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In postmitotic neurons, several tumor suppressor genes (TSGs), including p53, Rb, and PTEN, modulate the axon regeneration suc-
cess after injury. Particularly, PTEN inhibition is a key driver of successful CNS axon regeneration after optic nerve or spinal cord
injury. In contrast, in peripheral neurons, TSG influence in neuronal morphology, physiology, and pathology has not been investigated
to the same depth. In this study, we conditionally deleted PTEN from mouse facial motoneurons (Chat-Cre/PtenloxP/loxP) and analyzed
neuronal responses in vivo with or without peripheral facial nerve injury in male and female mice. In uninjured motoneurons, PTEN
loss induced somatic, axonal, and nerve hypertrophy, synaptic terminal enlargement and reduction in physiological whisker move-
ment. Despite these morphologic and physiological changes, PTEN deletion positively regulated facial nerve regeneration and recovery
of whisker movement after nerve injury. Regenerating PTEN-deficient motoneurons upregulated P-CREB and a signaling pathway
involving P-Akt, P-PRAS40, P-mTOR, and P-4EBP1. In aged mice (12 months), PTEN deletion induced hair loss and facial hyperpla-
sia of the epidermis. This suggests a time window in younger mice with PTEN loss stimulating axon growth after injury, however, at
the risk of hyperplasia formation at later time points in the old animal. Overall, our data highlight a dual TSG function with PTEN
loss impairing physiological neuron function but furthermore underscoring the positive effects of PTEN ablation in axon regeneration
also for the PNS.
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Significance Statement

Tumor suppressor genes (TSGs) restrict cell proliferation and growth. TSG inhibition, including p53 and PTEN, stimulates
axon regeneration after CNS injury. In contrast, in PNS axon regeneration, TSGs have not been analyzed in great depth.
Herein we show enhanced peripheral axon regeneration after PTEN deletion from facial motoneurons. This invokes a signal-
ing cascade with novel PTEN partners, including CREB and PRAS40. In adult mice, PTEN loss induces hyperplasia of the skin
epidermis, suggesting detrimental consequences when reaching adulthood in contrast to a beneficial TSG role for regenera-
tion in young adult mice. Thus, our data highlight the double-edged sword nature of interfering with TSG function.

Introduction
In recent years, several tumor suppressor genes (TSGs) were
demonstrated to have functions beyond regulation of cell cycle
and proliferation (Park et al., 2008; Duraikannu et al., 2019). In
the nervous system, modulation of axon growth after injury is
one such common TSG function, including p53 (Di Giovanni et
al., 2006), Rb (Christie et al., 2014), and PTEN (Park et al., 2008;
for review, see Duraikannu et al., 2019).

Particularly PTEN deletion in mouse CNS regeneration mod-
els, such as optic nerve (Park et al., 2008; Kurimoto et al., 2010;
Leibinger et al., 2019) and spinal cord (K. Liu et al., 2010), injury
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resulted in robust stimulation of axon growth. This suggests a
suppressive growth function of PTEN in WT mice (Gutilla and
Steward, 2016). Through its phosphatase activity, PTEN counter-
acts growth-promoting signaling by the PI3K/Akt pathway.
Upon PTEN deletion, Akt phosphorylation, and thereby activity,
is increased. Subsequently, Akt modulates downstream effectors,
including inhibition of the growth inhibitor GSK3b (Gutilla and
Steward, 2016). In addition, Akt stimulates axon growth through
mTOR with its effectors S6 kinase and 4EBP1 (Wiza et al., 2012).
Despite positive functions of PTEN ablation in axon regenera-
tion, PTEN-deficient mice bear the risk of tumor formation (e.g.,
in the skin) (Suzuki et al., 2003; Zagni et al., 2017).

In addition to its crucial function in axon growth after injury,
PTEN regulates CNS development, morphology, and physiologi-
cal functions in both neurons and glia (Skelton et al., 2020).
PTEN-deficient neurons develop hypertrophy in soma, axonal,
and dendritic compartments pointing at a WT PTEN function in
restricting cell growth (Fraser et al., 2008; Williams et al., 2015;
Gutilla et al., 2016; Gallent and Steward, 2018). Such exuberant
growth of cellular compartments was further corroborated in
PTEN-deficient oligodendrocytes and Schwann cells (Figlia et
al., 2017; Goebbels et al., 2017).

Currently, most PTEN functions were reported in central
neurons, whereas our understanding of PTEN functions in pe-
ripheral neurons is more limited. Reports showed enhanced
sciatic nerve regeneration by genetic or pharmacological
PTEN inhibition in mice (Christie et al., 2010; Gallaher and
Steward, 2018; Holland et al., 2019; Zhou et al., 2020).
Functional nerve regeneration has not been analyzed in all
cases (Christie et al., 2010; Zhou et al., 2020) or revealed no
differences when assessing sensory or sensorimotor recovery
(Gallaher and Steward, 2018; Holland et al., 2019). In a mouse
model of diabetic axon regeneration, Singh et al. (2014) dem-
onstrated morphologic, electrophysiological, and behavioral
recovery after Pten knockdown. Furthermore, PTEN depletion
rescued an axonal growth defect in a spinal muscular atrophy
model (Ning et al., 2010). In addition to those injury-associ-
ated PTEN functions, there are only few data available
addressing consequences of PTEN deletion on peripheral neu-
rons under physiological conditions.

In this study, we used motoneuron (MN)-restricted condi-
tional PTEN ablation in mice through Cre recombinase expres-
sion driven by the choline acetyltransferase (Rossi et al., 2011)
promoter in MNs (Chat-Cre/PtenloxP/loxP). We focused on facial
MNs residing in brainstem facial motor nuclei (FMNs) that are
connected via the facial nerve (FN) with several facial muscles
(Moran and Graeber, 2004). Thus, this model system consists of
centrally located MNs and axons projecting into the periphery,
thereby covering aspects of CNS and PNS regeneration. This
model system allows for monitoring somatic and axonal changes
in MNs and FN as well as functional assessment of whisker
movement both in the absence and presence of an FN injury
(Gey et al., 2016; Wanner et al., 2017).

Our data revealed peripheral PTEN functions in MN physiol-
ogy of control (Ctr.) mice, including restriction of MN soma
size, axonal and nerve diameter, neuromuscular junction (NMJ)
area, and control of whisker movement. After FN injury, MN
regeneration was enhanced after PTEN ablation. We identified
novel (CREB, PRAS40) and established PTEN signaling partners
(Akt, mTOR, 4EBP1) potentially mediating the positive effects
on axon regeneration after PTEN deletion. In adult PTEN-defi-
cient mice, facial hyperplasia of the epidermis and hair loss was
evident. This suggests a critical “window of opportunity” in

young adult mice where PTEN ablation has positive effects on de
novo axon growth after injury.

Materials and Methods
Mouse model. All experiments were performed using B6;129S6-

Chat-Cre/PtenloxP/loxP mice of both sexes (Groszer et al., 2001; Rossi et
al., 2011). As Ctr. mice, both homozygous WT (Chat-Cre/PtenWT/WT)
and heterozygous (Chat-Cre/PtenWT/loxP) mice were used since we did
not observe differences between the two genotypes. Pten KO animals
had the following genotype: (Chat-Cre/PtenloxP/loxP). All mice (Ctr. and
KO) were positive for the Chat-Cre allele. Mice were maintained in
groups with free access to food and water in the animal facility (12 h
light-dark cycle) of Ulm University. All experiments were in accordance
with institutional guidelines and German animal protection laws and
were approved by the regional government authority (1389;
Regierungspräsidium, Tübingen, Germany). All procedures with human
material were approved by the ethical committee of Ulm University
(208/16) and in compliance with the guidelines of the Federal
Government of Germany.

FN transection. FN transection was performed as described previ-
ously (Stern et al., 2013; Anastasiadou and Knoll, 2016). Mice of either
sex (10-12weeks old) were anesthetized by inhalation of isoflurane, a
skin incision was made behind the left ear, and the FN was exposed. The
nerve was transected with microscissors 2 mm posterior to the foramen
stylomastoideum. Absence of eyelid closure and whisker movement
proved successful nerve transection on the ipsilateral nerve. The contra-
lateral nerve was left intact, and responses in this FN and FMN served as
intra-animal control. Regeneration of the FN was quantified by retro-
grade axonal tracing with fluorogold (FG, Fluorochrome). For this,
4� 1ml of FG (4% in H2O) was injected with a Hamilton syringe at mul-
tiple positions in each whisker pad 21 d after injury. After another 36 h,
brains were dissected. Before and after FN transection, animals were
housed in groups in standard cages.

Histology. Freshly isolated brains and nerves were fixed in 4%
formaldehyde followed by preparation of 5mm paraffin microtome
slices. Primary antibodies used included the following: anti-PTEN
(rabbit, 1:200, Cell Signaling, 9559), anti-Akt (rabbit, 1:200, Cell
Signaling, 9272), anti-P-Akt (rabbit, 1:200, Cell Signaling, 4060),
anti-FG (rabbit, 1:5000, Millipore, AB153-I), anti-IBA (rabbit,
1:600, Wako, 019-19741), anti-GFAP (mouse, 1:1000, Santa Cruz
Biotechnology, sc-21867), anti CD45 (rat, 1:100, BD Pharmingen,
550539), anti-b IIITUB (rabbit, 1:5000, BioLegend, 801201), anti-
MBP (mouse, 1:2000, BioLegend, 836504), anti-P-CREB (rabbit,
1:800, Cell Signaling, 9198), anti-P-PRAS40 (rabbit, 1:400, Cell
Signaling, 2997), anti-mTOR (rabbit, 1:200, Cell Signaling, 2972),
anti-P-mTOR (rabbit, 1:200, Cell Signaling, 2974), anti-4EBP1
(rabbit, 1:200, Cell Signaling, 9644), anti-P-4EBP1 (rabbit, 1:200,
Cell Signaling, 2855), anti-P-S6 (rabbit, 1:1000, Cell Signaling,
5364), anti-Ki67 (rabbit, 1:200, Thermo Fisher Scientific, MA5-
14520), anti-K14 (chicken, 1:1000, BioLegend, 906004), anti-F4/80
(rat, 1:500, Bio-Rad, MCA497GA), anti-cJUN (rabbit, 1:500, Cell
Signaling, #9165), and anti-EGR2 (rabbit, 1:500, Novusbio, NB-
92327). Immunohistochemistry was performed using Biotin-con-
jugated secondary antibodies (1:500; BA-1000, Vectorlabs) and a
peroxidase-based detection system using the ABC kit (PK-6100,
Vectorlabs) and DAB as substrate. Alternatively, anti-mouse, -rab-
bit, or -chicken Alexa-488 and Alexa-546-conjugated secondary
antibodies (1:1500, Thermo Fisher Scientific, A-11003, A-11008/
A-11001/A-11003/A-11071/A-11039) were used.

Nissl staining was performed on paraffin sections using the fol-
lowing incubation protocol: 100% xylene 2� 2 min, 100% isopro-
panol 2� 2 min, 96% isopropanol 1� 2min, 75% isopropanol
1� 2min, dip in H2O, 0.1% cresyl violet solution 3-5min, dip in 96% iso-
propanol 3�, 100% isopropanol 2� 2min, 100% xylene 2� 2min.

For NMJ staining, lower lips were collected, fixed in 4% PFA and cry-
oprotected in 30% sucrose followed by preparation of 10mm cryotome
sections. For staining, a-bungarotoxin (BTX, 1:500, Molecular Probes,
B35451) was applied together with the primary antibody anti-
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synaptophysin (guinea pig, 1:500, Synaptic System, 101004) overnight.
As a secondary antibody anti-guinea pig CF 633 (1:500, Biotium, 20171)
was used. In the case of NMJs, confocal images were acquired using an
LSM-700 (Carl Zeiss AG) inverted microscope.

Imaging quantification. Quantification of histologic fluorescent and
bright field images was performed using the ImageJ software. For each
staining, a threshold was used to set a constant brightness or intensity
threshold to differentiate between specific staining and background.
Depending on the staining, either the number or the area of stained
objects (as indicated in each graph) was quantified using the automated
“analyze particles” function of ImageJ. For axon number quantification
(see Fig. 5), the ImageJ function “find maxima” was used in each time
point. For NMJ quantification, 20 junctions per animal and uninjured/
injured side were quantified. Synapse reinnervation was assumed when
at least 5% of BTX-stained area colocalized with the SYP staining.

Human induced pluripotent stem cells (hiPSCs) and MN differentia-
tion. hiPSC lines used in this study are listed in Table 1. The lines gener-
ated at Ulm University have been previously published and characterized
(Catanese et al., 2021). The third line has been commercially purchased
from the iPSC Core facility of Cedars Sinai (Los Angeles). hiPSCs were
cultured at 37°C (5% CO2, 5% O2) on Matrigel-coated (Corning, 354277)
6-well plates using mTeSR1 medium (Stem Cell Technologies, 83850).
When colonies reached 80% of confluence, they were detached using
Dispase (Stem Cell Technologies, 07923) and passaged in a 1:6 split ratio.

Human MNs were generated as previously described (Catanese et al.,
2021). Briefly, hiPSC colonies were detached and cultured in suspension
using ultra-low attachment flasks T75 for 3d. This allowed the formation of
embryoid bodies in hESC medium (DMEM/F121 20% KO serum
replacement1 1% NEAA1 1% b -mercaptoethanol1 1% antibi-
otic-antimycotic 1 SB-431542 10 mM 1 dorsomorphin 1 mM 1
CHIR 99021 3 mM 1 pumorphamine 1 mM 1 ascorbic acid 200 ng/
ml 1 cAMP 500 mM1 1% B271 0.5% N2). On the fourth day, cul-
turing medium was switched to MN medium (DMEM/F121 24 nM

sodium selenite1 16 nM progesterone1 0.08mg/ml apotransferrin1
0.02mg/ml insulin1 7.72mg/ml putrescin1 1% NEAA, 1% antibiotic-
antimycotic1 50mg/ml heparin1 10mg/ml of the neurotrophic factors
BDNF, GDNF, and IGF-1, SB-431542 10 mM, dorsomorphin 1 mM, CHIR
99021 3 mM, pumorphamine 1 mM, ascorbic acid 200ng/ml, retinoic acid 1
mM, cAMP 500mM, 1% B27, 0.5% N2). After 5 further days, embryoid bodies
were dissociated using Accutase (Sigma-Aldrich) and plated onto mPlates
(Ibidi) precoated with Growth factor Reduced Matrigel (Corning). The treat-
ment with the PTEN inhibitor SF1670 (stock of 10 mM diluted in DMSO;
final concentration used for treatment 10 nM) was started at the fourth day af-
ter plating and conducted until DIV 14 by replacing half of themedium every
second day.

Immunocytochemistry and neurite outgrowth quantification. hiPSC-
derived MNs were fixed with 4% PFA (containing 10% sucrose) blocked
and incubated with primary antibody against CHAT (rabbit, 1:100,
Abcam, ab181023) for 24 h at 4°C. Secondary antibody (Goat anti-
Rabbit IgG (H1L) Highly Cross-Adsorbed Secondary Antibody,
AlexaFluor-568; Invitrogen A-11036) was used for 2 h at room tempera-
ture. Cells were mounted with ProLong Gold Antifade mountant with
DAPI (Thermo Fisher Scientific) and Mounting Medium (Ibidi).

Fluorescence microscopy was performed with a Thunder imaging
system (Leica Microsystems) equipped with a DFC9000 sCMOS camera
and an HC PL Apo 40� (NA 1.10) water immersion objective using the
LasX software (Leica Microsystems). The neurite length of human MN
was calculated using the semiautomated framework SNT contained in
the Neuroanatomy plug-in for ImageJ (Catanese et al., 2021). Data were
collected from analyzing a minimum of 21 neurons from three inde-
pendent differentiations for each donor. Plotted data represent the aver-
age value obtained from the independent treatments from each donor.

Electron microscopy (EM). Nerves were fixed overnight in 4% PFA,
postfixed in 2.5% glutaraldehyde for at least 24 h. Then semithin sections
(300nm) were prepared, stained with toluidine by applying a 0.05% tolu-
idine solution for 10-20 s, and the areas of interest were used for the
preparation of ultrathin sections (80 nm). For quantification of axon di-
ameter and G-ratio, axon and myelin perimeters were measured and
used to calculate the diameter. G-ratio was calculated using the formula
g-ratio = diameteraxon/diameterfiber. For each animal, 30-40 random
axons and myelin sheaths in 3 frames were quantified (as indicated in
the figure legends). The mean of each animal was then built and com-
pared with the mean of the other animals. For the parameter “connective
tissue spread,” we used three independent frames per animal and the
ImageJ function “nearest distance” to calculate the nearest distance of
each myelinated fiber to neighboring fibers in one frame. The mean of
each frame was used to calculate a mean value per animal. Those values
where then used to perform statistics.

Whisker movement analysis. Whisker movement analysis was per-
formed as reported previously (Wanner et al., 2017). Mice were sub-
jected to daily handling, and training starting 5 d before injury. One day
before first whisker movement recording, mice were anesthetized and all
whiskers except the C row were clipped. Hand restraint mice were video-
taped for 51 s by a high-speed camera (Basler acA1300-60gc) at 100Hz.
Video sequences were reviewed, and 1 s fragments were further proc-
essed in Templo Software (Contemplas). The selected video sequences
were analyzed by Vicon Motus 2D software (Contemplas).

The parameters “acceleration” and “velocity” of the whiskers were
calculated by the Vicon Motus 2D software. The parameter “angular
sum” was calculated by a self-written MATLAB program (developed by
Hans-Georg Glöckler, Institute of Physiological Chemistry, Ulm
University). Hereby, deflections of the whisker �10°, 20°, 30°, 40°, and
50° were incorporated into the calculations. For each parameter, the ra-
tio of the value of the whisker on the injured side/uninjured side was cal-
culated to eliminate inter- and intra-individual variance.

Experimental design and statistical analyses. For all experiments, at
least three biological replicates were analyzed and (n) numbers are indi-
cated in figure bars or figure legends. For statistical analysis of data and
graph generation, GraphPad Prism software (GraphPad Software) was
used. Sample groups were tested for normality using the D’Agostino-
Pearson omnibus normality test. Since some groups were not normally
distributed, or groups were too small to be tested for normality (n, 10),
the nonparametric unpaired Mann–Whitney test (two-sided) was cho-
sen to calculate significance if not mentioned otherwise in the figure
legend. For multiple comparisons, one-way or two-way ANOVA was
performed as mentioned in the figure legends. SD is provided if not
mentioned otherwise in the figure legends.

Results
PTEN deletion induces hypertrophy of facial MN cell body,
axon, and nerve
In a first step, we analyzed whether PTEN ablation from facial
MNs interfered with neuronal morphology and function under
physiological uninjured conditions in young adult mice aged 2-
3months (Fig. 1). To prove downregulated PTEN expression in
the conditional Chat-Cre/PtenloxP/loxP mice (from now on
referred to as “KO” mice), brainstem sections harboring the
FMN with facial MNs of Ctr. or KO mice were stained for PTEN
(Fig. 1A,B,K). FMN of Ctr. mice were positive for PTEN expres-
sion (Fig. 1A), whereas this was strongly reduced in Pten KO
mice (Fig. 1B,K). Congruent with this finding, phosphorylated
Akt (P-Akt) was upregulated in MNs of Pten KO mice (Fig. 1D),
and lower P-Akt levels were observed in Ctr. mice (Fig. 1C,L).

Since PTEN regulates cell size in central neurons (Skelton et
al., 2020), we analyzed a potential hypertrophy associated with
PTEN deletion in the PNS by Nissl staining (Fig. 1E,F,M,N), to-
luidine staining (Fig. 1G,H,O,P), and EM (Fig. 1I,J,Q–S). Indeed,
Nissl staining revealed an ;60% increase of MN soma size on

Table 1. hiPSC donors used for MN differentiation

hiPSC line Gender Age (yr) Source

Donor 1 Female 45 Ulm University
Donor 2 Male 64 Ulm University
Donor 2 Male 49 Cedars-Sinai (CS0YX7iCTR)
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PTEN ablation (Fig. 1E,F,N) without total MN numbers in the
FMN being changed (Fig. 1M). MN axons establish the FN with
several branches running along the facial muscles (see Fig. 4A).
When inspecting the FN diameter, a 50% increase in PTEN-defi-
cient mice compared with Ctr. mice was observed (Fig. 1G,H,O).
This increase was most likely caused by a concomitant increase

in axonal diameter (Fig. 1I,J,Q). In addition, elevated connective
tissue abundance resulting in more separation between individ-
ual axons in PTEN-deficient mice (arrow Fig. 1J) compared with
Ctrl. mice (Fig. 1I,R) was noticed. Changes in total MN numbers
(Fig. 1M) or axon number/nerve (Fig. 1P) do most likely not
account for this nerve diameter enlargement on PTEN ablation.

Figure 1. PTEN deficiency in intact MNs results in soma, axon, and nerve hypertrophy. A-F, The FMN (A-F) and FN (G-J) were stained in uninjured animals. A, B, K, Ctr. MNs expressed PTEN
(A), whereas PTEN expression was absent in Pten KO neurons (B; quantified in K). C, D, L, In Ctr. mice, MNs were only weakly P-Akt positive (C). In contrast, PTEN deletion resulted in strong P-
Akt induction (D; quantified in L). E, F, M, N, The size of MNs was higher in Pten KO neurons (F; see inset) compared with Ctr. neurons (E). The total MN number was not changed by PTEN
ablation (M), whereas area/MN was elevated (N). N, Black dots in gray bars indicate Pten homozygous WT mice. Red dots indicate heterozygous mice. G, H, O, P, The average FN diameter
stained with toluidine was higher in Pten KO (H) compared with Ctr. animals (G; quantified in O). O, Black dots in gray bars indicate Pten homozygous WT mice. Red dots indicate heterozygous
mice. Axon numbers per FN remained unaltered (P). I, J, Q-S, EM pictures of Ctr. nerves (I) revealed smaller axon diameter compared with PTEN deleted animals (J). The axon diameter was
plotted against the frequency for Ctr. and KO animals and showed more large-diameter axons after PTEN deletion (Q; 30 arbitrary axons for each of 7 Ctr. and 7 KO animals were analyzed).
Ctr. animals also had less connective tissue between individual axons (arrow in J indicates larger distance between axons; quantified in R). The G-ratio was not altered between genotypes (S;
30 arbitrary axons for each of 7 Ctr. and 7 KO animals were analyzed). Each dot in (K-P, R) indicates 1 animal. Numbers in the bars represent numbers of animals analyzed. Data are mean6
SD. *p, 0.05; **p, 0.01; ***p, 0.001; two-sided Mann–Whitney test. Scale bars: A-F, 200mm; G, H, 50mm; I, J, 20mm.
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Also, myelin thickness determined by the G-ratio was not altered
between genotypes (Fig. 1S). Since we used both Pten homozy-
gous and heterozygous animals as WTs (see also Materials and
Methods), we analyzed whether heterozygous mice differed from
their homozygous WT littermates to rule out any gene-dose de-
pendent effects of PTEN. Comparing several parameters, includ-
ing MN size and nerve diameter (Fig. 1N,O), numbers of FG-
positive MNs (see Fig. 4R), and P-Akt and P-mTOR levels (see
Fig. 9O and Fig. 10C, respectively), did not reveal differences
between both genotypes. Thus, Pten heterozygous and homozy-
gous WT animals behaved similarly and were combined in one
“control” group throughout the manuscript.

FN axons ultimately terminate in facial muscles, including
the lip muscles where they form neuromuscular synapses
(Moran and Graeber, 2004). Thus, in a next step, we analyzed
PTEN-associated morphologic synapse changes by labeling post-
synaptic NMJ structures with BTX. Indeed, these terminal axon
structures also showed signs of hypertrophy, that is, increased
total synapse area from 171.7 mm2 (622.3 mm2) in Ctr. mice to
352.6 mm2 (646.9 mm2) in Pten KO animals. However, we also
observed an elevated fragmentation within individual NMJs of
PTEN-deficient mice, which might be indicative of altered NMJ
functionality. In agreement with this, when PTEN KO mice
reached an age of;14weeks (14 d after injury in lesioned mice),
whisker movement was compromised even on the uninjured
face side of KOmice compared with Pten Ctr. mice. This resulted
in a reduction of the sum of angles exceeding 20° during 51 s of
whisking from 1395.3° (6194.8°) in Ctr. mice to 1025.5°
(6289.7°) in KO mice. This suggests a function of PTEN in Ctr.
mice ensuring NMJ functionality associated with triggering
physiological whisking.

In addition to analyzing young adult mice (Fig. 1), we
also investigated whether PTEN’s role in controlling size of
neuronal compartments was maintained in aged mice
(12 months; Fig. 2A–M). Indeed, PTEN-dependent hyper-
trophy of peripheral neuron cell soma, axon, and nerve
observed in young adult mice (Fig. 1) was preserved in these
old mice (Fig. 2A-K). In contrast, the separation of individ-
ual axons by more connective tissue observed in younger
mice (Fig. 1I,J) was not observed in aged Pten KO mice (Fig.
2E–H,L). However, EM data suggested higher mitochondria
numbers in axons of PTEN ablated compared with Ctr.
MNs (Fig. 2G,H,M).

Interestingly, Pten KO mice developed a phenotype of frizzy
fur by the age of 3 months (Fig. 2N,O). By the age of 10-
12months, we observed moderate to severe hair loss and facial
tumor formation in 4/6 Pten KOmice animals (Fig. 2P–U). Such
hyperplasia was never observed in the younger animals used for
FN injury experiments. Interestingly, histologic analysis of the
skin of young Pten KO mice revealed reduced PTEN expression
in follicular keratinocytes (Fig. 3A,B,E). This PTEN downregula-
tion was accompanied by P-Akt upregulation (Fig. 3C,D,F). In
keratinocytes of the outer epidermal layer of Ctr. mice, PTEN
expression was in general lower and showed no further reduction
in Pten KO mice (Fig. 3A,B). At first glance, epidermal PTEN
depletion was somewhat surprising given that ChAT promotor-
dependent Cre recombinase expression was considered to be
largely MN-specific. However, previous literature already
described ChAT expression in non-neuronal tissue, including
skin keratinocytes (Wessler and Kirkpatrick, 2008). In addition,
previous reports show that keratinocyte-specific PTEN deletion
induced skin tumor formation (Suzuki et al., 2003; Zagni et al.,
2017), which is an obvious risk of abrogating TSG activity in

animals as done with PTEN in this study. Microscopic analysis
of the neoplasms of old Pten KO animals showed a thickened
stratum corneum (H&E staining in Fig. 3G–J), increased
inflammation, hyperproliferation of keratinocytes, and a
drastically thickened keratinocyte layer (CD451, Ki671, and
K141 cells, respectively, in Fig. 3K,L) in the epidermis of
Pten KO compared with Ctr. mice. Nevertheless, there was
no disrupted cytoplasm/nucleus ratio or atypical mitosis in
the basal layer of the epidermis, and the basement membrane
did not seem to be disrupted (Fig. 3I,J). This argues for a be-
nign character of the epidermal hyperplasia. In addition, no
macroscopically visible metastases were observed in other
organs, so that an aggressive squamous cell carcinoma can
most likely be ruled out.

In summary, similar to central neurons, PTEN regulates neu-
ronal soma and axon size as well physiological neuron function
(here: whisking) in “young” and “old” peripheral neurons, but its
deletion in keratinocytes results in skin abnormalities.

PTEN inhibition facilitates facial MN regeneration
After having addressed PTEN deletion in intact MNs (Figs. 1
and 2), we analyzed PTEN function in nerve regeneration after
FN injury (Figs. 4-10). For this, one of the two FNs of Ctr. and
Pten KOmice was completely dissected. The contralateral FN on
the other side of the face was left intact and served as control
within the same animal (Fig. 4A). Subsequently, animals were
analyzed at 3, 7, 14, and 22 d post injury (dpi) with several read-
outs, including histology/EM (Figs. 4-7) and functional whisker
movement (see Fig. 8).

For quantification of FN regeneration at the histologic level,
FG, a fluorescent tracer, was injected into the whisker pad
muscles on both sides (Fig. 4A). Axons successfully reconnecting
to the whisker muscles can transport FG retrogradely to the MN
soma where numbers in the FMN can be quantified (Fig. 4A).
On the unlesioned side, FG-positive numbers were identical
between Ctr. and Pten KO animals (Fig. 4B,C). In contrast, after
injury starting already at 7 dpi and statistically significant at
14 and 22 dpi, more FG-positive MNs were observed in PTEN-
deficient animals (Fig. 4D,E,R). This suggests a stimulatory role
of PTEN ablation in facial MNs for axon regeneration. This find-
ing was not indirectly affected by different total MN numbers
between genotypes as quantified by Nissl (Fig. 4F–I,S). Further,
injured MNs in both Pten Ctr. and KO mice reacted to injury by
developing a hypertrophic phenotype (Fig. 4H,I,T). Nevertheless,
this hypertrophy lasted up to 2 weeks after injury in Pten KO
mice, while it was already reverted in Ctr. animals at this time
point (Fig. 4T).

Next, potential cellular processes involved in PTEN’s role in
FN regeneration were assessed starting with neuroinflammation
(Fig. 4J–Q,U–W). For this, FMNs were stained for astrocyte
(GFAP), microglia (IBA1), and peripheral monocytes (CD45)
abundance at various stages post injury. All three neuroinflam-
matory cell types were almost absent in uninjured FMNs regard-
less of genotype (Fig. 4J,K,N,O). In contrast, astrocytes,
microglia, and monocytes were strongly present in the injured
FMN (Fig. 4L,M,P,Q). Of note, the extent of neuroinflammation
for all three markers was consistently decreased in the FMN of
PTEN-depleted compared with Ctr. animals (quantified in Fig.
4U–W).

Overall, our findings indicate a function of PTEN in Ctr.
mice to induce injury-associated neuroinflammation, which
might impinge on PNS regeneration.
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PTEN deletion evokes changes in the FN after injury
Above we analyzed PTEN-associated changes connected toMN cell
bodies after injury (Fig. 4). Since MN axons join to form the FN, a
subsequent step was to investigate whether PTEN inhibition
induced changes directly on FN axon regeneration (Figs. 5-7).

To analyze whether axonal regeneration is stimulated
by PTEN deletion, FNs were analyzed at several time
points after injury for axon number (b III tubulin, Fig.
5A–D,M; EM analysis, Fig. 6A–H,M,N), myelination (MBP
and toluidine, Fig. 5E–L,N,O; EM analysis, Fig. 6A–H,O),

Figure 2. Twelve-month-old PTEN-deficient mice show MN hypertrophy and skin abnormalities. A, B, I, Nissl staining was performed in the facial nucleus of Ctr. (A) and KO (B) animals
aged 10-12 months. Similar to results obtained in mice aged 3 months, the MN size was enhanced in PTEN deleted compared with Ctr. animals (I; n= 18, 19, 3, 3 for each bar, respectively). C,
D, J, The nerve diameter analyzed with toluidine staining was increased in Pten KO (D) compared with Ctr (C) mice (quantified in J; n= 7, 7, 4, 4 for each bar, respectively). E-H, K-M, EM pic-
tures at lower (E,F) and higher (G,H) magnification in the FN of Ctr. (E,G) and KO (F,H) animals at the age of 10-12 months. In PTEN-deficient animals, the diameter of individual axons was
increased compared with Ctr. animals (K; n= 4 Ctr. and 4 KO animals). The connective tissue present between individual axons was elevated by PTEN ablation at 3 months of age, however
not at 12months (L; n= 8, 7, 3, 3 for each bar, respectively). The number of mitochondria present in axons was higher in KO (arrows in H) compared with axons derived from Ctr. mice (arrows
in G) animals (quantified in M; n= 3 for each bar). N, O, Ctr. (N) and KO (O) mice aged 3 months are depicted. In Pten KO animals (O), a “frizzy” hair phenotype was visible, whereas in Ctr.
animals, hair was smoothly aligned to the body (N). P-U, PTEN-deficient mice at the age of 10-12 months showed more severe skin phenotype (moderate to severe hair loss; see R and S) in
addition to facial hyperplasia/tumor formation of the epidermis (arrow in S). T, Four different Pten KO animals are depicted showing different types and sizes of neoplasms in the facial region.
Frequency of observed skin phenotype in Ctr. and Pten KO mice is shown in U. I-M, Each dot indicates 1 animal. Data are mean 6 SD. *p, 0.05; **p, 0.01; ***p, 0.001; t test. Scale
bars: A, B, 200mm; C, D, 50mm; E, F, 10mm; G, H, 2mm.
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and NMJ formation (BTX and synaptophysin, SYP; Fig.
6I–L,P).

In the absence of injury, total axon number/area was identical
between genotypes, although larger axon calibers were also

obvious in PTEN-deficient animals (Fig. 5A,B,I,J). After injury,
Wallerian degeneration, a mechanism of programmed axon
degeneration, is induced (Coleman and Hoke, 2020). Indeed,
also in our injury model, the number of axons expectedly

Figure 3. Epidermal depletion of PTEN results in epidermal hyperplasia. A-F, Skin sections of the epidermal layer of young adult Ctr. (A,C) and Pten KO (B,D) mice stained with PTEN (A,B;
quantified in E; n= 5 Ctr. and 7 KO animals) and P-Akt (C,D; quantified in F; n= 5 Ctr. and 7 KO animals) directed antibodies. Dashed line indicates the outermost edge of the epidermis. G-J,
H&E staining of skin sections in 12-month-old Ctr. (G,G9,I) and Pten KO (H,H9,J) mice. Pten KO mice show epidermal hyperplasia and clearly thickened stratum corneum but no disruption of
the basement membrane. Dashed lines indicate the edge of the basal epidermal layer. ChAT-mediated Cre recombinase activity also deleted PTEN from follicular keratinocytes resulting in PTEN
loss and concomitant P-Akt upregulation. K, L, K14 (green), Ki67 (white), and CD45 (magenta) staining of Ctr. (K; magnifications in K9 and K99) and KO skin (L; magnifications in L9 and L99)
reveals hyperproliferation of keratinocytes (K141), hyperkeratosis, and increased inflammation (CD451) in Pten KO skin sections. E, F, Each dot indicates 1 animal. Data are mean 6 SD.
*p, 0.05; **p, 0.01; ***p, 0.001; two-sided Mann–Whitney. Scale bars: A-D, 100mm; G, H, K, L, 200mm; I, J, 50mm.
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Figure 4. PTEN deletion stimulates FN regeneration and decreases injury-associated neuroinflammation. A, Overview of the FN injury model. MNs connected to several FN branches (green;
FN) are localized to the FMN in the hindbrain. Injury of the FN (red dashes line) was performed at the central branch. Upon successful regeneration, FG tracer was retrogradely transported
from the whisker pad along the axons to the MNs (labeled in red). Right, Squares represent the parts of the nerve that were analyzed in histology or EM. B-E, R, The number of FG-positive
neurons on the unlesioned side was identical between Ctr. (B) and KO (C) neurons. At 14 dpi, FG numbers in the Ctr. FMN (D) were lower compared with KO animals (E; quantified in R; n= 0,
0, 5, 4, 7, 5, 8, 11 for each bar, respectively). R, Black dots in gray bars indicate Pten homozygous WT mice. Red dots indicate heterozygous mice. Insets, Higher magnification of individual FG-
positive neurons. F-I, S, T, The number of Nissl-positive MNs was not affected by injury or genotype (F–I; quantified in S; n= 5, 5, 5, 6, 7, 7, 8, 11 for each bar, respectively). At 14 dpi, the
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decreased compared with an uninjured nerve (quantified in
Fig. 5M). However, with increasing regeneration time, axon
numbers gradually increase; and here we observed a faster
recovery in axon numbers at all time points for Pten KO
compared with Ctr. animals, with KO animals almost reach-
ing pre-injury axon numbers at 22 d of regeneration (Fig.
5M). Of note, as already shown in Figure 1, we observed a
lower compaction grade of axons in Pten KO compared
with Ctr. mice because of excess connective tissue and
larger axon diameter. This resulted in lower axon numbers/
area in Pten KO mice (Fig. 5M). Nevertheless, quantifica-
tion of axons in the whole nerve had revealed similar total
axon numbers in Ctr. and Pten KO animals (Fig. 1P).
Related to axonal changes, the number of intact MBP-posi-
tive myelin sheaths recovered more quickly after injury in
PTEN-deficient animals (Fig. 5G,H,N). This was corrobo-
rated by toluidine staining of SC myelin sheaths in semithin
sections (Fig. 5I–L,O). In order to further confirm the role
of PTEN in axonal outgrowth, we used hiPSCs, differenti-
ated them into MNs, and treated them with the PTEN in-
hibitor SF1670. As expected, inhibition of PTEN resulted in
increased neurite outgrowth (Fig. 5P–R), which is also in
line with previous reports (Zhou et al., 2020).

EM analysis confirmed the observations of improved axonal
regrowth (Fig. 6A–H,M) and remyelination in Pten KO animals
(Fig. 6A–H,O). Of note, although regenerated axons were still
thinner than the original uninjured axons (compare Fig. 1Q vs
Fig. 6N), Pten KO mice again showed thicker axons than Ctr.
mice (Fig. 6N). Finally, NMJ analysis after injury revealed that, at
22dpi, the percentage of NMJs with high levels of both presynap-
tic synaptophysin and postsynaptic acetylcholine receptors
(stained with BTX) was reduced in Ctr. (Fig. 6I,K,P) compared
with Pten KO animals (Fig. 6J,L,P).

In addition to axonal regrowth and myelination, we also
inspected immune cell abundance in the FN (Fig. 7A–H,Q,R).
Similar to the FMN (Fig. 4), immune cells were upregulated by
injury in the FN. However, in contrast to the FMN, immune cell
abundance in the injured FN was not altered between Ctr. and
Pten KO animals (Fig. 7A–H,Q,R). Thus, PTEN deletion evokes
reduced neuroinflammation around the MN cell bodies but not
in the distal axons.

After injury, SCs dedifferentiate from a myelinating to a
repair phenotype, which is accompanied by changes in transcrip-
tion factors, such as cJUN and EGR2, and is crucial for axonal
regeneration (Jessen et al., 2015). However, neuronal PTEN dele-
tion did not obviously affect this SC transition as shown by iden-
tical cJUN and EGR2 numbers in the FN after injury (Fig. 7I–P,
S,T). This might be expected given that PTEN was deleted from
MNs and not SCs.

In summary, axonal regeneration is improved after PTEN de-
letion, while the response of SCs was comparable.

PTEN deletion improves whisker function after FN injury
Following demonstration that PTEN inhibition enhances PNS
regeneration at the histologic level, we assessed regeneration at
the functional level (Fig. 8). Here, we took advantage of a well-
established functional parameter affected by FN injury (i.e.,
whisker movement) (Moran and Graeber, 2004; Wanner et al.,
2017).

For monitoring whisker movement, single whiskers of the
intact and injured side of each animal were investigated before
and at several time points after injury with a high-speed camera
recording 100-ms-long video sequences at 100Hz (i.e., 100 pic-
ture frames; see Fig. 8). Before lesion, whisker movement showed
a typical synchronized and rhythmic pattern between control
and prospective lesion side (Fig. 8A,B,E,J). In contrast, after
lesion whiskers on the uninjured side still moved, whereas this
was impaired on the lesion side (Fig. 8C,D, red line; Fig. 8F,K).
At ;7 d after injury, first whisker movements on the injury side
were noticeable, which became more evident at 22 d after injury
(Fig. 8G–I,L–N, red line).

We compared whisker movement between Ctr. and Pten KO
animals at six time points after injury with several parameters,
including angular sum (Fig. 8O), velocity (Fig. 8P), and accelera-
tion (Fig. 8Q). Data revealed a consistent increase in all parame-
ters for PTEN-deficient animals, particularly at 7, 11, 14, and
22 dpi (Fig. 8O–Q).

This suggests that PTEN deficiency stimulates functional
nerve regeneration. Of note, although molecular regenera-
tion (evidenced by FG tracer incorporation) was already
quite successful and also whisker movement partially reap-
peared within 3 weeks after injury (Figs. 4-6, 8), functional
regeneration is still not complete, since whisking does not
reach initial levels neither in Ctr. nor in Pten KO animals
(Fig. 8E–Q).

Akt and CREB phosphorylation are induced by PTEN
deletion after nerve injury
In a next step, we analyzed possible changes in signaling path-
ways which might be modulated downstream of PTEN and con-
tribute to the positive growth effects after PTEN deletion (Figs. 9
and 10).

For this, we first analyzed PTEN and P-Akt abundance
before injury and at 3 dpi (Fig. 9A–O). In Ctr. mice, PTEN
total abundance was not altered at 3 dpi (Fig. 9A,C,E).
PTEN was largely confined to the MN cytoplasm, and only
weak levels were observed in neurites (Fig. 9A). This is in
line with previous reports also showing no changes in total
PTEN levels after sciatic nerve injury but decreased P-
PTEN (Christie et al., 2010). Expectedly, in Pten KO ani-
mals MNs in the FMN were not expressing PTEN anymore
(Fig. 9B,D,E). So far, changes in P-Akt abundance after PNS
injury in vivo have not been investigated in great detail.
Total Akt levels were unchanged between conditions and
genotypes (Fig. 9F–I,J). P-Akt levels in MNs were upregu-
lated by FN injury in Ctr. mice at 3 dpi (Fig. 9K,M,O). After
PTEN deletion, P-Akt levels were higher compared with
Ctr. mice at 3 dpi, both on the uninjured and somewhat
more on the injured FMN (Fig. 9L,N,O).

Next, we analyzed P-CREB abundance, a key neuronal activ-
ity regulated transcription factor known to enhance axon regen-
eration (Gao et al., 2004). So far, an interaction between PTEN/
Akt signaling and CREB has not been addressed after axon
injury; however, outside the nervous system, PTEN can de-phos-
phorylate CREB (Gu et al., 2011) or CREB can be

/

size of PTEN-deficient MNs was larger compared with Ctr. MNs (T; n= 5, 5, 5, 5, 7, 7, 4, 6
for each bar, respectively). J-M, U, V, In unlesioned FMN, no changes between Ctr. (J) and
KO (K) were observed for astrocytes (GFAP, green) and microglia (IBA, red). In Ctr. FMN,
astrocytes and microglia were increased after injury (L). In Pten KO FMN, such neuroinflam-
mation was decreased (M; quantified in U, V; n= 27, 24, 4, 4, 7, 6, 7, 7, 8, 11 for each bar,
respectively). N-Q, W, Peripheral leukocytes were labeled with anti CD45 antibody. After
injury, more CD45-positive cells were visible in Ctr. (P) compared with KO (Q) animals (quan-
tified in W; n= 21, 24, 4, 4, 7, 6, 7, 7, 8, 11 for each bar, respectively). R-W, Each dot indi-
cates 1 animal. Data are mean 6 SD. *p, 0.05; **p, 0.01; ***p, 0.001; one-way
ANOVA test. Scale bars: B-M, 200mm; N-Q, 50mm.
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Figure 5. PTEN deletion induces axon and myelin regeneration after FN injury. A-D, M, In the absence of injury, b III tubulin-positive numbers were identical between Ctr. and KO nerves.
At 14 dpi, axon numbers in the FN decreased in Ctr. (C) but not as much in Pten KO animals (D). M, Axon numbers per 0.03 mm2 nerve area. Because of excess connective tissue and larger
axon diameter, Pten KO animals have lower axon density in uninjured nerves. After injury, axon numbers decreased in both genotypes but recovered more quickly in PTEN-deficient animals.
Dashed lines indicate axonal numbers in uninjured nerves in Ctr. (gray) or Pten KO (orange) animals (n= 6, 7, 6, 6, 6, 6, 9, 10 for each bar, respectively). R, Black dots in gray bars indicate
Pten homozygous WT mice. Red dots indicate heterozygous mice. Black asterisks indicate significant differences of each bar to the uninjured (0 dpi) Ctr. bar, orange asterisks to the uninjured
(0 dpi) Pten KO bar. E-H, N, Myelin was detected by MBP. In Pten KO nerves, numbers of properly myelinated axons (see inset in H) were increased compared with Ctr. nerves (G; quantified in
N; n= 4, 6, 5, 5, 8, 7, 9, 10 for each bar, respectively). I-L, O, Myelination was stained with toluidine and more myelinated axons were observed after injury in KO (L) compared with Ctr. (K)
animals (quantified in O; n= 0, 0, 5, 4, 4, 4, 5, 5 for each bar, respectively). Note the increased axon diameters in KO animals in the unlesioned condition (J). P-R, MNs differentiated from
hiPSCs showed increased neurite outgrowth when treated the PTEN inhibitor SF1670 (Q) compared with control treatment with DMSO (P). R, Quantification of neurite outgrowth of MNs from
tree different donors (D1-D3). M-O, Each dot indicates 1 animal. Data are mean 6 SD. M-O, *p, 0.05; **p, 0.01; ***p, 0.001; two-sided Mann–Whitney test. R, *p, 0.05;
**p, 0.01; ***p, 0.001; two-sided t test. Scale bars: A-H, 25mm; I-L, 10mm; P, Q, 50mm.
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Figure 6. PTEN deletion enhances regeneration of myelinated fibers and neuromuscular synapses after FN injury. A-H, M-O, EM pictures of FN of Ctr. (A-D) and KO (E-H) mice at different
time points after injury show improved axon regeneration and remyelination in Pten KO animals. B, F, Arrows indicate degenerating myelin sheaths. B, Inset, Such a degenerating myelin
sheath in higher magnification. C, G, Arrows indicate remyelinated axons. G, Inset, Asterisk indicates an unmyelinated axon. M, Quantification of axon numbers relative to the corresponding
control side. Axon numbers in the unlesioned nerve were set to 100% (dashed line; n= 4, 4, 5, 5 for each bar, respectively). After injury, axon numbers regenerated more efficiently in PTEN-
deficient animals. N, Distribution of axon diameter in regenerating FNs at 22 dpi. Pten KO animals show enlarged axons compared with Ctr. animals (40 arbitrary axons for each of 5 Ctr. and 5
KO animals were analyzed). O, Quantification of the percentage of myelinated axons at each time point. Pten KO animals show a substantial amount of remyelinated axons already at 14 dpi
and even more at 22 dpi. Remyelination in Ctr. animals seems to be significantly slower (n= 4, 4, 5, 5 for each bar, respectively). I-L, P, Neuromuscular junctions were stained with BTX (ma-
genta) and synaptophysin (SYP; green) at 22 dpi. In Ctr. mice, FN injury decreased presynaptic innervation as revealed by reduced SYP levels (K) compared with PTEN-deficient animals (L; quan-
tified in P; n= 6, 6, 6, 6 for each bar, respectively). K, Arrow indicates a non-reinnervated synapse. M-P, Each dot indicates 1 animal. Data are mean 6 SD. *p, 0.05; **p, 0.01;
***p, 0.001 (M, O, P, one-way ANOVA test; N, two-way ANOVA test). Scale bars: A-H, 10mm; I-L, 25mm.
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phosphorylated by Akt at serine 133 for activation (Walton and
Dragunow, 2000). At 3 dpi, P-CREB signals in the nucleus of
MNs were slightly but not significantly elevated by injury in Ctr.
mice (Fig. 9P,R,T). In Pten KO animals, nuclear P-CREB levels
in injured FMN were almost doubled compared with Ctr. ani-
mals (Fig. 9S,T). Thus, PTEN deficiency upregulates P-CREB
and most likely thereby activates CREB in injured MNs.

A PRAS40-mTOR-4EBP1 pathway is induced in PTEN-
deficient mice
In previous experiments (Fig. 9), CREB was investigated as a first
PTEN/Akt downstream target. PTEN/Akt can stratify signaling
to many targets; however, an established pathway, primarily ana-
lyzed in non-neuronal cells, involves the PRAS40-mTOR1 com-
plex (Wiza et al., 2012). Here, PRAS40 phosphorylation by Akt

Figure 7. PTEN deficiency does not affect immune cell infiltration and Schwann cell dedifferentiation in the nerve after injury. A-D, Q, FN cross-sections of Ctr. (A,C) and KO (B,D) animals were stained
for CD45 expression. After injury, CD45-positive cells go up without difference between Ctr. (C) and KO mice (D; quantified in Q; n=26, 26, 6, 7, 5, 4, 6, 6, 9, 10 for each bar, respectively). E-H, R, F4/80-
positive cells were present in the injured FN without noticeable difference between Ctr. (G) and KO mice (H; quantified in R; n=26, 26, 3, 5, 5, 6, 5, 6, 9, 10 for each bar, respectively). I-L, S, cJUN was
upregulated by FN injury, however, in a similar manner between Ctr. (K) and PTEN-deficient (L) animals (quantified in S; n=26, 26, 5, 5, 7, 6, 4, 7, 9, 10 for each bar, respectively). M-P, T, After injury,
more EGR2-positive Schwann cells were present in the nerve. No differences between Ctr. (O) and KO mice (P) were discernible (quantified in T; n=21, 21, 0, 0, 7, 6, 5, 5, 9, 10 for each bar, respectively).
Q-T, Each dot indicates 1 animal. Data are mean6 SD. *p, 0.05; **p, 0.01; ***p, 0.001; two-sided Mann–Whitney test. Scale bars: A-P, 50mm.
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and by mTOR1 itself triggers PRAS40 dissociation from mTOR1
and can activate mTORC1 activity.

In Ctr. mice at 3 dpi, P-PRAS40 was upregulated by FN injury
in MN cell bodies (Fig. 10A1,A3,A5). Since PRAS40 is phospho-
rylated by Akt, elevated P-PRAS40 levels might be expected on
Pten KO mice. Indeed, P-PRAS40 levels were strongly aug-
mented compared with Ctr. mice on both the uninjured and
injured FMN (Fig. 10A2,A4,A5).

Next, total mTOR and P-mTOR levels were inspected at 3 dpi
(Fig. 10B,C). Total mTOR levels were almost not altered by
injury or PTEN deficiency (Fig. 10B). In contrast, P-mTOR levels

were induced by injury at 3 dpi (Fig. 10C1,C3,C5) in Ctr. mice.
In Pten KO mice, P-mTOR levels exceeded Ctr. mice levels with
stronger effects observed at the lesion site (Fig. 10C2,C4,C5). P-
mTOR was present in MN cell bodies and on neuronal protru-
sions in Ctr. and PTEN-deficient MNs (Fig. 10C, insets).

Downstream of mTOR, we inspected activation of two proto-
typical mTOR targets (i.e., P-4EBP1 and P-S6). Starting with
4EBP1, we observed only weak signals for total 4EBP1 (Fig.
10D1,D2) and P-4EBP1 (Fig. 10E1,E2) for both Ctr. and KO in
the uninjured FMN. After injury at 3 dpi, total 4EBP1 (Fig.
10D3,D4) and P-4EBP1 (Fig. 10E3,E4) were elevated in both Ctr.

Figure 8. Recovery of whisker movement after injury is improved by PTEN deletion. A-D, Before lesion, whiskers move synchronously backward and forward (A,B). At 1 dpi, whiskers on the
lesioned side [L] did not move anymore (arrows in C,D), while on the control side [C] movement was still possible. Frames 1 and 4 show a time span of 4 ms derived from a 100 ms (100 frame;
see E-N) video sequence. E-N, Typical sequences of whisker movement in Ctr. (E-I) and KO animals (J-N) before (E,J) and after 1, 7, 14, 22 dpi (F-I,K-N). Before injury (E,J) both whiskers (red;
prospective lesioned side, and black, control side) moved in a synchronous pattern. At 1 dpi, only the uninjured whisker moved (black in F,K) in contrast to the whisker on the lesioned side
(red in F,K). Starting from 7 dpi, some movement of the injured whisker (red in G-I, L-N) was observed. O-Q, Three whisking parameters, angular sum (O), velocity (P), and acceleration (Q),
are depicted for Ctr. and Pten KO animals along several postinjury time points. Data are ratio between the injured and intact side. This ratio is close to 1 at �1 dpi, since both sides move
equally. O-Q, Gray and orange numbers indicate animal numbers at respective time points. For all three parameters, whisker movement in PTEN-deficient animals was improved at several dpi
compared with Ctr. animals. Data are mean6 SEM. *p, 0.05; **p, 0.01; ***p, 0.001; two-sided Mann–Whitney test.
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and KO animals. Interestingly, quantification revealed as stron-
ger total 4EBP1 (Fig. 10D5) and P-4EBP1 (Fig. 10E5) induction
in Ctr. animals at 3 dpi compared with PTEN-deficient animals.
In contrast, at 22 dpi, total 4EBP1 and P-4EBP1 abundance was
higher in injured KO compared with Ctr. FMNs (Fig. 10G,H).
The latter result is in agreement with elevated P-Akt in KO ani-
mals, resulting in more P-4EBP1. In contrast to 4EBP1 phospho-
rylation, levels of P-S6 were not altered by FN injury or PTEN
deletion (Fig. 10F).

In summary, PTEN deletion evoked upregulation of P-CREB
as well as P-PRAS40, P-mTOR, and, in a time-dependent man-
ner, also P-4EBP1.

Discussion
PTEN’s dual function in neuronal physiology and pathology
In the uninjured brain, PTEN deletion generates a hypertrophic
state of neurons during development (Skelton et al., 2020). This
includes enlarged cell soma, ectopic cell migration, overgrowth
of axons and dendrites, increased synaptic spine density accom-
panied by behavioral alterations, macrocephaly, and epileptic
seizures. Thus, in WT mice, PTEN ensures physiological CNS
development and function.

So far, data on physiological PTEN function in PNS neurons,
particularly MNs, are lacking behind CNS reports. We expanded

on this knowledge by using facial MNs residing in the CNS brain-
stem and extending axons in the periphery. In this study, somatic
and axonal hypertrophy were uncovered in facial MNs (Fig. 1).
Hypertrophy also extended to whole nerves that were larger after
PTEN deletion (Fig. 1). This might be caused by enhanced axon
diameter (rather than MN number). Furthermore, we made the
novel observation of more “spacing” between individual axons
that might contribute to enlarged nerves in PTEN-deficient mice
(Fig. 1J). This enhanced space, resulting in more segregation
between individual axons, might be explained by more connective
tissue deposition separating single axons (Fig. 1). The latter could
reflect an exacerbated fibrosis in nerves since PTEN deletion is
known to activate fibroblasts and extracellular matrix deposition
(White et al., 2006).

PTEN deletion switches neurons in a growth-promoting state
already in the intact nervous system before injury onset. Once a
mechanical injury occurs, this growth-promoting state evoked
by PTEN inhibition is further augmented and axon regeneration
is stimulated in neurons. During development, such exuber-
ant axon and dendritic growth might be detrimental, result-
ing in overactive synaptic networks and, for example,
seizures in PTEN-deficient animals (Williams et al., 2015;
Skelton et al., 2020). In contrast, after axonal injury, such
strong de novo axon growth induced by PTEN deletion is

Figure 9. PTEN deletion enhances P-Akt and P-CREB levels in injured MNs. Unlesioned and injured FMN of Ctr. and Pten KO animals were stained for proteins indicated at 3 dpi. A-E, PTEN
abundance in Ctr. MNs did not change after injury (A,C). In PTEN-deficient animals, almost no remaining PTEN levels were present in MNs (B,D; quantified in E; n= 5 for each bar). F-J, Total
Akt levels were unchanged by injury and PTEN deletion (n= 5 for each bar in J). K-N, O, In Ctr. animals, levels of P-Akt were upregulated after FN injury (K,M). In PTEN-deficient animals, P-
Akt levels were increased already before injury (L) and slightly higher after injury (N; quantified in O; n= 5, 4, 5, 4 for each bar, respectively). O, Black dots in gray bars indicate Pten homozy-
gous WT mice. Red dots indicate heterozygous mice. P-T, Nuclear P-CREB abundance was enhanced in injured PTEN-deficient MNs (S; insets indicate higher magnifications of individual MNs)
compared with other conditions (P-R; quantified in T; n= 5 for each bar). E, J, O, T, Each dot indicates 1 animal. Data are mean 6 SD. *p, 0.05; **p, 0.01; ***p, 0.001; two-sided
Mann–Whitney test. Scale bars: A-N, 200mm; P-S, 150mm.
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Figure 10. Induction of a PRAS40-mTOR pathway by PTEN deletion in injured MNs. A1-A5, In unlesioned Ctr. MNs, no P-PRAS40 was visible (A1) in contrast to 3 dpi (A3). In KO neurons, P-
PRAS40 abundance was higher in FMNs before (A2) and after injury (A4; quantified in A5; n= 5 for each bar). B1-B5, Total mTOR abundance was not affected by genotype or injury status at
3 dpi (quantified in B5; n= 5 for each bar). C1-C5, P-mTOR levels were slightly upregulated in injured Ctr. neurons (C3) at 3 dpi. After PTEN ablation, P-mTOR expression was elevated before
(C2) and after injury (C4; quantified in C5; n= 5, 4, 5, 4 for each bar, respectively). Insets, P-mTOR localization on neuronal protrusions. C5, Black dots in gray bars indicate Pten homozygous
WT mice. Red dots indicate heterozygous mice. D1-D5, At 3 dpi, total 4EBP1 abundance was higher in Ctr. (D3) compared with injured KO (D4) MNs (quantified in D5; n= 4 for each bar). E1-
E5, P-4EBP1 levels were upregulated in injured Ctr. (E3) and KO (E4) neurons compared with the uninjured side (E1,E2) at 3 dpi. The number of strongly positive P-4EBP1 MNs was higher in
Ctr. compared with injured KO MNs (quantified in E5; n= 4 for each bar). F1-F5, P-S6 levels were similar in unlesioned and lesioned Ctr. and KO neurons (quantified in F5; n= 5 for each bar).
G1-G5, At 22 dpi, total 4EBP1 levels were elevated after FN injury in Ctr. MNs (G1,G3). In PTEN-deficient animals, 4EBP1 levels were higher both on the unlesioned (G2) and injured (G4) side
(quantified in G5; n= 4, 5, 4, 5 for each bar, respectively). H1-H5, At 22 dpi, highest P-4EBP1 levels were quantified in KO animals after injury (H4). In contrast, in all other conditions (H1-H3),
only weak P-4EBP1 levels were measured (H5; n= 4, 5, 4, 5 for each bar, respectively). A5, B5, C5, F5, G5, H5, Each dot indicates 1 animal. Data are mean 6 SD. *p, 0.05; **p, 0.01;
***p, 0.001; two-sided Mann–Whitney test. Scale bars: A-H, 200mm.
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beneficial and stimulates axonal re-connectivity, thereby
allowing for functional regeneration.

Our data support a mechanism by which PTEN in WT mice
is a growth brake also on PNS axon regeneration. So far, data
available on PTEN in PNS regeneration are confined to the sci-
atic nerve and DRG neurons (Christie et al., 2010; Gallaher and
Steward, 2018; Holland et al., 2019; Zhou et al., 2020). Herein,
we expanded on this by investigating PTEN in the facial MNs.
Similar to others (Christie et al., 2010; Gallaher and Steward,
2018; Holland et al., 2019; Zhou et al., 2020), we showed
improved nerve regeneration on the histologic level (Figs. 4-6).
So far, functional PNS regeneration in Pten KO mice was not
observed in all tests (Christie et al., 2010; Gallaher and Steward,
2018; Holland et al., 2019; Zhou et al., 2020). Herein, improved
whisker movement after FN injury in PTEN-deficient mice was
observed (Fig. 8), showing that PTEN inhibition can improve
functionality of injured MNs. We identified reduced neuroin-
flammation as a process by which PTEN deletion might enhance
PNS axon regeneration. Neuroinflammatory responses of astro-
cytes, microglia, and peripheral macrophages were reduced on
PTEN deletion (Fig. 4). So far, a role of PTEN in neuroinflam-
mation during axon regeneration has not been described in great
depth. In traumatic brain injury (R. Liu et al., 2019) and Tau-
associated neurodegeneration (Benetatos et al., 2020), PTEN

inhibition decreased microglia activation, a
result in accordance with our data. Microglia
support or inhibit axon regeneration depend-
ing on, for example, context and timing
(Zigmond and Echevarria, 2019). In this
study, enhanced regeneration after PTEN
deficiency correlated with decreased neuroin-
flammatory responses. This indicates a regen-
eration-inhibiting role of neuroinflammation
in our experimental settings.

Finally, previous reports analyzed PTEN-
deficient animals mainly for short regenera-
tion periods (typically 1-3months after
injury). Herein, animals were followed over 1
year. This time span covered neurodevelopment
and regeneration in young adult animals but
also epidermal hyperplasia development associ-
ated with PTEN deficiency in the aged animal
(Figs. 2 and 3). Together with previously
described PTEN functions, our data suggest
that PTEN deficiency has a dual function dur-
ing an animal’s lifetime.

1. In young adult mice, PTEN inhibition sets
neurons in a pro-growth state, which might
have detrimental implications on neuronal
morphology, circuits, and behavior during
development and neuronal physiology
(Skelton et al., 2020). However, after an
injury in such young aged animals, the neu-
ronal pro-growth state evoked by PTEN in-
hibition is clearly beneficial for axons to
regenerate as shown by others (Duraikannu
et al., 2019) and herein.

2. In the aged animals (12months), PTEN is
tumor-suppressive and tumor develop-
ment is a major risk when deleting TSGs,
such as PTEN.

Those diverse PTEN functions along the
animal’s age have to be considered when

attempting pharmacological manipulation of PTEN activity for
therapeutic purposes.

Growth promoting signaling pathways switched on by PTEN
inhibition
We identified several signaling molecules whose activation, as
analyzed by phosphorylation status, was altered on PTEN dele-
tion (Figs. 9 and 10). A first target regulated by PTEN deficiency
was CREB, a neuronal activity regulated transcription factor
involved in regulating neuronal excitability and survival (Walton
and Dragunow, 2000). So far, the interaction of PTEN with
CREB has only sparsely been investigated in neurons. Herein, we
demonstrated that P-CREB levels were elevated by PTEN inhibi-
tion, suggesting enhanced CREB activity in injured facial MNs
(Fig. 9). Interestingly, this novel finding in neurons was corrobo-
rated in PTEN-deficient mouse embryonic fibroblasts (Wan et
al., 2021). Furthermore, complementary to PTEN deletion,
PTEN overexpression was associated with decreased CREB phos-
phorylation in the lung tissue of asthmatic mice (Wu et al.,
2020). In our study, such elevated P-CREB levels might be
accomplished in PTEN-deficient neurons through the absence of
a direct PTEN-mediated dephosphorylation (Gu et al., 2011) or
indirectly through elevated levels of activated Akt (P-Akt).

Figure 11. Summary of findings observed in Pten KO animals. Nerve injury in PTEN-deficient MNs results in P-Akt up-
regulation (green arrow), which was accompanied by elevated P-CREB levels. P-CREB reflects activated CREB, which
might enhance axonal regeneration through RAG expression. In addition, P-Akt may phosphorylate and thereby inhibit
PRAS40, which in turn prevents PRAS40 from inhibiting mTOR. Thus, overall activation of growth-promoting mTOR
achieved by PTEN deletion might also contribute to enhanced peripheral nerve regeneration. For this, P-mTOR might
activate its effector 4EBP1, whereas no effects were seen on the S6 pathway. Created with BioRender.com.
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Activated CREB is known to enhance regeneration-associated
gene expression (e.g., Atf3; see Fig. 11) (Ma et al., 2014), circuit
formation (Bradley et al., 2019), and regeneration after CNS
injury (Gao et al., 2004). In contrast, in the PNS, no evidence for
P-CREB in axon regeneration is reported. Current literature
shows conflicting results as to whether P-CREB is induced in the
severed sciatic nerve (Herdegen et al., 1994; Li et al., 2009).
Herein, a mild P-CREB upregulation in injured Ctr. and strongly
enhanced induction in Pten KO facial MN neurons was observed
(Fig. 9). Thus, our data support a functional implication for a
PTEN-CREB signaling unit in PNS regeneration (Fig. 11).

In the CNS, an established PTEN downstream pathway con-
nected to axon regeneration is enhanced Akt-mTOR signaling
with its targets 4EBP1 and S6 (Yang et al., 2014; Miao et al., 2016;
Huang et al., 2019). Functional roles of P-Akt have not been
addressed in the PNS in contrast to CNS injury (Miao et al., 2016;
Huang et al., 2019). However, we (Fig. 9) and others (Shi et al.,
2009) show P-Akt upregulation in injured PNS neurons support-
ing an Akt function also during PNS regeneration. Downstream
of Akt, growth-promoting signaling can be diverged to several
signaling partners, including pro-growth molecules, such as
CREB (see above), or by suppression of anti-growth signals,
such as PRAS40 (Zhou et al., 2021) (see below) or GSK3b
(Leibinger et al., 2019) (see Fig. 11). Our data suggest that,
during FN injury, growth-promoting signals, such as P-CREB
(see above) and P-mTOR, operate to enhance regeneration
(Fig. 10).

In the PNS, some studies have shown that axon regeneration
is inhibited by mTOR deletion (Miao et al., 2016), whereas others
did not confirm such an mTOR function (Christie et al., 2010).
In agreement with an mTOR role during PNS regeneration, we
observed P-mTOR induction in both injured Ctr. and more pro-
nounced in PTEN ablated facial MNs (Figs. 10 and 11).
Downstream of mTOR, we observed no obvious regulation of P-
S6 levels by FN injury (Figs. 10 and 11) in contrast to reports in
sciatic nerve injury (Chen et al., 2016). In opposite to S6, total
and P-4EBP1 were upregulated in FN injury in accordance with
a previous report on sciatic nerve injury (Kalinski et al., 2015).
Notably, for total and P-4EBP1, we observed shift depending on
postinjury time with lower and higher 4EBP1/P-4EBP1 levels in
injured KO compared with Ctr. MNs at 3 and 22dpi, respectively
(Fig. 10). The results at 3 dpi, but not 22 dpi, were contrary to ex-
pectation since we expected elevated P-Akt levels in KO animals
(Fig. 9K–N,O), resulting in more P-4EBP1 in KO FMNs. A previ-
ous report in fibroblasts also showed such decreased P-4EBP1
levels in PTEN-deficient cells (Goo et al., 2012). Nevertheless, we
currently do not have an explanation for this.

In this study, we analyzed PRAS40, a signaling molecule
connecting Akt with mTOR activation (Wiza et al., 2012),
which on phosphorylation by either Akt or mTOR releases
its inhibition on mTOR signaling (Fig. 11). PRAS40 is a
novel signaling intermediate in axon regeneration. So far,
only one report documented enhanced P-PRAS40 levels af-
ter spinal cord injury in WT rats (Yu et al., 2008). In this
study, we corroborate this finding in Ctr. animals for PNS
injury (Fig. 10). Furthermore, in Pten KO mice, a strong P-
PRAS40 abundance was observed after injury (Figs. 10 and
11). Since phosphorylated PRAS40 fails to interact with
mTOR, this might facilitate activation of the growth-
enhancing mTORC1 complex, one mechanism by which
PTEN inhibition might enhance axon growth (Fig. 11). This
points at PRAS40 as a novel signaling partner to be shut off
by PTEN inhibition during axon regeneration.

In conclusion, data provided in this study on a mouse PNS
regeneration model point at an important function of PTEN as a
regenerative brake in the PNS.
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