanisms of FKBP51
interplay with Parkin that could affect neuronal morphology.
Strikingly, IHC labeling indicated clear differences in Parkin
expression in hippocampal sublayers between Fkbp51 KO
and WT mice (Fig. 5A). The Pyr neurons at CA1 possessed
significantly higher levels of Parkin in Fkbp51 KO mice than
in WT mice, with a stronger intensity of labeling in the Rad
region. Similarly, higher expression of Parkin was observed
in the GCL and HR in the DG of Fkbp51 KO mice than in
WT mice (Fig. 5A). Quantitative assessment revealed twice
the level of Parkin protein in the hippocampal CA1 and DG
area (Fig. 5A). In vitro IF labeling confirmed our in vivo
observations. MAP2 and Parkin were co-expressed in cul-
tured hippocampal neurons (DIV9) (Fig. 5B). As shown in
the merged magnified image, the MAP2 signal is stronger,
while Parkin is weaker in the soma of WT (Fig. 5Ba), MAP2
is much lower and Parkin is higher in the soma of Fkbp51
KO (Fig. 5Bc). Magnification of the dendrites revealed that
while Parkin is detectable in the WT neurons (Fig. 5Bb),
in contrast, Parkin is highly expressed in Fkbp51 KO den-
drites (Fig. 5Bd). The observed punctate expression pattern
of Parkin is similar to that described in previous reports
[89]. Consistent with the THC labeling results, western
blotting revealed Parkin protein is significantly elevated in
the Fkbp51 KO hippocampus (p <0.001) compared to WT
hippocampus (Fig. 5C), although the lack of a difference in
mRNA expression (Fig. 5D) suggested that Parkin could be
post-translationally regulated by FKBP51.
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«Fig.2 Morphological differences between Fkbp51 KO and WT pri-
mary cultured neurons. A Neurons were labeled with BIII-tubulin
for whole neurons (red), MAP2 for soma and dendrites (green), and
DAPI for nuclei (blue). Primary cultured neurons were analyzed
at DIV3, DIVS5, and DIV9. Solid head arrows indicate axon out-
growth, while line head arrows indicate dendrite outgrowth. Inset
of each image showed the magnified staining of soma area. Scale
bar=100 pm. B Quantification of MAP2 and PIII-tubulin labelling
in primary cultured hippocampal neurons. C, D Statistical analyses
of neurite numbers, radius of maximum intersections and intersec-
tions at different radii in treated and untreated WT and Fkbp51 KO
neurons. DIV: days in vitro. Data represent mean+SEM of 8-10
neurons from 3 independent experiments. P value shown in B was
determined by Student’s unpaired #-test, and P values shown in C
and D were determined by two-way ANOVA. *P <0.05; **P<0.01;
%P <0.001; ****P <0.0001. Immunofluorescence labeling of BIII-
tubulin, F-actin, and Tau is included in the Supplementary Informa-
tion, SI-Fig. 2

FKBP51 affects Parkin expression and stability
and is involved in Parkin ubiquitin-mediated
degradation

The effect of Fkbp51 knockdown on Parkin expression
in vitro was performed in an attempt to experimentally test
the relationship between Parkin and FKBP51. Utilizing the
human neuroblastoma cell line SH-SYSY, we studied the
effect of siRNA knockdown of Fkbp51 on Parkin expression
levels and cellular morphology. Compared to the scramble
siRNA control, Fkbp51 siRNA treatment reduced the IF sig-
nal intensity of MAP2 and Tau. Additionally, we observed
that a higher intensity of F-actin labeling shifted from the
soma to the dendrites when comparing the Fkbp51 siRNA
group and control, with a significant increase in the Par-
kin signal in the perinuclear area. Importantly, the Fkbp51
siRNA treatment group also exhibited altered morphology,
with an increase from two to many neurite outgrowths, a
result akin to the neuron morphological alterations seen in
Fkbp51 KO (Fig. 6A). Western blotting analysis confirmed
a reduction in FKBPS51 protein and an increase in Parkin
levels in Fkbp51 siRNA-treated SH-SYSY cells compared
to scrambled siRNA treated cells (Fig. 6B). Thus, Fkbp51
siRNA altered microtubule-associated protein expression
and cellular morphology.

As an E3 ubiquitin ligase, Parkin mediates the targeting
of protein degradation machinery. Proper regulation of Par-
kin is critical, either via degradation or transitioning between
active and inactive conformations [12]. We performed
in vitro overexpression experiments to test whether FKBP51
regulates Parkin expression. The Flag-Fkbp51 plasmid was
transfected into cells. Following FKBP51 overexpression,
endogenous Parkin expression was dramatically decreased
in a dose-dependent manner (Fig. 6C). This finding sug-
gests that FKBP51 expression reduces Parkin expression,
potentially by affecting Parkin stability. To investigate this
possibility, cells were transfected with Flag-Fkbp51 prior

to the addition of cycloheximide (CHX), a protein synthesis
inhibitor. The cells were harvested at 2, 4, 12, and 24 h post-
CHX treatment, and Parkin protein levels were examined.
Following CHX treatment, Parkin protein levels declined
steadily in Flag-Fkbp51-treated cells (Fig. 6D), suggesting
that FKBP51 directly diminishes Parkin stability and plays
arole in Parkin self-degradation.

To study the role of ubiquitin in this process, His-Parkin,
Flag-Fkbp51, and HA-ubiquitin were co-transfected in dif-
ferent combinations. As shown in Fig. 6E, compared to His-
Parkin expression alone (Fig. 6E, lane 1), co-transfection
of both Parkin and ubiquitin (HA-UB) resulted in dimin-
ished Parkin levels (Fig. 6E, lane 2). Intriguingly, decreased
endogenous FKBP51 expression was also observed (Fig. 6E,
lane 2). The data indicate ubiquitin-mediated Parkin and
FKBP51 degradation. As expected, co-transfection of
FKBP51 and His-Parkin without ubiquitin resulted in a
significant decrease in Parkin expression relative to that
of cells transfected with His-Parkin alone (Fig. 6E, lane 3
vs lane 1) demonstrating that overexpression of FKBP51
reduces Parkin. Co-transfection of ubiquitin with FKBP51
and Parkin dramatically reduced endogenous FKBP51, Flag-
FKBP51, and Parkin expression (Fig. 6E, lane 4), suggest-
ing that ubiquitin enhances FKBP51 activity. The bottom
panel is the full gel blot for HA-UB. Taken together, these
results indicate that FKBP51 regulates Parkin protein level
in a dose- and ubiquitin-mediated manner. Next, the direct
interaction between the Parkin and FKBP51 proteins was
investigated using co-IP.

It has been reported that FKBP51 can interact with
neuronal MAPs, Tau, and Tubulin [10, 42], but the pos-
sibility that FKBP51 interacts directly with Parkin has not
been previously investigated. To further explore the interac-
tions among FKBP51, Parkin, pIlI-tubulin, and Tau, co-IP
experiments were performed in SH-SYS5Y cells. As shown
in Fig. 6F, FKBP51 precipitated with PIII-tubulin and Tau,
confirming previous findings. FKBP51 also precipitated with
Parkin, demonstrating a probable interaction. Furthermore,
evidence was found that suggests Parkin precipitates with
MAP2 (Fig. 6F), supporting previous research that indicated
the possible association of these two proteins [63]. We con-
clude that FKBP51 interacts with each of these proteins, but
whether directly or indirectly requires further determination.

Some Parkin phosphorylation sites are essential for its
activation and disease onset [44, 66]. We further investigated
a functional site at Ser65 of Parkin and its role in FKBP51
interaction (Fig. 6G). Relative to His-Parkin alone, when
Flag-Fkbp51 was co-transfected (lane 3), the Parkin protein
level decreased in a manner consistent with our previous
observations. When mutated His-Parkin Ser65Ala (S65A)
was co-transfected with Flag-Fkbp51 (lane 4), Parkin protein
was not decreased. The data suggests that Parkin Ser65 is a
critical site for Parkin and FKBP51 interaction.
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«Fig.3 Fkbp51 KO neuronal polarization sensitive to microtubule sta-
bility alteration. A Morphological differences between Fkbp51 KO
and WT primary cultured neurons are observable at DIV 9. Neurons
are labeled with BIII-tubulin (red) and MAP2 (green). Hippocampal
neurons from Fkbp51 KO mice exhibit enhanced neurite outgrowth.
Taxol reduced dendrite outgrowth from Fkbp51 KO neurons, while
nocodazole reduced minor neurite formation in both WT and Fkbp51
KO, with more obvious neuronal deformation present in Fkbp51
KO. Scale bar=100 pm. B Quantification of the MAP2 labeling in
primary cultured hippocampal neurons. C, D Statistical analyses of
neurite numbers, radius of maximum intersections and intersections
at different radii in treated and untreated WT and Fkbp51 KO neu-
rons. Data represent mean + SEM of 8 ~ 10 neurons from 3 independ-
ent experiments. P value shown in B was determined by Student’s
unpaired #-test, and P values shown in C, D were determined by two-
way ANOVA. *P <0.05; **P <0.01; ***P <0.001; ****P <0.0001

Discussion

Herein we report that Fkbp51 impacts neuronal morphology
and regulates Parkin protein level. We demonstrated altera-
tions of hippocampus size by measuring hippocampal and
DG dimensions in male Fkbp51 KO and WT mice. Appli-
cation of Al tools significantly advanced our understanding
of these morphological changes in a more detailed fashion,
increased the sensitivity of measurements, and allowed us
to identify the differences between male KO and WT as well
as between right and left hemispheres. We reported that
microtubule-associated protein changes in Fkbp51 KO mice
may be implicated in dendritic outgrowth. Pharmacological
manipulations supported the notion that Fkbp51 regulates
microtubule dynamics. Further investigation found that dele-
tion of Fkbp51 resulted in no obvious alterations in micro-
tubule-associated mRNA expression but significant changes
in the expression of several proteins, including decreases
in BIII-tubulin, MAP2, and Tau, and a more than doubling
of Parkin. Consistently, previous studies have demonstrated
reduced expression of Tau in Fkbp51 KO [6], 7. We focused
our investigation on FKBP51 and Parkin to provide a mecha-
nistic understanding of the FKBP51 and Parkin interaction
by either overexpression or siRNA knockdown of Fkbp51,
revealing an inverse relationship between FKBP51 and Par-
kin protein levels. Co-transfection experiments identified a
dose-dependent and ubiquitin-mediated negative correlation
between FKBP51 and Parkin protein levels. Moreover, co-IP
experiments confirmed that FKBP51 binds pIII-tubulin, Tau,
and Parkin. Finally, we demonstrated that the Parkin amino
acid residue Ser65 is a critical site for FKBP51 and Parkin
interaction. Our discovery of the role of Fkbp51 in neuronal
development via regulation of Parkin is novel and its role in
the regulation of MAP2 and Tubulin levels during neuronal
polarization may be the key for advancing future research
on their associations with disease onset.

There are known genetic determinants of hippocampus
volume and its association with mental illness [2, 29, 48, 54,

94]. Previous literature demonstrates that FKBP51 is criti-
cal for neuronal development and stress-related psychiatric
diseases [40, 42]. For example, Fkbp51 has been associated
with depression, PTSD, and other psychiatric disorders, and
PTSD patients display hippocampal volume changes [21, 80,
84]. Thus, our KO model represents a genetically relevant
in vivo model for identifying the long-term effects of neu-
rological and morphological alterations. Hippocampal CA
and DG volumes are smaller in MDD patients, however,
exposure to early life stress results in increased volume, and
more interestingly, alleles within the FKBP51 gene are asso-
ciated with different responses to treatment of those patients
with early life stress. Additionally, FKBP51 haplotype was
shown to modulate the resting brain activity of parents who
lost their only child [38, 46, 55]. These data suggest that hip-
pocampal volume is at least partially determined by FKBP51
genetics. Distinct genotypes respond differently to treatment,
indicating a role for FKBP51 in gene-environment interac-
tion. Furthermore, FKBP51 does play a role in neuronal
plasticity and brain activity [22]. Indeed, we also observe
alterations in synaptic plasticity in Fkbp51 KO mice [58].
The breadth of these profound findings suggests an exten-
sive role for FKBP51 in normal biological function and in
disease onset. However, a full mechanistic understanding
of its modes of action in humans is missing critical details.

FKBP51 genotype-dependent increases in coupling
between the left amygdala and left hippocampus suggest
its role in emotional processing and differences between
hemispheres [30]. Another study found a positive correla-
tion between the severity of repression and left hippocam-
pal volume in a subgroup of PTSD with a specific FKBP51
genotype [92]. Interestingly, glucocorticoid receptor (GR),
a protein that forms a complex with FKBP51 to carry out
its function, has a “protective” genotype that responds to
emotional trauma and affects the reductions in left hip-
pocampal volumes [41]. In our study, the Al tool enabled
a more accurate quantification of morphological changes in
the male mouse hippocampus. In addition to the genotype-
specific differences, the differences between left and right
hemispheres were also quite interesting. Thus, our Fkbp51
KO model supports the notion that the absence of FKBP51
produces alterations in hippocampal morphology, the degree
of which may be hemisphere-specific.

The hippocampus plays key roles in spatial navigation
and episodic memory, and segments along the transverse
axis of the hippocampal pyramidal cell layer reflect their
morphological and functional differences [19, 71]. Previ-
ous research determined that these layers may possess dif-
ferences in circuit function and activity, particularly differ-
ences between deep and superficial neurons correlated with
physiological functions and connections to basket cells [71],
[73]. In our study, we have identified a role for FKBP51 in
neuronal development via the post-translational regulation
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«Fig.4 In vivo differences in PIII-tubulin, MAP2, and Tau expression
in the hippocampus. A No significant differences were found in the
expression levels of Tubb3, Map2, or Tau mRNA. B MAP2 and DAPI
immunofluorescent labeling of hippocampus and magnified subfields
including DG, CAl, and CA3. C In the CAl and DG hippocampal
subfields, MAP2 and PIII-tubulin expression are significantly lower
in the Fkbp51 KO than in the WT, particularly in the Rad. Tau pro-
tein expression levels are also lower in the Fkbp51 KO than in the
WT (scale bar=50 pm). D Western blotting confirmed the reduced
expression of the MAP2, p-MAP2, plll-tubulin, and Tau proteins. E
Quantification of the MAP2, p-MAP2, llI-tubulin and Tau proteins
in the hippocampus. Data represent the mean+SEM normalized to
GAPDH. Pyr, pyramidal cell layer; Rad, radiatum layer; HR, hilar
region; GCL, granule cell layer. Data represent mean+SEM of 6
mice per genotype. P values were determined by Student’s unpaired
t-test. *P <0.05; **P <0.01; ***P <0.001

of microtubule associated protein expression (i.e., down
regulation of MAP2, and upregulation of Parkin). MAP2
labeling in vitro and in vivo revealed that changes in expres-
sion levels were consistent. Particularly striking were MAP2
labeling differences in the deep cell layer of GCL of DG, as
well as deep pyramidal neurons of CA1l and CA3. Clearly,
Fkbp51 KO produces changes in neuronal development and
hippocampal morphology.

Microtubules are essential for neuronal development and
interact with microtubule-associated proteins (MAPs), Tau,
and Parkin [63]. Mutations and variations in these proteins
are associated with major neurodevelopmental and neuro-
degenerative diseases, such as Parkinson’s Disease (PD)
and Alzheimer’s disease (AD) [8, 15, 26, 43, 75]. Recent
research has established that Parkin, a multifunctional ubig-
uitin ligase, binds and stabilizes microtubules, regulates
gene expression, and participates in mitochondrial homeo-
stasis [18, 63, 82, 88]. Parkin can also directly form Tubu-
lin dimers via ubiquitination and through interactions with
hallmark proteins of AD [52, 63]. Parkin absence accelerates
microtubule aging in dopaminergic neurons [9, 62]. Interest-
ingly, FKBP51 binds Tubulin and associates with MAPs,
Tau, Hsp90, and other chaperones to guide neuronal differ-
entiation [10, 59]. However, no prior studies have elucidated
the relationship between FKBP51 and Parkin.

In this study, we revealed the potential interaction of these
two proteins. Intuitively, if the morphological alterations that
were observed in vitro persist in the whole organism, they
must affect the entire neuronal organization in vivo. Greater
dendrite outgrowth in the Fkbp51 KO could alter normal
neuronal function, resulting in connectivity differences.
Our group and others recently found that Fkbp51 plays a
role in synaptic plasticity [5, 58]. Neuronal polarization is a
dynamic process including microtubule protein transporta-
tion, cross-linking between microtubules and other proteins,
as well as the internal traction force in the axon [16, 83, 86,
87]. In Fkbp51 KO neurons, the microtubule dynamic was
altered due to the downregulation of microtubule-associated

protein and significant upregulation of Parkin, which stabi-
lized the microtubules. We know that dynamic protein net-
works assemble on and inside the cell membrane and that
microtubules forming the cytoskeleton are responsible for
cell shape. Thus, Parkin and FKBP51 interaction may play
a prominent role in the regulation of microtubule-related
protein networks and cell morphology. It is also plausible
that FKBP51 regulates the functions of other protein via
its isomerase activity and its involvement in the phospho-
rylation, ubiquitination, and lipidation of proteins [60, 61].
Importantly, we identified that the Parkin Ser65 residue is
critical for FKBP51 and Parkin interaction, and that Ser65
phosphorylation is associated with disease onset. We pro-
pose a model for their interactions based on our findings
(Fig. 7). Normally, FKBP51 interacts with Parkin and par-
ticipates in Parkin self-degradation, maintaining normal
Parkin activity and allowing microtubule-related proteins
(or substrates like Tubulin, Map2, Tau, etc.) to participate
in normal degradation. In the absence of FKBP51, their
interactions may result in reduced Parkin self-degradation,
increasing the level of Parkin protein and enhancing Parkin
activity, promoting downstream substrate degradation. We
speculate that these changes produce a new homeostasis of
the cytoskeletal network and function that can affect neu-
ronal development and hippocampal formation, resulting
in alterations in plasticity and connectivity [22, 59]. These
changes would further explain the contribution of FKBP51
in stress-related mental illnesses [4, 85, 93].

The discovery that Parkin activity is regulated by
FKBP51 opens a new strategy for the treatment of Parkin-
associated neurological diseases. It is known that some
forms of PD exhibit inactivated Parkin activity [35], and
it has been suggested that chronic stress conferred by the
metabolism of dopamine in dopaminergic neurons may
render those neurons more dependent on Parkin [20]. We
observed ubiquitin-mediated degradation of Parkin, which is
consistent with a previous report that Parkin self-regulation
could be exacerbated via ubiquitin-assisted degradation [13].
Evidence of FKBP51-dependent and ubiquitin-mediated
regulation of Parkin activity and doubled Parkin protein in
the hippocampus of Fkbp51 KO mice suggests an upstream
regulatory role for FKBP51 in the control of Parkin activ-
ity. Parkin has been associated with multiple diseases and
functions as an E3 ligase in the ubiquitination pathway that
controls protein quality and gene expression [18, 63, 82, 88].
Both FKBP51 and Parkin are involved in neuronal function
and share several overlapping functions related to disease
development [15, 33]. FKBPS51 is implicated in stress-
related disorders, including PTSD, depression, and addic-
tion [4, 32, 36, 57], and a recent meta-analysis of GWAS
found PARK? is an additional gene associated with PTSD
[49]. Functional SNPs linked to high or low FKBP51 pro-
tein expression level in humans are associated with disease

@ Springer



175 Page 12 of 20

B.Qiuetal.

Fig.5 Increased Parkin levels A
occur in Fkbp51 KO mice CA1

via post-translational regula-
tion. A Parkin expression is
significantly increased in the
Fkbp51 KO in the hippocam-
pal subregions CA1 and DG,
scale bar =50 pm. B Primary
cultured WT and Fkbp51 KO
hippocampal neurons labeled

at DIV9 with MAP2 (green),
Parkin (red), and DAPI (blue),
scale bar=100 pm. WT neurons
express more MAP2 but less
Parkin than Fkbp51 KO neurons
in the soma and dendrites. The
magnified panel highlights the B
distinct labeling patterns in

WT and Fkbp51 KO soma and

dendrites. C Western blotting

confirms significantly higher

Parkin protein expression in

the Fkbp51 KO hippocampus. WT
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onset and response to traumatic events. A humanized mouse
model further supports functional SNPs affecting hormonal
stimulation in primary cultured neurons [50]. Thus, fine tun-
ing FKBP51 protein activity could alter its interactions with
associated proteins and regulate the function of downstream
targets. Given its role in altering cell morphology, its role
in the regulation of the neuronal cytoskeleton and neuron
function are exciting avenues of research.

@ Springer

In summary, this research identified a novel function of
FKBP51 as a determinant of neuronal development and hip-
pocampal morphology in male mice. The mechanism may
be related to its role in the post-translational regulation of
microtubule-related protein expression, through which it
directly influences Parkin function and activity. These find-
ings provide a foundation for further studies on the role of
FKBP51 in neuronal function and disease development and
may aid in understanding the value of FKBP51 as a genetic
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factor for depression, PTSD, and other mental illnesses.
Revealing these novel functions of FKBP51 may lead to
the development of rational pharmacological interventions.

Materials and methods
Animals

All experimental protocols were reviewed and approved
by the Animal Care and Research Advisory Committee of
the Institute of Laboratory Animal Sciences at the Chinese
Academy of Medical Sciences and the Indiana University
School of Medicine. The animals were maintained in facili-
ties fully accredited by the Association for the Assessment
and Accreditation of Laboratory Animal Care (AAALAC).
The development of Fkbp51 KO mice was described in a
previous publication [91].

H&E staining and measurement of hippocampal
morphology

Brain sections from adult Fkbp51 KO and WT animals were
analyzed for anatomical differences. Coronal brain sections
from a total of 10 male mice (5 Fkbp51 KO mice and 5 WT
controls) at 8 weeks of age were obtained. The whole brains
were fixed in 4% paraformaldehyde, embedded in paraffin,
and serially sectioned at a thickness of 4 pm. Sections from
both 5 KO (N=135 sections) and 5 WT (N=152 sections)
mice near Bregma — 2.18 mm were collected for image
analysis. H&E staining was applied as previously described
[91]. The architecture of the hippocampus was observed on
sections corresponding to the same anatomical plane using a
light microscope and camera (Leica CTR6000 with DFC450
C, Wetzlar, Germany).

Al-assisted morphological analysis

Machine learning was applied to accurately assess hip-
pocampal morphology. A total of 287 stacks of coronal view
images from of 5 WT and 5 Fkbp51-KO mouse brains were
analyzed. Each image in a stack was processed separately.
The 2D hippocampus interface was first segmented at each
stack depth, and the centerline of the segmented regions was
approximated to obtain two curves, one for CA and one for
DG. Based on the local characteristics (position and curva-
ture) of each curve, contextual landmarks of interest were
located, upon which 2D shape features describing the hip-
pocampus were calculated. To tackle the spatially varying
contrast and color/intensity statistics throughout the images,
a local, adaptive approach was followed. Each image was
preprocessed in grayscale with the locally adaptive histo-
gram equalization method for contrast enhancement, as

previously described [95]. The hybrid probability-driven
deformable model was applied as established prior [78]. For
initial training of the region classification component of the
method, ~200 random samples (small regions) of the inter-
face of interest and another ~ 200 samples from the surround-
ing regions, from all (~30) images of four stacks (two WT
and two KO) were manually obtained. For each examined
image, after the initial probability field was obtained, the
evolution of the deformable region produced more samples
for the positive and negative hypotheses (desired interface
and surroundings, respectively). The embedded classifier
was thus continually re-trained and the image probability
field was updated throughout the model evolution, incorpo-
rating local image statistics using the published method [78].
The final segmentation results did show some inaccuracies,
primarily at image regions with a high degree of intensity
ambiguity. It is worth noting that the semi-automatic graph
cuts were also tested with acceptable results, but required
manual region annotation as well [65].

Primary hippocampal neuron culture
and immunofluorescence

Primary cultures of hippocampal neurons were prepared
from the hippocampi of mouse embryos at embryonic day
15.5 (E15.5) as previously described, with some modifica-
tions [56]. For the drug treatment groups, Taxol (Millipore,
Billerica, MA, USA) or nocodazole (Millipore, Billerica,
MA, USA) was added to culture medium at final concentra-
tions of 3 nM or 50 nM, respectively. DMSO was applied to
the untreated group as a vehicle control. Neuronal develop-
ment was assessed using IF labeling of fIII-tubulin, MAP2,
and DAPI. The IF of primary cultured hippocampal neurons
onday 3, 5, or 9 in vitro (DIV 3, 5, or 9) were evaluated for
MAP2, III-tubulin, and DAPI, as previously described [81].
All experiments were repeated independently 3 times. The
antibodies used in this study are listed in Supplementary
information Tablel.

Western blotting analysis, immunohistochemistry,
and quantitative real-time PCR

Proteins were isolated using radioimmunoprecipitation assay
(RIPA) lysis buffer and total mRNA was isolated in TRIzol®
from hippocampi (Beyotime, Jiangsu, China) (N =3-5).
Western blotting and immunohistochemistry were performed
as previously described [56]. The antibodies used are listed
in SI-Tablel. Reverse transcription (RT) and quantitative
real-time PCR were conducted as previously described [28].
The relative mRNA expression levels were normalized to
Rpl7, which was not differentially expressed between the
Fkbp51 KO and WT groups. The primers utilized are listed
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«Fig. 6 FKBP51 prevents disrupted SH-SYSY cell morphology and is
associated with ubiquitin-mediated degradation of Parkin. A Double
labeling of MAP2/Parkin, Tau/Parkin, and F-actin/Parkin indicates
that Fkbp51 siRNA treatment increases the outgrowth of neurites in
SH-SYSY cells, decreases MAP2, Tau, and F-actin expression, and
increases Parkin expression. B Western blotting confirms reduced
FKBP51 and increased Parkin levels following Fkbp51 siRNA treat-
ment compared to those treated with the scramble siRNA control.
C Increased expression of Flag-FKBP51 in SH-5YSY cells cor-
responds to a dose-dependent decrease in Parkin protein levels. D
Parkin expression levels decreased with overexpression of Fkbp51
but not pcDNA3.1 control. E Co-transfection of His-Parkin with
ubiquitin HA-UB alone (lane 2), Flag-Fkbp51 and His-Parkin (lane
3), or HA-UB and Flag-Fkbp51 together (lane 4) promotes ubiquitin-
dependent degradation of both FKBP51 and Parkin. F Co-IP assays
show that FKBP51 binds Parkin, BIII-tubulin, and Tau. Parkin also
binds MAP2. G Co-transfection of Flag-Fkbp51 with ParkinS®
reveals S65A is a critical site for FKBP51 and Parkin interaction.
Data represent mean + SEM from 3 independent experiments. P value
shown in B was determined by Student’s unpaired #-test, P values
shown in C, E and G were determined by One-way ANOVA, and
P values shown in D were determined by Two-way ANOVA. *P <
0.05; **, P < 0.01; *** P < 0.001; **** P < 0.0001

in SI—Table 2. All experiments were repeated indepen-
dently 3-5 times.

Co-IP, Parkin stability, and Parkin mutation
co-transfection

The human neuroblastoma cell lines SH-SY5Y were cul-
tured with DMEM containing 10% FBS, 1% penicillin and
streptomycin, and 2 mM GlutaMax in a humidified 37 °C
incubator with 5% CO,. The cells were transfected with
the Flag-Fkbp51 (HG11487-CF, Sino Biological, Beijing,
China), His-Park2 (HG12092-NH, Sino Biological, Bei-
jing, China) or HA-ubiquitin (#18712, Addgene, Cam-
bridge, MA, USA) plasmid for overexpression or with the
human Fkbp51 siRNA (sc-35380, Santa Cruz Biotech, Inc.,
Dallas, TX, USA) for knock-down, using Lipofectamine
3000 (L3000008, Life Technologies, Gaithersburg, MD,
USA) according to the manufacturer’s recommendations.
Thirty-six hours after transfection, the cells were used for
co-IP experiments. A co-IP kit (#26149, Life Technolo-
gies, Gaithersburg, MD, USA) was utilized according to
the manufacturer’s instructions. The Parkin S65A mutation
(Parkin®®?) was generated using the Fast Mutagenesis Sys-
tem (# FM111-01, TransGen Biotech Co, Beijing, China).
All experiments were repeated independently 3-5 times. The
antibodies used in this study are listed in Supplementary
information (SI—Table 1).

For the Parkin stability study, SH-SYS5Y cells were trans-
fected with Flag-Fkbp51 or the control plasmid and treated
with CHX (2 pg/ml) to inhibit further protein synthesis
after 12 h of transfection. The cells were harvested in RIPA
buffer 15, 30, 45, or 60 min after CHX treatment. Aliquots
of 100 pg of total protein were analyzed by western blotting.

Sholl analysis

Sholl analysis was performed using Fiji Image J software
[68]. First, Images were converted to a maximum intensity
projection image by the Neuron] plugin [45]. The number of
primary branches, the radius of maximum intersections for
the branches, and the maximum number of intersections in
each radius was calculated in each generated binary image
by the Simple Neurite Tracer plugin [23]. Plots were gener-
ated and statistical analysis was performed using GraphPad
Prism (GraphPad Software Inc., San Diego, CA, USA).

Statistical analysis

All values are presented as the mean + the standard error of
the mean (SEM). Student’s t-test was used for comparisons
between two groups, while one-way analysis of variance
(ANOVA) and two-way ANOVA was performed to com-
pare multiple group differences, followed by a Student—New-
man—Keuls test for multiple comparisons. GraphPad Prism
was used for data analysis (GraphPad Software Inc., San
Diego, CA, USA), and significance was determined as
P<0.05.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s00018-022-04167-8.
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