Experimental Neurology 303 (2018) 120–133

Contents lists available at ScienceDirect

Experimental Neurology
journal homepage: www.elsevier.com/locate/yexnr

Research Paper

Modest enhancement of sensory axon regeneration in the sciatic nerve with
conditional co-deletion of PTEN and SOCS3 in the dorsal root ganglia of
adult mice
Zachary R. Gallahera,1, Oswald Stewarda,b,
a
b

T

⁎

Reeve-Irvine Research Center, Department of Anatomy and Neurobiology, School of Medicine, University of California Irvine, Irvine, CA 92697, USA
Department of Neurobiology and Behavior, Department of Neurosurgery, University of California Irvine, Irvine, CA 92697, USA

A R T I C L E I N F O

A B S T R A C T

Keywords:
Dorsal root ganglia
Sciatic nerve
Nerve crush
Regeneration
PTEN
SOCS3
Ribosomal protein S6
Stat3

Axons within the peripheral nervous system are capable of regeneration, but full functional recovery is rare.
Recent work has shown that conditional deletion of two key signaling inhibitors of the PI3K and Jak/Stat
pathways—phosphatase and tensin homolog (PTEN) and suppressor of cytokine signaling-3 (SOCS3), respectively—promotes regeneration of normally non-regenerative central nervous system axons. Moreover, in
studies of optic nerve regeneration, co-deletion of both PTEN and SOCS3 has an even greater eﬀect. Here, we test
the hypotheses (1) that PTEN deletion enhances axon regeneration following sciatic nerve crush and (2) that
PTEN/SOCS3 co-deletion further promotes regeneration. PTENﬂ/ﬂ and PTEN/SOCS3ﬂ/ﬂ mice received direct
injections of AAV-Cre into the fourth and ﬁfth lumbar dorsal root ganglia (DRG) two weeks prior to sciatic nerve
crush. Western blot analysis of whole cell lysates from DRG using phospho-speciﬁc antibodies revealed that
PTEN deletion did not enhance or prolong PI3K signaling following sciatic nerve crush. However, PTEN/SOCS3
co-deletion activated PI3K for at least 7 days post-injury in contrast to controls, where activation peaked at
3 days. Quantiﬁcation of SCG10-expressing regenerating sensory axons in the sciatic nerve after crush injury
revealed longer distance regeneration at 3 days post-injury with both PTEN and PTEN/SOCS3 co-deletion.
Additionally, analysis of noxious thermosensation and mechanosensation with PTEN/SOCS3 co-deletion revealed enhanced sensation at 14 and 21 days after crush, respectively, after which all treatment groups reached
the same functional plateau. These ﬁndings indicate that co-deletion of PTEN and SOCS3 results in modest but
measureable enhancement of early regeneration of DRG axons following crush injury.

1. Introduction
Peripheral nerve damage occurs in approximately 5% of all trauma
cases (Noble et al., 1998). Given that there are roughly 40 million
trauma cases in the United States each year (National Hospital
Ambulatory Medical Care Survey: 2011, n.d.), this equates to approximately 2 million peripheral nerve injuries annually. Unfortunately, while axons in the peripheral nervous system are capable of
regeneration, full functional recovery is rarely achieved. Together, the
alarming incidence of peripheral nerve damage and the lack of consistent recovery highlight the need for new therapeutic interventions
aimed at improving axon regeneration in the periphery.
The environment of the damaged peripheral nerve is conducive to
axonal regeneration. Schwann cells de-diﬀerentiate and clear debris
along with macrophages (reviewed in Navarro et al., 2007). These de-
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diﬀerentiated Schwann cells provide neurotrophic and physical support
for regenerating axons. Additionally, neurons of the peripheral nervous
system have an intrinsic capacity for regeneration. Even so, regeneration in the periphery may be limited by a number of factors including
severity of the injury, nerve gaps that require bridging, distance to the
peripheral target, age, and a lack of speciﬁc innervation (de Ruiter
et al., 2008; Fu and Gordon, 1995).
Recent studies have been aimed at improving intrinsic regenerative
capacity by deleting the signaling inhibitors phosphatase and tensin
homolog (PTEN) and suppressor of cytokine signaling 3 (SOCS3).
Conditional genetic deletion of PTEN promotes regeneration of optic
nerve axons (Park et al., 2008). Similarly, conditional deletion or
shRNA-mediated suppression of PTEN promotes regeneration of corticospinal tract axons (Danilov and Steward, 2015; Lewandowski and
Steward, 2014; Liu et al., 2010). These ﬁndings stand out due to the
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2.2. Surgical procedures

Table 1
Animal use.
Analysis (n)

Genotype (n)

DRG
injection (n)

Injury (n)

Immunoﬂuorescence within the DRG
(3)
Western blot of whole DRG lysates for
signaling after nerve crush (72)

PTENﬂ/ﬂ (3)

None

None (3)

PTENﬂ/ﬂ (30)

None

PTEN/
SOCS3ﬂ/ﬂ
(42)
PTENﬂ/ﬂ (43)

None

None (5)
SNC (25)
None (7)
SNC (35)

Western blot of whole DRG lysates for
signaling after deletion and
subsequent nerve crush (96)

PTEN/
SOCS3ﬂ/ﬂ
(53)
Immunoﬂuorescence within the
sciatic nerve (12)

Behavioral recovery (43)

PTENﬂ/ﬂ (9)

PTEN/
SOCS3ﬂ/ﬂ (3)
PTENﬂ/ﬂ (23)

PTEN/
SOCS3ﬂ/ﬂ
(20)

None
AAV-GFP
AAV-Cre
(36)
None
AAV-GFP
AAV-Cre
(36)
Sham
AAV-GFP
AAV-Cre
AAV-Cre

None (4)
SNC (3)
None (12)
SNC (24)
None (8)
SNC (9)
None (12)
SNC (24)
SNC (3)
SNC (3)
SNC (3)
SNC (3)

Sham
AAV-GFP
AAV-Cre
Sham
AAV-GFP
AAV-Cre

SNC
SNC
SNC
SNC
SNC
SNC

Sciatic nerve crushes were performed under ketamine/xylazine
anesthesia (10 and 1 mg/kg, respectively) administered intraperitoneally (i.p.). A dorsal incision was made on the left side from
hip to knee so the biceps femoris and gluteus superﬁcialis could be split
by blunt dissection, exposing the left sciatic nerve. The sciatic nerve
was separated from the surrounding muscle up to the medial junction of
the biceps femoris and gluteus superﬁcialis, where the sciatic nerve
turns away from midline. The nerve was crushed twice at this location
for 15 s each at 90 degree angles relative to one another to reduce the
possibility of sparing. Following sciatic nerve crush, the overlying
muscles were closed with a single cat gut suture and the overlying skin
was closed with staples.
Mice used to determine the eﬀect of PTEN or PTEN/SOCS3 co-deletion received direct injections of AAV vectors into the fourth and ﬁfth
lumbar dorsal root ganglia (L4/5 DRG) two weeks prior to sciatic nerve
crush. Following a midline incision over the L2 to S2 vertebrae, the left
L4/5 DRG were exposed by hemi-laminectomy. A volume of 1 μL of
AAV-Cre (1 × 109 infectious units/μL) was injected into each of the
DRG using a Hamilton syringe attached to a 35 ga. beveled needle.
Vector controls received the same volume of AAV-GFP and sham controls underwent hemi-laminectomy alone. Fast Green dye was added to
both AAV-Cre and AAV-GFP solutions (ﬁnal concentration of 0.1%) to
allow conﬁrmation of successful intraganglionic injection. Following
injections, the surrounding erector spinae muscles were closed with two
cat gut sutures and the overlying skin was closed with staples.

(5)
(7)
(11)
(6)
(4)
(10)

Total N = 226
SNC = sciatic nerve crush.

2.3. Behavioral testing

complete lack of axonal regeneration of these CNS axons under normal
conditions. Additionally, co-deletion of PTEN and SOCS3 further increases axon regeneration in the optic nerve (Sun et al., 2011). While
there is evidence to suggest that manipulation of the PI3K pathway may
enhance regeneration in the periphery (Abe et al., 2010; Christie et al.,
2010), conditional deletion of PTEN in dorsal root ganglia sensory
neurons has not been investigated. Furthermore, to the best of our
knowledge, there have been no studies involving co-suppression of
PTEN and SOCS3 on axon regeneration in peripheral nerves. Thus, the
goal here is to assess whether PTEN deletion alone or PTEN/SOCS3 codeletion will enhance regeneration of peripheral sensory axons that
already have a capacity for regeneration.

Four groups of mice were used for behavioral experiments
(n = 10–11 per group, Table 1). Sham surgery and AAV-GFP vector
control groups included both PTENﬂ/ﬂ and PTEN/SOCS3ﬂ/ﬂ mice. Mice
were handled daily for one week and trained for two weeks prior to
data collection. Baseline measurements were recorded two weeks prior
to DRG injections or sham surgeries. An additional baseline was recorded 4 h prior to sciatic nerve crush to determine if DRG injections
aﬀected behavior. Following sciatic nerve crush, measurements were
recorded weekly for eight weeks by a blinded observer.
Noxious thermosensation was measured using a Hargreave's apparatus (#390G, IITC). Mice were placed into individual plexiglass compartments with opaque dividers over a glass base plate. The base plate
was heated to 33 °C to prevent the base from acting as a heat sink. Mice
were acclimated for 20 min prior to testing. The active intensity of the
light source was set at 53% to achieve a baseline withdrawal latency
near 5 s. The maximum stimulation time was set at 15 s (3× baseline)
to avoid damaging the hind paw. The light source was focused on the
lateral surface of the hind paw behind the hypothenar foot pad to avoid
stimulation of the medial regions of the hind paw innervated by the
saphenous nerve. Reported measurements are the average of three trials
separated by at least 5 min.
Mechanosensation was measured using graded von Frey ﬁlaments.
Mice were tested in the same plexiglass compartments used for testing
with the Hargreave's apparatus on top of an anodized metal mesh
platform with 1/4″ waﬄe holes that allow access to the plantar surface
of the paw (#410, IITC Life Science, Woodland Hills, CA). Mice were
allowed to acclimate for 20 min prior to testing. Filaments of 3.22, 3.61,
3.84, 4.08, 4.31, and 4.56 log units (mean distance = 0.238) were
applied to the center of the left hind paw between the foot pads beginning with the 3.84 ﬁlament. Fifty percent paw withdrawal threshold
was calculated using the up-down method (Chaplan et al., 1994). Mice
that did not respond to any ﬁlaments following sciatic nerve crush were
assigned a paw withdrawal threshold of 4.5 g.
Motor function was assessed using an automated catwalk system
equipped with CatWalk XT 8.1 software (Noldus Information
Technology, Wageningen, Netherlands). Mice were placed in a dark box

2. Materials and methods
2.1. Animals
A total of 244 adult male mice (3- to 5-months-old at ﬁrst surgery)
were used in this study. A complete breakdown of the number of animals from each genetic background used in the experiments performed
here is presented in Table 1. Animals were obtained from two local
colonies of transgenic mouse lines bred in pairs as homozygous mutants. PTEN-ﬂoxed mice (PTENﬂ/ﬂ; n = 123) on a 129S background
contain ﬂox sequences around exon 5 of the PTEN gene. PTEN/SOCS3ﬂoxed mice (PTEN/SOCS3ﬂ/ﬂ; n = 118) on a B6/129S background were
generated from breeding pairs donated by Dr. Zhigang He, Children's
Hospital, Boston. Cre-reporter ROSAtdT mice (n = 3) contain a ﬂoxed
stop cassette upstream of the coding sequence for tdT.
Animals were group housed with littermates in a temperature controlled vivarium on a 12 h light-dark cycle. All procedures were approved by the University of California Irvine Institutional Animal Care
and Use Committee and performed in accordance with the National
Institutes of Health Guide for the Care and Use of Laboratory Animals
(8th edition, 2011).
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were randomly generated from age-matched mice irrespective of genetic background. AAV-Cre injected DRG pools were randomly generated from age-matched mice with respect to their genetic background.

with Froot Loops® cereal at one end of the catwalk for 3 min prior to
testing. Mice were then removed from the box and placed at the opposite end of the catwalk. Paw print length and width were averaged
over three successful runs separated by 2 min to maintain the positive
reinforcement of the dark box. These measurements were used to calculate sciatic function index using a modiﬁed equation from Inserra and
colleagues (Inserra et al., 1998).

2.5. Immunoﬂuorescence
Mice used for immunoﬂuorescent studies (n = 15) were euthanized
by i.p. injection of 0.1 mL Fatal-Plus® and transcardially perfused with
4% paraformaldehyde. L4 DRG were extracted at 0 (uninjured control),
1, 3, 7, 15, and 30 days following sciatic nerve crush (n = 3 per time
point). Sciatic nerves were extracted 3 days after sciatic nerve crush
(n = 12; 9 PTENﬂ/ﬂ and 3 PTEN/SOCS3ﬂ/ﬂ). All tissue was post-ﬁxed
for an additional 6 h before being transferred to 27% sucrose. DRG or
sciatic nerves were longitudinally cryo-sectioned at 20 μm and directmounted on slides. Slide-mounted sections were incubated in primary
antibodies listed in Table 2 followed by donkey anti-rabbit 488 (1:400;
A-21206, Life Technologies, Carlsbad, CA) or goat anti-rabbit 594
(1:400; A-11037, Life Technologies) and then coverslipped in VectaShield mounting medium (H-1000, Vector Laboratories, Burlingame,
CA).

2.4. Western blots
The time course of PI3K and Jak/Stat activation following sciatic
nerve crush was assessed by Western blot of tissue from both PTENﬂ/ﬂ
and PTEN/SOCS3ﬂ/ﬂ mice. At 0 (uninjured control), 1, 3, 7, 15, and
30 days following sciatic nerve crush, mice (n = 12 per time point for
72 total; 30 PTENﬂ/ﬂ and 42 PTEN/SOCS3ﬂ/ﬂ) were euthanized by i.p.
injection of 0.1 mL Fatal-Plus (sodium pentobarbital). Mice were
transcardially perfused with ice cold 0.1 M PBS with 0.1% protease
(04693124001, Roche, Basel, Switzerland) and phosphatase inhibitors
(04906837001, Roche). Left L4/5 DRG were quickly extracted, placed
in HCl lysis buﬀer with 1% phosphatase and protease inhibitors on dry
ice, and stored at −80 °C until homogenization. At the time of homogenization, the left L4/5 DRG of four animals within the same time
point were pooled to have suﬃcient material to perform Western blots,
resulting in three samples per time point. These DRG pools were randomly generated from age-matched mice within the same time point
irrespective of genetic background. A total of 5 μg of protein per pool
was run in Mini-PROTEAN TGX gels (456-1095, Bio-Rad, Hercules,
CA). Gels were run as sets that contained one sample from each treatment group and transferred onto individual PVDF membranes (92631098, Li-Cor, Lincoln, NE). Membranes (926-31098, Li-Cor, Lincoln,
NE) were blocked (927-40000, Li-Cor) and stained with combinations
of primary antibodies listed in Table 2. Combinations of the secondary
antibodies IRDye 800CW goat anti-rabbit (1:15,000; 926-32211, LiCor) and IRDye 680RD goat anti-mouse (1:15,000; 926-68070, Li-Cor)
were applied for visualization. Western blots were analyzed for ﬂuorescence levels using a Li-Cor Odyssey FC Imaging System equipped with
Image Studio version 3.1.
A separate group of mice was used to determine the eﬀect of PTEN
deletion alone or PTEN/SOCS3 co-deletion on PI3K and Jak/Stat activation following nerve crush. Mice received AAV-Cre (n = 36 per
strain) or AAV-GFP (n = 12; 3 PTENﬂ/ﬂ and 9 PTEN/SOCS3ﬂ/ﬂ) injections as described under Surgical Procedures. Additional mice (n = 12; 4
PTENﬂ/ﬂ and 8 PTEN/SOCS3ﬂ/ﬂ) served as naïve (uninjected/uninjured) controls. Two weeks after injection, mice underwent sciatic
nerve crush (n = 60) or were processed for Western blot (0 day, n = 24,
12 per strain) as described above. Mice that underwent sciatic nerve
crush were euthanized 3 or 7 days later and processed for Western blot
as above. DRG pools from naïve and AAV-GFP vector control groups

2.6. Antibody characterization
2.6.1. PTEN
The antibody against PTEN recognized a single band at 55 kDa from
whole cell lysates of DRG analyzed by Western blot in our study (Figs. 2
& 3; predicted molecular weight of 47 kDa). The manufacturer reports a
single band at 54 kDa in HeLa, NIH/3T3, C6, and COS-7 cells, but not
the PTEN-mutated PC3 and LNCap prostate cancer cell lines. No band
appears in whole cell lysates from the human breast cancer cell line
MDA-MB 415 harboring a PTEN mutation (Forster et al., 2011).
2.6.2. p-S6
The antibody against p-S6 recognized a single band at 32 kDa in
Western blots of DRG lysates (Figs. 2 & 3; predicted molecular weight of
29 kDa). Staining is abolished in endometrial cancer cell lines in the
presence of the mTOR inhibitor temsirolimus (Yang et al., 2011). Further documentation that immunostaining reﬂects phosphorylation
comes from studies demonstrating robust increases in immunostaining
in situations known to induce S6 phosphorylation, for example in
dentate granule cells following induction of perforant path LTP
(Pirbhoy et al., 2016).
2.6.3. p-Stat3
The antibody against p-Stat3 recognizes two bands at 86 (Stat3α)
and 79 kDa (Stat3β) in Western blots of HeLa cells only after treatment
with IFNγ (manufacturer information). In Western blots from our DRG
lysates, the antibody recognized the 86 kDa band as well as an

Table 2
Primary antibodies.
Antigen

Immunogen

Manufacturer (Cat. No.), RRID, host sp., clonality

IF dilution

WB dilution

PTEN

Synthetic peptide DSDPENEPFDEDQ HTQITKV corresponding to residues
384–403 of human PTEN.
Synthetic phosphopeptide RRLssLRA STSKSES (s = p-Ser) corresponding to
residues 232–246 of human rpS6
Synthetic peptide RPESQEHPEAD corresponding to residues 688–698 of human
Stat3
Synthetic phosphopeptide ADPGSAAP yLKTKFI (y = p-Tyr) corresponding to
residues 697–711 of mouse Stat3
Synthetic peptide conjugated to KLH derived from residues 200 to the Cterminus of human SOCS3
Slightly modiﬁed β-cytoplasmic actin N-terminal peptide, Ac-DDDIAALVIDN
GSGK, conjugated to KLH
Synthetic peptide corresponding to residues 150–190 of mouse STMN2
conjugated to an immunogenic carrier

Cell Signaling Technology (CST; 9188S) RRID: AB_
2253290, rb mAb
CST (4858S), RRID: AB_916156, rb mAb

1:200

1:2000

1:200

1:2000

p-S6
Stat3
p-Stat3
SOCS3
β-actin
SCG10
(STMN2)

122

CST (9139S), RRID: AB_10694804, ms mAb

1:2000

CST (9145S), RRID: AB_561305, rb mAb

1:2000

Abcam (ab16030), RRID: AB_443287, rb pAb

1:2000

Sigma-Aldrich (A5441), RRID: AB_476744, ms mAb

1:10000

Abcam (ab104560), RRID: AB_10710769, rb pAb

1:500
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Fig. 1. Immunohistochemical analysis of PTEN and p-S6 in uninjured DRG. A-B: Representative 20× stitched images of phosphatase and tensin homolog (PTEN, A) and phosphorylated
ribosomal protein S6 (p-S6, B) expression in the L4 dorsal root ganglia. Area in dashed box within A is shown in A′ to further demonstrate the localization of PTEN in small diameter
neuronal proﬁles (arrowheads) and a lack of expression in large neuronal shadows (hollow arrows). Area in dashed box within B is shown in B′ to demonstrate localization of p-S6
primarily in large-diameter neuronal proﬁles (arrows) and not in small diameter proﬁles (hollow arrowheads). Examples of the less frequent small diameter proﬁles containing p-S6
(arrowhead) and large diameter proﬁles with low p-S6 expression (hollow arrow) are also shown. C: Quantiﬁcation of PTEN and p-S6 neuronal proﬁles in every 6th section throughout
the whole DRG (n = 3). Only proﬁles containing a nuclear shadow were quantiﬁed and ordered in 5 μm bins according to the diameter of the cell body along its long axis. The distribution
patterns of these two proteins indicate that they are expressed in two separate neuronal sub-populations, PTEN in small diameter C-type neurons and p-S6 in large diameter A-type
neurons. The mutual exclusion of these two proteins is consistent with the role of PTEN as an inhibitor of PI3K signaling upstream of mTOR activation and subsequent S6 phosphorylation.
Scale bar = 200 μm in A and B. Scale bar = 50 μm in A′ and B′.
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Fig. 2. Activation of PI3K signaling following sciatic nerve
crush. A: Representative Western blot images of PTEN and p-S6
staining from L4/5 DRG lysates with graphical representation of
data normalized to 0 day uninjured controls (n = 3 DRG pools
per time point). β-actin was used as a loading control. PI3K
signaling is greatly elevated at 3 days post-injury as shown by a
ﬁve-fold increase in the level of p-S6 as compared to controls. pS6 levels in DRG lysates returned to baseline within 7 days of
injury. B: Representative image of PTEN expression in DRG
3 days post-injury showing that injury does not alter the localization of PTEN in small diameter neurons. C: Representative
image of p-S6 in DRG 3 days post-injury showing sustained
phosphorylation of S6 in large diameter neurons and increased
S6 phosphorylation in smaller diameter neurons. D: Graphical
representation of the average diameter of neurons positively
stained for p-S6 (n = 3 per time point). Individual data points
are indicated by hollow circles. **p < 0.01 vs 0 day uninjured
controls in A. *p < 0.05 vs 0 day uninjured controls and 7, 15,
and 30 days post-injury in B. Scale bar = 100 μm.

recognized this same band as well as an additional non-speciﬁc band
near 80 kDa (Fig. 2).

additional band near 40 kDa (Figs. 2 & 3); the intensity of this band
ﬂuctuated with the band at 86 kDa. In DRG sections, the expected nuclear staining pattern was observed only after injury.

2.6.5. β-actin
The antibody against β-actin recognized a single band at 42 kDa in
our study. This antibody does not recognize the α form of actin as
shown by negative staining from Western blots of cardiac tissue
(Kawaja et al., 2011).

2.6.4. SOCS3
The antibody against SOCS3 recognizes a single band at 27 kDa in
Western blots of IFNγ-treated HeLa cells (manufacturer information). In
Western blots from our DRG lysates, the antibody against SOCS3
124
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Fig. 3. Activation of Jak/Stat signaling following sciatic nerve
crush. A: Representative Western blot images of p-Stat3 and
SOCS3 from L4/5 DRG lysates with graphical representation of
data normalized to 0 day uninjured controls (n = 3 DRG pools
per time point). β-actin was used as a loading control. Jak/Stat
signaling is activated at early time points after injury as shown
by elevated p-Stat3 levels at 1 and 3 days post-injury. As with
PI3K signaling, Jak/Stat signaling returns to baseline within
7 days of injury following an upward trend in SOCS3 expression
that does not reach signiﬁcance. B: Representative image of pStat3 expression in 0 day uninjured control DRG showing a lack
of p-Stat3-positive nuclei. C: Representative image of p-Stat3
expression 7 days post-injury showing a large number of p-Stat3positive nuclei in both small and large diameter neurons. D:
Graphical representation of the number of p-Stat3-positive nuclei quantiﬁed in every 6th section throughout the whole DRG
(n = 3 per time point). Individual data points are indicated by
hollow circles. *p < 0.05, **p < 0.01 vs 0 day uninjured controls. Scale bar = 100 μm.

2.7. Imaging and analysis

2.6.6. Superior cervical ganglion-10 (SCG10)
SCG10 (also known as stathmin-2) is a known regulator of microtubule stability and was used as a marker of regenerating axons in the
sciatic nerve. In our study, no SCG10 staining was observed in uninjured sciatic nerves. Following injury, the expected pattern of staining—axons extending short distances beyond the injury site and
ending in growth cones—was observed, consistent with previous reports for this marker (Shin et al., 2014).

Stained sections were imaged using an Olympus AX80 equipped
with cellSens Standard imaging software. Both the DRG and sciatic
nerves were imaged at 20× magniﬁcation. Stitched images of individual sections were generated using cellSens Standard before image
analysis, ensuring that all objects of interest in each section were analyzed only once.
The diameters of neuronal proﬁles expressing proteins of interest
125
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within 7 days (1.43 ± 0.68 fold diﬀerence vs 0 day, NS). This decline
in p-Stat3 was preceded by a trend towards increased SOCS3 expression
3 days after crush that did not reach signiﬁcance (3.05 ± 0.94 fold
increase vs 0 day, p = 0.1640).
Assessment of p-Stat3 by immunoﬂuorescence revealed very few pStat3-positive nuclei in uninjured DRG (30.7 ± 21.9, Fig. 3B, D). The
number of p-Stat3-positive nuclei in the DRG increased by > 10-fold by
1 day post-injury (380.1 ± 73.1, Fig. 3D) Although Western blot data
indicated that p-Stat3 levels were greatest at 3 days post-injury, the
number of positive nuclei was highest at 7 days after injury
(772.3 ± 330.7 vs 30.7 ± 21.9 in 0 day controls, p < 0.05;
Fig. 3C–D), although the DRG from one of the three mice had relatively
few positive nuclei.

were quantiﬁed using ImageJ software (NIH). Analysis for each staining
was performed in every sixth section throughout the L4 DRG. The
diameter was recorded along the long-axis of every neuronal proﬁle
that displayed a clear nuclear shadow. Data represent the mean of the
total number of positive cells quantiﬁed for each animal.
To quantify regeneration of SCG10-expressing axons in stitched
images of the sciatic nerve, images were imported into ImageJ; a line
was placed along the proximal boundary of the crush lesion perpendicular to the nerve axis and at every 250 μm relative to this reference.
The number of labeled axons that crossed these lines was quantiﬁed by
a blind observer in every sixth section.
2.8. Statistics
Western blot and cell count data were analyzed by one-way ANOVA
with Dunnett's multiple comparison test for signiﬁcance. Regeneration
data were analyzed by two-way repeated measures ANOVA with
Fisher's LSD. Behavioral data were analyzed by two-way repeated
measures ANOVA with Bonferroni correction for multiple comparisons.
Diﬀerences were considered signiﬁcant at p < 0.05. Data are presented as mean ± SEM.

3.3. Eﬀect of PTEN and PTEN/SOCS3 co-deletion on activation of PI3K
and Jak/Stat pathways
In the central nervous system, the pro-regenerative eﬀects of PTEN
and SOCS3 deletion are dependent upon activation of mTOR and Stat3,
respectively (Park et al., 2008; Sun et al., 2011). However, unlike axons
of the CNS, peripheral axons originating in the DRG are capable of
regeneration without experimental manipulation. Therefore, it is possible that mTOR and Stat3 are maximally activated in the DRG following nerve injury; in which case, deletion would have no further
impact. Prior to determining the eﬀect of PTEN and PTEN/SOCS3 codeletion on PI3K and Jak/Stat signaling in the DRG after crush, we
began by examining the eﬀectiveness of direct injections of AAV-Cre
into the DRG of adult mice (see Materials & Methods for full description). Using Cre-reporter mice containing a ﬂoxed stop cassette upstream of the coding sequence for tdTomato, we determined that approximately 35% of neurons in the injected DRG were successfully
transfected around an injection center (Fig. 4A). In PTENﬂ/ﬂ and PTEN/
SOCS3ﬂ/ﬂ mice, injection centers were observed by a lack of PTEN
expression in neurons (Fig. 4B), demonstrating the feasibility of the
method. It should be noted that SOCS3 is not expressed in DRG neurons
at detectable levels prior to injury and is only transiently upregulated
after injury, so showing SOCS3 deletion in the same manner as PTEN
deletion is not feasible. However, Cre expression in amounts suﬃcient
to delete PTEN will also delete SOCS3 in PTEN/SOCS3ﬂ/ﬂ mice.
To determine whether PTEN or PTEN/SOCS3 co-deletion in the
DRG further activates mTOR and Stat3 following nerve injury, the left
L4/5 DRG of adult PTENﬂ/ﬂ and PTEN/SOCS3ﬂ/ﬂ mice were injected
with AAV-Cre. Two weeks later, one group of mice was sacriﬁced and
the left L4/5 DRG was prepared for Western blot analysis of p-S6 and pStat3 (0 day). Another group underwent left sciatic nerve crush and
were allowed to recover before the L4/5 DRG were prepared for
Western blot analysis at 3 or 7 days after crush, corresponding to peak
activation and return to baseline for both pathways as determined by
the previous experiment (Figs. 2–3). An additional group of injection
controls received AAV-GFP in the left L4/5 DRG, which were extracted
3 days after crush.
Two weeks after AAV-Cre injection, p-S6 levels in DRG were lower
in PTENﬂ/ﬂ mice and higher in PTEN/SOCS3ﬂ/ﬂ mice as compared to
naïve (uninjected/uninjured) controls, but neither diﬀerence was statistically signiﬁcant (Fig. 4C). Decreases in p-S6 following PTEN deletion alone is contrary to previous reports of strong activation of S6
phosphorylation following PTEN deletion in the sensorimotor cortex
(Lewandowski and Steward, 2014; Liu et al., 2010; Zukor et al., 2013).
Potential reasons for this discrepancy are addressed in the Discussion
section.
As seen in the prior experiment without AAV injection, Western blot
analysis revealed non-signiﬁcant increases in p-S6 in L4/5 DRG 3 days
after crush with PTEN deletion or PTEN/SOCS3 co-deletion
(3.45 ± 1.15 and 4.21 ± 1.60 fold diﬀerences vs naïve controls, respectively, NS; Fig. 4C). There were similar increases in p-S6 levels at
3 days post-injury in AAV-GFP injected DRGs (2.91 ± 0.87 fold

3. Results
3.1. PTEN and p-S6 in uninjured dorsal root ganglia
PI3K is canonically activated by ligand binding to receptor tyrosine
kinase. Active PI3K catalyzes the conversion of phosphatidylinositol
bisphosphate (PIP2) to phosphatidylinositol triphosphate (PIP3), which
leads to sequential activation of Akt and mammalian target of rapamycin (mTOR) to ultimately phosphorylate ribosomal protein S6 (pS6). PTEN is a negative regulator of this pathway as it mediates the
reverse reaction of PI3K, converting PIP3 to PIP2. To determine the
distribution of PTEN and p-S6 in uninjured dorsal root ganglia (DRG),
the L4 DRG of uninjured mice were processed for PTEN and p-S6 immunoﬂuorescence. PTEN was expressed in small neurons with a majority of proﬁle diameters falling between 20 and 30 μm (Fig. 1A & C).
Conversely, immunostaining for p-S6 was primarily in large neurons
with proﬁle diameters > 30 μm (Fig. 1B & C).
3.2. Activation of PI3K and Jak/Stat signaling in the dorsal root ganglia
following sciatic nerve crush
To determine the time course of activation for PI3K signaling after
injury, the L4/5 DRG were processed for Western blot analysis of PTEN
and p-S6 at 1, 3, 7, 15, and 30 days after sciatic nerve crush. There were
no signiﬁcant changes in PTEN protein levels at any of the time points
investigated (Fig. 2A). Assessment of PTEN by immunoﬂuorescence
also revealed no changes after crush (Fig. 2B). Conversely, Western blot
analysis revealed a sharp peak in p-S6 levels 3 days after crush
(5.21 ± 0.56 fold increase vs 0 day uninjured controls, p < 0.01;
Fig. 2A; data normalized to the average value from uninjured ganglia
run on the same set of Western blots) with a return to baseline within
7 days of crush (1.74 ± 0.67 fold diﬀerence vs 0 day, NS). Assessment
of p-S6 by immunoﬂuorescence revealed an increased number of small
diameter neurons containing p-S6 3 days after crush, resulting in a
decrease in the average diameter of p-S6-expressing neurons at this
time point (33.18 ± 0.63 μm vs 36.84 ± 0.83 μm in 0 day controls,
p < 0.05; Fig. 2C–D).
Because PTEN/SOCS3 co-deletion has been shown to have additive
eﬀects on regeneration (Sun et al., 2011), we also assessed levels of pStat3 and SOCS3 following injury by Western blot. Levels of p-Stat3 in
L4/5 DRG were signiﬁcantly elevated within 1 day of sciatic nerve
crush (2.83 ± 0.42 fold increase vs 0 day, p < 0.05; Fig. 3A). p-Stat3
levels remained elevated 3 days after crush (3.28 ± 0.54 fold increase
vs 0 day, p < 0.01). As with p-S6, p-Stat3 levels returned to baseline
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Fig. 4. Eﬀect of PTEN and PTEN/SOCS3 co-deletion on activation
of PI3K and Jak/Stat signaling. A: Representative image of tdT
expression in DRG two weeks after injection of AAV-Cre directly
into the L4 DRG of a Cre-reporter mouse. The image shows tdTpositive neurons within the injection center (bottom 2/3 of image)
and tdT-negative neurons that were not successfully transfected
(top 1/3). Overall, injections resulted in the successful transfection
of approximately 35% of neurons within injected DRG. B:
Representative image of PTEN expression following direct injection of AAV-Cre into the L4 DRG of a PTENﬂ/ﬂ mouse showing a
lack of PTEN immunoreactivity in neurons within the injection
center with sustained PTEN expression in small diameter neurons
outside the injection center (far left of image). C: Representative
Western blot images of p-S6 staining from L4/5 DRG lysates at 0,
3, or 7 days post-injury (DPI) with graphical representation of data
shown as ratio of p-S6 over β-actin loading control. Naïve DRG (N)
were both uninjected and uninjured. For PTEN−/− (P−/−) and
PTEN/SOCS3−/− (P/S−/−) groups, mice received direct injections of AAV-Cre into the L4/5 DRG two weeks prior to sacriﬁce
(0 day) or sciatic nerve crush (3 and 7 days) to allow for run-down
of protein present at the time of injury. Vector control mice (GFP)
received AAV-GFP injections two weeks prior to sciatic nerve
crush and sacriﬁce 3 DPI. D: Representative Western blot images of
p-Stat3 from L4/5 DRG lysates presented as in C. Intraganglionic
injections of both AAV-Cre and AAV-GFP appear to dampen the
level of p-S6 and p-Stat3 at 3 DPI, the previously observed peak
activation time point. However, PTEN/SOCS3 co-deletion leads to
activate signaling in the PI3K pathway as shown by signiﬁcantly
elevated levels of p-S6 to at least 7 days post-injury (C). PTEN/
SOCS3 co-deletion also displayed a trend towards increased pStat3 levels at this time point (D). *p < 0.05 vs 0 day naïve
controls. Scale bar = 200 μm.
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control conditions.
Quantiﬁcation revealed a statistically similar number of labeled
axons proximal to the boundary of the crush site between all groups
(Fig. 5E). Matched sets one-way ANOVA revealed a signiﬁcant overall
diﬀerence between PTEN/SOCS3 co-deletion and the sham control
group (p < 0.001). Post-hoc comparisons revealed signiﬁcantly higher
numbers of labeled axons beginning at 250 μm and continuing through
1500 μm distal to the proximal boundary of the crush site in the PTEN/
SOCS3 co-deletion group as compared to sham controls (Fig. 5A, D–E;
p < 0.05 at 250, 500, 750, 1250, and 1500 μm distances, p < 0.01 at
1000 μm). There was also a signiﬁcant overall diﬀerence between
PTEN/SOCS3 co-deletion and AAV-GFP injected controls (p < 0.001);
however, post-hoc comparisons revealed statistically signiﬁcant diﬀerences only at 500 μm (227.3 ± 16.7 axons PTEN/SOCS3−/− vs
162.0 ± 45.4 axons AAV-GFP, p < 0.05).
Similarly, matched sets one-way ANOVA revealed a signiﬁcant
overall diﬀerence between PTEN deletion alone and both control
groups (Fig. 5C & E, p < 0.01 PTEN−/− vs Sham, p < 0.05 PTEN−/−
vs AAV-GFP); despite the overall diﬀerence, however, there were no
signiﬁcant diﬀerences between the PTEN deletion and either control
group at any of the individually examined distances. Overall, the
quantitative analyses support the conclusion that deletion of PTEN
alone and PTEN/SOCS3 co-deletion enhances the distance of regeneration at 3 days post-injury.

diﬀerence vs naïve controls, NS). For all groups, increases were not as
great as observed in the previous experiment involving uninjected
ganglia. Taken together, these data suggest that prior intraganglionic
injection may diminish mTOR activation following subsequent sciatic
nerve crush, possibly due to damage associated with injection. If so,
there may be a heterogenous response to injury within diﬀerent subsets
of neurons contained in our whole DRG preps with increased activation
in transfected neurons being masked by diminished activation in others.
As seen without AAV injection, p-S6 levels returned to near baseline
levels by 7 days post-injury with PTEN deletion alone (1.89 ± 0.63
fold diﬀerence vs 0 day naïve controls, NS). However, p-S6 remained
elevated 7 days post-injury with PTEN/SOCS3 co-deletion
(5.30 ± 1.27 fold increase vs 0 day naïve controls, p < 0.05). Thus,
PTEN deletion did not enhance or extend activation of mTOR beyond
injury alone. PTEN/SOCS3 co-deletion also failed to enhance mTOR
activation at 3 days but did maintain activation to at least 7 days postinjury.
In contrast to p-S6, p-Stat3 levels were comparable to naïve controls
in uninjured DRG following AAV-Cre injections for PTEN or PTEN/
SOCS3 co-deletion. This ﬁnding is intuitive given that the SOCS3 gene
is not actively transcribed under physiologically normal conditions and,
therefore, SOCS3 deletion should not alter the phosphorylation state of
Stat3 without injury. As with p-S6, all intraganglionic injections dampened the 3 days post-injury increase in p-Stat3 levels that was predicted by the results of the previous experiment. The lack of p-Stat3
elevation at 3 days post-injury is particularly surprising after PTEN/
SOCS3 co-deletion group given the role of SOCS3 as a negative feedback regulator of Jak/Stat signaling (Fig. 4D). With p-Stat3 levels also
lower in AAV-GFP injected ganglia at 3 days post-injury (Fig. 4D), these
data suggest that prior intraganglionic injection may diminish early
Jak/Stat activation with the same caveat regarding heterogenous neuronal responses within the DRG as stated above.
At 7 days after crush when p-Stat3 levels had returned to baseline in
uninjected DRG, p-Stat3 levels with PTEN deletion alone remained near
that of naïve controls (Fig. 4D). At this time point in DRG with PTEN/
SOCS3 co-deletion, p-Stat3 levels trended to their highest level in this
group (2.96 ± 0.70 fold diﬀerence vs 0 day naïve controls,
p = 0.0987).
Taken together, the Western blot data suggest (1) that injection with
either AAV-Cre or AAV-GFP blunts phosphorylation of both S6 and
Stat3 normally observed after crush, possibly due to damage associated
with the injection (2) that neither PTEN deletion nor PTEN/SOCS3 codeletion enhances S6 or Stat3 phosphorylation following nerve crush,
and (3) that PTEN/SOCS3 co-deletion may prolong activation of these
pathways following injury. Further interpretation of these results and
their caveats are included in the Discussion section.

3.5. Eﬀect of PTEN and PTEN/SOCS3 co-deletion on functional recovery
following nerve crush
To determine if the eﬀects of deletion on axonal regeneration extended to improved functional recovery, behavioral measures of sensation were recorded prior to nerve crush and at weekly intervals
thereafter. Testing 4 h prior to injury (day 0 on graphs) revealed that
the intraganglionic injections did not signiﬁcantly alter sensory
thresholds for either thermosensation or mechanosensation.
All groups initially lost noxious thermosensation following sciatic
nerve crush, as shown by increased latency to respond to focused light
applied using a Hargreave's apparatus (Fig. 6A; no overall treatment
eﬀect, signiﬁcant interaction between treatment and time (p < 0.05)
in two-way RM ANOVA). Latency periods in mice with PTEN deletion
alone overlapped with those from the control groups at all time points.
In contrast, mice with PTEN/SOCS3 co-deletion had a shorter latency to
respond to thermal stimulation at 14 days after crush as compared to
sham (10.56 ± 0.96 s PTEN/SOCS3−/− vs 12.23 ± 0.41 s Sham,
p < 0.05) and AAV-GFP injected controls (12.81 ± 0.78 s,
p < 0.001). This separation was no longer present at 21 days after
crush, where all groups were nearing the same plateau in functional
recovery that left them hyperalgesic as compared to pre-injury baseline.
Similarly, all groups initially lost mechanosensation following
sciatic nerve crush, as shown by a lack of responsiveness to stimulation
with von Frey ﬁlaments at 7 and 14 days after crush (Fig. 6B; no overall
treatment eﬀect or interaction between treatment and time). Response
thresholds in mice with PTEN deletion alone overlapped with those
from the control groups at all time points. In contrast, mice with PTEN/
SOCS3 co-deletion appeared to have modestly improved mechanosensation during the recovery phase (no overall treatment eﬀect or
interaction between treatment and time in two-way RM ANOVA). At
21 days after crush, animals with PTEN/SOCS3 co-deletion had a signiﬁcantly lower threshold to mechanical stimulation as compared to
sham controls (2.86 ± 0.45 g PTEN/SOCS3−/− vs 3.82 ± 0.25 g
Sham, p < 0.05) and PTEN deletion alone (3.89 ± 0.27 g PTEN−/−,
p < 0.05). At later time points, there were no diﬀerences across groups
and all remained hyposensitive to mechanical stimuli as compared to
pre-injury baseline.
To determine if the eﬀect of deletion on functional recovery was
intrinsic or extended to non-deleted motor axons growing alongside
deleted sensory axons, we assessed motor recovery by calculating

3.4. Eﬀect of PTEN and PTEN/SOCS3 co-deletion on regeneration of
sensory axons in the sciatic nerve following nerve crush
To determine the eﬀects of PTEN and PTEN/SOCS3 co-deletion on
axonal regeneration in peripheral nerves, the number of regenerating
sensory axons in the sciatic nerve was quantiﬁed three days after crush.
This time point was chosen for anatomical quantiﬁcation of axonal
regeneration because regeneration progressed beyond an accurately
measurable distance within seven days of injury within all groups. To
identify regenerating axons, sectioned nerves were stained for SCG10
(also known as stathmin-2), a known regulator of microtubule stability
that is upregulated in regenerating sensory axons (Shin et al., 2014).
Sciatic nerves from all groups contained large numbers of SCG10-expressing axons regenerating beyond the crush site (Fig. 5A–D). For the
most part, regenerating axons extended together, creating the look of a
large front of axons ending in growth cone enlargements with a few
leading axons extending farther. In sciatic nerves from both PTEN and
PTEN/SOCS3 co-deleted animals, the primary front of regenerating
axons appeared to be further distal to the injury site compared to
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Fig. 5. Eﬀect of PTEN and PTEN/SOCS3 co-deletion
on regeneration of sensory axons in the sciatic nerve
following nerve crush. A-D: Representative 20× stitched images of SCG10-expressing regenerating sensory axons in sciatic nerves 3 days after sciatic nerve
crush from sham (A), AAV-GFP (B), PTEN−/− (C), and
PTEN/SOCS3−/− mice (D). The proximal boundary of
the injury site is marked with a dotted line. Areas
within dashed boxes are shown in A′–D′ to show regenerating axons and growth cone-like swellings near
the primary front of axonal regeneration in each case.
E: Graph of axon counts performed in every 6th section at 250 μm intervals relative to the proximal injury
boundary (labeled as 0; n = 3 per group). For clarity,
SEM is shown in only the up direction for PTEN−/−
and the down direction for AAV-GFP. While both
PTEN deletion alone and PTEN/SOCS3 co-deletion
signiﬁcantly enhanced total axonal regeneration
(p < 0.001 PTEN/SOCS3−/− vs sham and AAV-GFP;
p < 0.01 PTEN−/− vs sham; p < 0.05 vs AAV-GFP),
PTEN/SOCS3 co-deletion increased the number of regenerating axons at the distances indicated.
*p < 0.05, **p < 0.01 PTEN/SOCS3−/− vs sham, #
p < 0.05 PTEN/SOCS3−/− vs AAV-GFP. Scale
bar = 250 μm in A-D; scale bar = 50 μm in A′–D′.

pathways by Western blot, but still increased the distance of sensory
axon regeneration within the sciatic nerve at 3 days post-injury. Codeletion of PTEN and SOCS3, a negative feedback regulator of Jak/Stat
signaling, did lead to detectable enhancement of Stat3 phosphorlyation
until at least 7 days post-injury and led to increases in the distance of
axonal regeneration at 3 days post-injury that were comparable to what
occurred with PTEN deletion alone. Additionally, co-deletion of PTEN/
SOCS3 led to more rapid recovery of noxious thermosensation and
mechanosensation at 14 and 21 day time points, respectively, after
which all groups reached the same functional plateau. Together, these
ﬁndings indicate that deletion of PTEN alone and co-deletion of PTEN
and SOCS3 lead to modest but measureable enhancements in regeneration of DRG sensory axons in the periphery. The potential caveats and limitations of these results are discussed below.

sciatic function index (SFI; Fig. 6C). As AAV-Cre was injected directly
into the L4/5 dorsal root ganglia of PTENﬂ/ﬂ and PTEN/SOCS3ﬂ/ﬂ mice,
regeneration of motor axons originating in the ventral horn of the spinal
cord should not be altered if the eﬀect of deletion is cell-intrinsic.
Following injury, SFI showed a pattern of deﬁcit and recovery very
similar to mechanosensation with severe deﬁcits at 7 and 14 days after
crush and then recovery to a plateau at 28 days. Statistical analysis
revealed no eﬀect of treatment or time between any groups.

4. Discussion
The goal of this study was to determine whether PTEN deletion
alone or PTEN/SOCS3 co-deletion would enhance regeneration of
peripheral nerve axons that already have a capacity for regeneration.
Our data conﬁrm previous ﬁndings that both signaling pathways are
transiently activated following nerve crush. Deletion of PTEN, a negative regulator of the PI3K pathway, in lumbar dorsal root ganglia did
not lead to detectable enhancement of activation of the signaling
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Fig. 6. Eﬀect of PTEN and PTEN/SOCS3 co-deletion on functional recovery following nerve crush. A–C: Graphical representation of functional recovery of noxious thermosensation (A),
mechanosensation (B), and motor function (C). Measurements were taken two weeks prior to DRG injections or sham surgery (baseline, BL), 4 h prior to crush (0), and at eight weekly
time points after crush injury. To highlight the signiﬁcant diﬀerences between the responses of PTEN/SOCS−/− mice and other groups, the lower standard error bars for PTEN−/− in A
and for AAV-GFP in B have been omitted. The bar graphs to the right show the data for the boxed time point with individual data points represented by hollow circles. PTEN/SOCS3 codeletion in DRG neurons accelerated functional recovery as shown by separation of this group from other groups at 14 days for noxious thermosensation and 21 days post-injury for
mechanosensation. *p < 0.05 PTEN/SOCS3−/− vs sham, ### p < 0.001 PTEN/SOCS3−/− vs AAV-GFP in A. *p < 0.05 PTEN/SOCS3−/− vs sham, # p < 0.001 PTEN/SOCS3−/− vs
PTEN −/− in B.

4.1. Relationship between PTEN expression and S6 phosphorylation in
uninjured dorsal root ganglia

2007).

Our immunohistochemical analysis shows that PTEN is more
strongly expressed in small diameter neurons within the dorsal root
ganglia relative to large diameter neurons, consistent with the ﬁndings
of others (Christie et al., 2010). Conversely, immunostaining for p-S6 is
higher in large diameter neurons. This reciprocal pattern is consistent
with the relationships between PTEN and PI3K; high expression of
PTEN will canonically inhibit PI3K activation, which would be reﬂected
by decreased S6 phosphorylation. It is noteworthy that previous studies
indicate that p70S6K, which phosphorylates S6 in response to PI3K/
mTOR activation, is more highly expressed in small diameter neurons,
similar to the pattern of PTEN expression shown here (Xu et al., 2010).
In the absence of PTEN expression in large diameter neurons, relatively
little activation of the PI3K pathway may be suﬃcient to maintain S6
phosphorylation. It may also be that the phosphorylation of S6 at Ser
235/236 is mediated by MAPK signaling in these neurons (Roux et al.,

4.2. Activation of PI3K and Jak/Stat signaling in the dorsal root ganglia
following sciatic nerve crush
In the present study, activation of the PI3K pathway following injury was reﬂected by an increase in S6 phosphorylation three days after
sciatic nerve crush. This ﬁnding is consistent with previous studies reporting early and transient increases in S6 and Akt phosphorylation
within the DRG following sciatic nerve ligation or transection (Abe
et al., 2010; Saijilafu et al., 2013) and mTOR phosphorylation within
the proximal segment of the sciatic nerve following crush (Sun et al.,
2013). Upregulation of neurotrophic factors in the distal portion of the
injured sciatic nerve is crucial for the support of regenerating axons
(Boyd and Gordon, 2003; Terenghi, 1999), and may contribute to activation of AKT/mTOR at the level of the cell body.
The importance of the PI3K pathway for neuronal survival and
growth after peripheral nerve injury has been previously demonstrated
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discussed above or to the fact that S6 is already phosphorylated in a
subpopulation of adult sensory neurons as shown in our immunostaining results, leading to a ceiling eﬀect that occludes additional
activation.
PTEN deletion also did not signiﬁcantly enhance overall levels of S6
phosphorylation following sciatic nerve crush as measured by Western
blot. Indeed, if anything, levels of pS6 observed by Western blot were
lower in AAV-injected vs. uninjected ganglia. Again, this may reﬂect the
limitations of Western blot analyses or that PI3K is maximally activated
at early time points following injury so that removing negative regulation would not lead to further activation.

(Namikawa et al., 2000; Saijilafu et al., 2013); however, the role of
mTOR activation for regeneration of peripheral axons is unknown.
While it seems clear that mTOR activation is important for CNS regeneration within regenerative animal models (Byrne et al., 2014;
Diekmann et al., 2015) or after PTEN deletion in the mouse (Park et al.,
2008; Sun et al., 2011), the role of mTOR versus other downstream
targets of PI3K such as GSK3β is disputed with regards to peripheral
axon regeneration. Abe et al. (2010) reported that activation of mTOR
via congenital deletion of the direct upstream inhibitor TSC2 enhanced
regeneration of DRG neurons, whereas Christie et al. (2010) reported
that enhanced regeneration seen with pharmacological inhibition of
PTEN was independent of mTOR. It is possible that multiple targets of
Akt are beneﬁcial for regeneration.
Activation of the Jak/Stat pathway was observed as a transient increase in p-Stat3 levels in Western blots at one and three days after
sciatic nerve crush, consistent with ﬁndings from the dorsal root
ganglia (Lee et al., 2004; Qiu et al., 2005) and sciatic nerve (Sheu et al.,
2000) following sciatic nerve transection. Immunostaining for p-Stat3
revealed the expected pattern of nuclear labeling within both large and
small diameter neurons after crush. However, these data do not readily
align with Western blot data. This may indicate that Stat3 is phosphorylated to a greater extent in neurons immediately damaged by the
crush injury, leading to increased p-Stat3 in Western blot. By seven
days, uninjured neurons may contain low levels of p-Stat3 due to cytokine signaling from adjacent injured neurons, leading to the increased
number of p-Stat3-expressing neurons even as the overall level of pStat3 is declining.
The Jak/Stat pathway also has a documented role in regeneration.
Following injury, neuropoietic cytokines are released from a number of
cellular sources to signal through gp130 receptors (Bauer et al., 2007;
Caﬀerty et al., 2001; Murphy et al., 1995; Sendtner et al., 1997;
Zigmond, 2011). Following the initial phosphorylation of Stat3 within
damaged axons near the site of injury, p-Stat3 is retrogradely transported to the cell bodies within the dorsal root ganglia (Lee et al., 2004;
Sheu et al., 2000). Blocking Jak/Stat signaling attenuates the regenerative eﬀects of a conditioning lesion both in vitro and in vivo (Liu
and Snider, 2001; Qiu et al., 2005). In the central nervous system, the
regenerative eﬀects of SOCS3 deletion are dependent upon gp130 and
Stat3 (Smith et al., 2009; Sun et al., 2011).

4.4. PTEN/SOCS3 co-deletion activates Jak/Stat signaling for at least
7 days following sciatic nerve crush
PTEN/SOCS3 co-deletion did not lead to increases in phosphorylation of S6 or Stat3 in Western blots at three days after sciatic nerve
crush, but did lead to increased phosphorylation seven days after crush.
The eﬀect of PTEN/SOCS3 co-deletion on S6 phosphorylation is surprising given the lack of an eﬀect of PTEN deletion alone. This ﬁnding
suggests cross-talk between PI3K and Jak/Stat pathways that could
generate a positive feedback loop in the absence of inhibition. Crosstalk
between these two pathways has been previously suggested in studies
of cultured DRG neurons (Quarta et al., 2014) as well as following
PTEN/SOCS3 co-deletion in the optic nerve (Sun et al., 2011). Sun and
colleagues demonstrated that regeneration after PTEN deletion is independent of gp130 and Stat3 and that regeneration after SOCS3 deletion is independent of mTOR. Yet, in this optic nerve model, the proregenerative eﬀect of PTEN/SOCS3 co-deletion is more than additive.
Furthermore, PTEN/SOCS3 co-deletion increases transcription of Rheb
and IGF-1—two positive regulators of PI3K signaling—beyond either
deletion alone (Sun et al., 2011). Combined with other pathways that
link activation of Jak to phosphorylation of PI3K (Burfoot et al., 1997;
Takahashi-Tezuka et al., 1998) and activation of mTOR to phosphorylation of Stat3 at Ser727 (Yokogami et al., 2000), there are many
potential points for positive feedback between these two pathways that
will require further investigation.
4.5. PTEN deletion and PTEN/SOCS3 co-deletion increase the distance of
axonal regeneration at 3 days post-injury

4.3. Alterations in expression with intra-ganglionic injections of AAV/Cre
We quantiﬁed regeneration by immunostaining sciatic nerves for
superior cervical ganglion-10 (SCG10, also known as stathmin-2), a
known regulator of microtubule stability (Riederer et al., 1997). Recent
work has highlighted the usefulness of SCG10 immunostaining for
quantifying regeneration from DRG neurons as it is only in the proximal
portion of regenerating sensory axons as early as 1 h post injury (Shin
et al., 2014). These qualities are ideal for quantifying regeneration in
the sciatic nerve three days after a crush injury, a model which allows
regeneration under control conditions. In interpreting the anatomical
results, it is important to recall that presumably about 35% of the regenerating axons come from transfected neurons and the rest come
from neurons with intact PTEN and SOCS3 expression. SCG10 will be
present in all regenerating sensory axons.
Even with the amount of successful regeneration seen in control
groups, there is an overall eﬀect of PTEN deletion on regeneration
beyond the crush site three days after injury. Counts equate to an
average regeneration rate of 434 ± 9 μm/day in PTEN deleted animals
versus 311 ± 45 μm/day in sham controls, an increase of approximately 40%. However, axon counts from the PTEN deleted group did
not statistically separate from control groups at any of the individual
distances measured.
Where previous ﬁndings from the optic nerve indicate that PTEN/
SOCS3 co-deletion dramatically enhances axon regeneration as compared to PTEN deletion alone (Sun et al., 2011), PTEN/SOCS3 co-deletion in the DRG had only modest eﬀects on DRG axon regeneration,

With direct injection of AAV-Cre into the DRG, approximately 35%
of the neurons within the ganglia are transfected in our model based on
results from tdTomato-reporter mice. This has important implications
for interpretation. Western blot analysis quantiﬁes total pS6 levels in
the ganglion, which are a combination of levels in all cells, and do not
accurately reﬂect changes in expression in the population of neurons
that were transfected. Thus, complete deletion of PTEN and SOCS3 in
35% of the neurons would be expected to lead to only about a 35%
decrease in total protein levels as measured by Western blots of ganglia.
Western blot data could be further compromised if there are increases
in protein levels in the 65% of non-transected neurons and complete
deletion in 35%. The same applies to Western blot analyses of pS6 and
pStat. In contrast, immunocytochemistry provides data on the consequences of AAV-Cre mediated recombination on a single cell basis.
These considerations provide the framework for our interpretation.
Phosphorylation of S6 is a marker of activation of AKT/mTOR, and
previous studies document strong activation of S6 phosphorylation with
PTEN deletion in the retina and cortex as revealed by immunocytochemistry (Park et al., 2008, Lewandowski and Steward,
2014; Liu et al., 2010b; Zukor et al., 2013). It is unknown whether this
would be detectable by Western blot, however. AAV-Cre injections into
uninjured ganglia in PTENﬂ/ﬂ or PTEN/SOCS3ﬂ/ﬂ mice did not lead to
increases in overall levels of p-S6 in the DRG as measured by Western
blot, which may be attributable to the limitations of Western blots
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of free nerve endings and unmyelinated axons that relay noxious heat
signals. Sensory neurons conveying mechanosensory information must
reinnervate specialized sensory organs and be remyelinated to regain
normal function (Chen et al., 2007; Tong et al., 2015).

and did not increase regeneration beyond what was seen with PTEN
deletion alone. This eﬀect is apparent anatomically, where SCG10-expressing axons extend further distances in PTEN/SOCS3 co-deleted
nerves as compared to both sham and AAV-GFP control groups. These
counts equate to an average regeneration rate of 438 ± 37 μm/day in
PTEN/SOCS3 co-deleted animals versus 311 ± 45 μm/day in sham
controls, an increase of > 40%. Again, this calculation may underestimate the overall pro-regenerative eﬀect of deletion as only about
35% of the neurons are transfected while all regenerating sensory axons
are quantiﬁed using SCG10.

5. Conclusion
Overall, the ﬁndings here support previous work indicating that
manipulations of the PI3K and Jak/Stat pathways in conjunction enhance axon regeneration. However, the regeneration-enhancing eﬀects
were modest, which may reﬂect the fact that DRG axons already have a
robust regenerative capacity. It remains to be seen whether pro-regenerative eﬀects would be more pronounced with more severe injuries
that provide a more signiﬁcant barrier for regeneration and recovery.

4.6. PTEN/SOCS3 co-deletion leads to increased cutaneous sensitivity at
discrete points during recovery
Both PTEN deletion alone and PTEN/SOCS3 co-deletion enhanced
early axon regeneration, but diﬀerences in functional recovery were
only seen following PTEN/SOCS3 co-deletion. Relatively small increases in noxious thermosensation and mechanosensation were observed at 14 and 21 days post-injury, respectively. Thermo- and mechanosensitivity as measured here are canonically mediated by small to
medium diameter neurons. Our immunohistochemical analysis demonstrates that many small neurons express PTEN normally, but it
remains to be directly determined whether the neurons that mediate the
sensations measured here are PTEN positive. If not, this would explain a
lack of eﬀect of PTEN deletion.
Because PTEN deletion does not enhance or prolong S6 phosphorylation in the dorsal root ganglia, removing PTEN inhibition may provide only a modest boost to regeneration at early stages following injury—when PI3K activation is high—but this eﬀect may decline along
with endogenous PI3K signaling at later stages. This would prevent
further separation of regenerating PTEN−/− axons from normally regenerating axons as they travel the length of the sciatic nerve, thus
arriving at peripheral targets in a time frame that is indistinguishable
by the weekly measurements performed here. This interpretation is
compatible with other works that found a pro-regenerative eﬀect of
other methods of PTEN inhibition or TSC2 knockout (Abe et al., 2010;
Christie et al., 2010). Most measurements within these studies were
performed after brief 18–24 h periods in vitro. In vivo measurements
were performed 12–24 h after crush injury or 7 days after a severe
transection injury that presented signiﬁcant obstacles for regeneration.
While PTEN/SOCS3 co-deletion resulted in improved noxious
thermosensation and mechanosensation at 14 and 21 days post-injury,
respectively, all groups eventually reached the same functional plateau
for both modes of sensation. Enhanced recovery at these time points
could be attributable to the fact that PI3K and Jak/Stat signaling are
elevated for at least 7 days following PTEN/SOCS3 co-deletion, but not
PTEN deletion alone. In this case, regeneration could be enhanced for a
period suﬃcient to lead to earlier recovery of sensation. The lack of an
eﬀect on the sciatic function index, which is a measure of motor
function, supports the conclusion that enhancement of regeneration is
cell autologous, aﬀecting axons from sensory neurons that were transfected but not motor axons originating in the spinal cord.
The behavioral recovery observed in the present study is consistent
with regeneration rather than sprouting of spared axons from the saphenous nerve. The regeneration rates calculated from our axon counts
indicate that axons could reach the hind paw within 14 days and our
timelines are consistent with previous reports (Dinh et al., 2009; Hoang
et al., 2012). Furthermore, stimulation of spared projections from the
saphenous nerve results in tactile allodynia (Decosterd and Woolf,
2000), which was not observed at any time point during our study. The
observation that noxious thermosensation recovers faster than mechanosensation could be due to the nature of the behavioral tests; the
Hargreave's apparatus focuses a beam of light on a larger area of the
hind paw than the von Frey ﬁlaments. This larger focus could be stimulating a larger number of regenerated projections. The diﬀerent
timelines could also be attributed to the relatively simple combination
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