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Abstract
Tumour-suppressors, such as PTEN and Rb, function to limit growth and proliferation. In postmitotic peripheral sensory neurons, their knockdown may be utilized to promote regenerative
growth. The goal of this thesis was to evaluate the effects of PTEN and Rb knockdown on
peripheral nerve regeneration. Towards this goal I first addressed technical challenges,
improving on a neuronal culture and immunostaining protocol. In assessing Rb knockdown I
found increases in neuritic branching, but use of the PTEN inhibitor bpV(pic) was ineffective on
neurite outgrowth, and therefore my results with combined Rb knockdown and PTEN inhibition
were inconclusive.
I also evaluated the phenotype of a PTEN conditional knockout mouse where PTEN is deleted
from peripheral sensory neurons and found that they exhibited enlarged nerves with
supernumerary myelinated axon profiles and a corresponding increase in SNAP amplitudes. Loss
of phenotype was observed in a subsequent generation, pointing to complications in the Cre-lox
conditional knockout system.
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1. CHAPTER 1: INTRODUCTION
1.1 Introduction
Damage to peripheral nerves can be debilitating, leading to pain, sensory loss, and
paralysis. Unlike the central nervous system the peripheral nervous system will regenerate,
however the process is slow (at best about 1 mm per day) and often incomplete (1). Depending
on the type of injury, functional reinnervation could take years to complete and a full recovery
may remain elusive.

1.2 Peripheral Nerves
Peripheral nerves provide essential connections between the central nervous system
(CNS) and the body, carrying both afferent sensory impulses, and efferent motor signals. Nerves
can be sensory, motor or more often mixed, containing axonal projections from both dorsal root
ganglion (DRG) sensory neurons and spinal motor neurons. Motor neurons reside in the gray
matter of the spinal cord where they receive motor input from descending tracts. They project
their axons through the ventral root of the spinal nerve, and join the dorsal root before making
their way to target muscles. DRG sensory neurons reside in ganglia situated on the dorsal root of
the spinal nerve. They are pseudounipolar, with a single axon that splits into two branches, a
peripheral and a central branch. The peripheral branch joins the ventral root, and continues on to
innervate its target organs such as the skin, muscle and joints, while the central branch projects
into the spinal cord where sensory input is relayed to the brain.
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Figure 1.1 – Cross-section of spinal cord. Motor neurons in the ventral horn of the gray matter
project their axons through the ventral root to join the main trunk of the spinal nerve. Sensory
neurons in dorsal root ganglia project one branch of their axons along the dorsal root into the
dorsal horn of the gray matter, while the other branch projects toward the periphery joining
with motor axons in the spinal nerve. (Figure obtained from https://figures.boundlesscdn.com/19562/full/figure-35-04-04.jpeg)

Within peripheral nerve, myelinated axons are wrapped in a thin layer of connective
tissue called the endoneurium which together form nerve fibres. Nerve fibres are bundled into
fascicles by another layer of connective tissue called the perineurium. These fascicles along with
blood vessels, are again wrapped in a third layer of connective tissue called the epineurium thus
forming the complete nerve. These layers provide structural support and protect the sensitive
axons from injurious molecules by serving as a blood-nerve barrier akin to the blood-brain
barrier.

2

Figure 1.2 – Peripheral nerve anatomy. Axons surrounded by endoneurium are bundled into
fascicles surrounded by perineurium. Epineurium surrounds fascicles and blood vessels to form
the nerve. (Figure obtained and modified from http://cnx.org/resources/05a7326a5d6
49aef5f838f947ed95bd6/1319_Nerve_StructureN.jpg)

1.3 Dorsal root ganglia
Dorsal root ganglia appear as macroscopic swellings at the dorsal root of each spinal
nerve and consist primarily of the cell bodies of pseudounipolar sensory neurons. A single axon
projects from these neurons which splits to form two branches: a central branch projecting to the
spinal cord, and a peripheral branch that provides sensory innervation to different parts of the
body. In addition to neurons, DRGs also contain satellite glial cells which serve to protect and
nourish the neuronal somata. Within the DRG the population of these sensory neurons is not
homogeneous. Sensory neurons can be divided into several classes based on different properties
such as protein expression or sensory modality (e.g. nociceptive, mechanosensory, thermoreceptive). The simplest classification divides them into two types: neurofilament-rich (large
light), and neurofilament-poor (small dark); the former being larger and staining more strongly
than the latter for the structural protein neurofilament. There is a tendency for the larger
neurofilament-rich neurons to exhibit higher conduction velocities than the smaller
3

neurofilament-poor neurons (2). Another classification method is based on expression of growth
factor receptors: IB-4 (responds to GDNF), TrkA (responds to NGF), TrkB (responds to BDNF
and NT-4/5), TrkC (responds to NT-3). By this method sensory neurons can be divided into two
main groups: IB-4 neurons and Trk neurons. Trk neurons include some nociceptors and a variety
of sensory afferents (3), and can express one or more of either TrkA, B, or C (4). In general,
TrkA neurons are small and nociceptive, TrkB are medium sized and mechanosensory, and TrkC
are medium or large and mostly proprioceptive (4). IB-4 neurons are also small and primarily
nociceptive (5). Although some nociceptive neurons express both IB-4 and TrkA (6), the class of
IB-4 neurons typically refers to those expressing only IB-4 and not TrkA. It is notable that in
vitro such IB-4 neurons show impaired regeneration compared to the Trk expressing neurons (7).

Figure 1.3 – Dorsal root ganglion. A simplified cartoon showing subpopulations of
sensory neurons within the dorsal root ganglion. Pseudounipolar sensory neurons send
axons along the dorsal root to the spinal cord, as well as to the periphery where they
join the motor axons of the ventral root. Modified from Marmigère & Ernfors, 2007 (8)
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1.4 Peripheral nerve injuries
Peripheral nerve injuries come in varying degrees of severity and include compression,
stretch, crush and transection. Some types of injury have better recovery outcomes than others,
and there have been attempts to classify them. One classification scheme developed by Seddon
(9) divides nerve injuries into three main types: neurapraxia, axonotmesis and neurotmesis.
Neurapraxia describes a compression injury that temporarily disrupts nerve conduction, while
leaving axons intact. Axonotmesis includes injuries where axons are severed without disrupting
the epineurium. Neurotmesis involves complete transection of the nerve, disrupting both axons
and the epineurium. This classification has been expanded upon by Sunderland (10) who further
divides axonotmesis into three subclasses based on the integrity of the endo- and perineuria.
Following axonotmesis or neurotmesis, in which axons become severed, peripheral neurons
respond with transcriptional changes (11, 12) that lead to the adoption of an intrinsic state of
growth (13), while the distal axonal segment undergoes a controlled process known as Wallerian
degeneration in order to clear the path for newly regenerating axons.

5

Figure 1.4 – Classes of nerve injury. Axons are damaged but remain intact in neurapraxia.
Axons are severed but the epineurium remains intact in axonotmesis. Both axons and
epineurium are severed in neurotmesis. Figure reproduced from Martins et al., 2013 (14)

1.5 Wallerian degeneration
Wallerian degeneration (WD) or Wallerian-like degeneration (WLD) is a programmed
sequence of events (cf. apoptosis) in response to axonal injury. Specifically, WD refers to the
events that follow a nerve transection injury, while WLD refers to the similar events that follow
other types of nerve damage. The precise mechanism of initiation is not clear, but calcium influx
(15) and the disruption of axonal transport (16) have been implicated in the process. Calcium
signaling activates the Ca2+-dependent calpain proteases which are involved in the breakdown of
the axonal cytoskeleton (15, 17). Important genes known to regulate WD include NMNATs,
Sarm1, and PHR1. Nicotinamide mononucleotide adenylyltransferases (NMNATs) catalyze the
synthesis of NAD, which promotes axon protection through Sirt1 signaling (18). Overexpression
of NMNAT1, as seen in the Wallerian degeneration slow (Wlds) mutant mouse, results in a 2-3
week delay in the onset of WD (19), and this protective effect depends on the proper functioning
of axonal transport (20). Knockout of Sarm1 results in a similar delay, and has been shown to be
important in injury-induced axonal degeneration (21). The ubiquitin ligase PHR1 has also been
implicated in axonal degeneration, and its deletion results in increased axonal levels of
NMNAT2 (22). It has been proposed that Sarm1, PHR1, and the NMNATs all regulate WD and
WLD along the same pathway (23).

6

Figure 1.5 – Schematic illustration of Wallerian degeneration. (A) Intact bipolar sensory neuron.
(B) Distal axon degrades following injury, Schwann cells dedifferentiate. Neuronal soma responds
with displacement of nucleus and Nissl bodies. (C) Debris clearance by SCs and recruited
macrophages. Perineuronal satellite glial cells exhibit hypertrophic response. (D) Schwann cells
align to form Bands of Büngner and the severed axon begins to sprout. (E) Regenerated and
remyelinated axon. Figure reproduced from Zochodne, 2008 (24).
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Within 48 hours of injury WD ensues, distal axons and myelin become degraded, and Schwann
cells (SCs) begin to dedifferentiate and proliferate. SCs and resident macrophages then begin to
clear the resulting axonal and myelin debris. Further debris clearance is accelerated by
infiltrating macrophages recruited by cytokine signaling from SCs (25). Within a week or so,
SCs begin to release growth factors (NGF, BDNF, CNTF) and assemble into cord-like structures
called Bands of Büngner which serve to attract, nourish and guide regenerating axons into the
distal nerve stump (26). As Wallerian degeneration proceeds distally, a process called
chromatolysis occurs in the neuronal soma. Chromatolysis is marked by displacement of the
nucleus to the periphery of the cell and dissolution of the Nissl bodies (rough ER granules
involved in protein synthesis) resulting in an increase in free ribosomes in the cytoplasm (27).
This is important for increasing the synthesis of the cytoskeletal components (28, 29) needed for
axon growth. Accompanying these changes is the upregulation of regeneration-associated genes
(RAGs) (30) which include transcription factors such as ATF3, c-Jun, STAT3 and Smad1,
cytoskeletal modulators (GAP43, SCG10, GSK3) and intracellular signaling proteins such as
PKC, PI3K and JNK (31, 32, 33, 34, 35).
Also of note is the enlargement of the perineuronal satellite cells that surround the neuronal cell
bodies. Their precise role in regeneration is not clear, but they are thought to provide cross talk,
including trophic support (36) to their associated neurons, as well as modulate pain responses
(37, 38). With the regeneration program initiated axons begin to sprout and form growth-cones—
hand-like structures that extend finger-like (F-actin) processes to sense growth factors and axonal
guidance signals. As growth-cones reach out towards these signals they lay down microtubules
containing tubulin dimers to extend and direct the regenerating axons. The rate of microtubule
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extension and remodeling in the growth cone is known to be controlled by GSK3 signaling
(39, 40, 41).

Figure 1.6 – Growth cone schematic. Actin filopodia in the peripheral (P) domain extend and
retract in response to signaing molecules. Stable microtubules in the central (C) domain
extend into the P domain filopodia. Transition (T) zone is a site of active cytoskeletal
remodeling. Figure reproduced from Lowery & Vactor, 2009 (42).

Once axons make their way into the distal nerve stump (by now cleared of debris and prepared as
a permissive environment) SCs redifferentiate and remyelination can begin to occur. The result
of these processes however, is far short of ideal. Many axons do not find their way to their
original target resulting in erroneous connections or simply inadequate reinnervation.
Remyelination also requires time to develop and recapitulate the original architecture of the

9

nerve. The regenerating myelin sheath is initially thinner than that of the surrounding
intact/uninjured axons, but undergoes later remodeling and maturation.
Given these limitations, clinical outcomes following nerve injuries are disappointing, with slow
recovery and few therapeutic options. Effective treatments for such nerve injuries are lacking and
current efforts comprise little more than attempts at surgical reconnection. Better or
complementary approaches are needed.

1.6 Experimental models of peripheral nerve regeneration
A variety of in vitro and in vivo models have been developed to facilitate the study of
peripheral nerve regeneration in the laboratory. Neuronal cell cultures provide a relatively simple
method for assessing the effects of different treatments on neurite outgrowth and neuronal
survival. In addition, Schwann cells can be co-cultured with neurons to provide an in vitro model
of myelination (43, 44). Dissociated neurons have an advantage in that they allow the study of
individual neurons, however as they are removed from their natural environment their responses
may differ from in vivo neurons. Explant (i.e. intact pieces of tissue such as DRG) cultures offer
an alternative wherein neurons retain (to a degree) their normal milieu. As in dissociated
cultures, explant cultures are evaluated for the extent of neurite outgrowth. In both types of
culture, neurites and neuronal somata can be studied in isolation through the use of Campenot
chambers (45). These are compartmentalized chambers connected by small grooves that permit
neurite growth but restrict fluid flow across chambers. This enables the soma and neurites of
individual neurons to be grown under separate conditions. Campenot chambers are difficult to
use, however, and leaking is a common problem. Though useful, in vitro models are artificial
and do not necessarily reflect the behaviour of cells in their natural environment.
10

Animal models of nerve regeneration often utilize mice or rats in which a nerve injury
has been induced. Chronic constriction injury, where a nerve (e.g. sciatic or trigeminal nerve) is
loosely ligated with a suture to cause a constriction, provides a slow ischemic model of axonal
degeneration due to constricted blood flow. This is a more gradual and incomplete injury,
sparing small axons, resulting in mechanical and thermal hyperalgesia (46), and so is typically
used to study pain. Other injury models include nerve crush (axonotmesis) and transection
(neurotmesis). Nerve crush models sever axons, but leave a connective tissue bridge to the distal
nerve segment allowing axons to grow through more easily, and are used to investigate axon
regeneration and remyelination. Nerve transections are the most severe injuries and provide a
model for exploring surgical interventions such as anastomosis, nerve grafts and growth
conduits. Interestingly, once injured, inducing a second injury in DRG neurons results in a
dramatic increase in regeneration (47, 48). This is termed the “conditioning effect” and can be
induced in both in vitro and in vivo models. The mechanism for this effect is not entirely
understood, but it is thought to involve cAMP signaling (49).
Assessments of regeneration in nerve injury models include sensorimotor behavioural
testing and morphological analysis. Motor functionality can be assessed by evaluating gait
dynamics, grip strength and coordination. Deviations from normal gait can be quantified using
the sciatic functional index (SFI), which is a number calculated from measures of toe spread and
stride length. The rotorod and ladder rung tests can be used to assess locomotor coordination. In
the rotorod test, mice or rats are placed on a rotating rod and timed for their latency to fall. The
ladder rung test has animals run across a horizontal ladder while the number of foot slips are
counted. Grip strength can also be assessed using a force meter. Sensory testing investigates
responses to mechanical and thermal stimuli. The von Frey test and the semi-automated Digital
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Plantar Aesthesiometer use filaments of increasing thickness, or in the latter case a single
filament of increasing force, applied to the footpad. The amount of force needed to evoke a paw
withdrawal response is recorded along with the latency to paw withdrawal. Thermal sensitivity is
tested in a similar way but with a heat source of increasing intensity.
Nerve conduction testing offers a physiological assessment of nerve regeneration. By
stimulating the regenerating nerve with an electric current, action potentials can be induced and
measured. Motor responses are evaluated by evoking a compound muscle action potential
(CMAP). This is done by stimulating the nerve proximally and recording the action potential
produced by the target muscle. By stimulating at different points along the nerve, the resulting
response latencies can be compared to calculate the conduction velocity. Conduction velocity
(CV) is related to axon diameter and myelination, with higher CVs observed in optimally
myelinated and larger diameter axons (50). Myelination is assessed by calculating g-ratios, i.e.
the ratio of inner axon diameter to outer diameter (including the myelin sheath). The g-ratio for
optimal conduction velocity has been calculated to be approximately 0.6 (50), with normal gratios ranging from 0.5-0.7 (51)
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Figure 1.7 – G-ratio. G-ratios are calculated by dividing the inner axon diameter d by the
outer diameter of the myelin sheath D. Figure reproduced from Paus & Toro, 2009 (52)

Amplitude of the response is also useful as it is indicative of the number and size of
axons that were stimulated (53). Sensory nerve action potentials (SNAPs) are also useful to
measure. Cutaneous nerve branches in the hind paw are stimulated and the resulting action
potential is recorded proximally from the nerve. Like CMAPs, SNAPs are analyzed for
amplitude and conduction velocity.
Morphological assessments of nerve regeneration include measures of myelination, axon
growth and profile numbers, and target tissue reinnervation. Plastic-embedded nerves can be
thin-sectioned, stained with toluidine blue, and examined under light microscopy for axon
number and myelination (g-ratio). Skin and muscle innervation can be assessed with
immunohistochemistry. Intraepidermal nerve fibers can be visualized and counted by
immunostaining skin sections with antibodies to PGP9.5, a deubiquitinating enzyme and panneuronal marker. For muscle reinnervation, motor axons can be visualized with antibodies to
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choline-acetyltransferase (ChAT), and the motor end-plate can be stained with α-bungarotoxin.
Association of motor axons and end-plate in neuromuscular junctions can then be quantified.
Hence many models and measures are available for the study of nerve regeneration and
treatment effects, but the choice of model is of course dependent on the experimental question.

1.7 Growth factors and tumour-suppressors
Growth factors have received attention as a potential treatment for nerve regeneration.
Nerve growth factor (NGF)—the discovery of which in the 1950s led to a Nobel Prize—has been
widely studied, and has been shown to promote neurite outgrowth (54, 55), and nerve
regeneration (56, 57, 58). Since then, a variety of additional growth factors have been identified,
including the neurotrophins (NGF, BDNF, NT-3, NT4/5), neurotrophic cytokines (CNTF, LIF),
and the glial cell-derived neurotrophic factor (GDNF) family (59).
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Figure 1.8 – Neurotrophins and neurotrophin receptors. Trk receptors show
individual specificity for the neurotrophins NGF, NT-4, BDNF, and NT-3. The p75
receptor has low affinity for all four molecules. Figure reproduced from und Halbach,
2010 (60).

Following nerve injury, denervated target tissues release neurotrophic growth factors to
encourage reinnervation (61). Peripheral sensory neurons differentially express neurotrophin
receptors such as the tyrosine receptor kinases (TrkA, TrkB, TrkC) and the low affinity
neurotrophin receptor p75 (62). These expression patterns have been used to classify neuronal
subtypes. Small nociceptive neurons express TrkA and are responsive to NGF, large
proprioceptive neurons express TrkC and respond to NT-3, and intermediate sized motor and
sensory neurons express TrkB with responsiveness toward BDNF and NT-4/5. p75 is more
widely expressed, and has low affinity for all 4 neurotrophins. This differential expression is
thought to provide specificity for target tissue reinnervation (59).
The neurotrophic cytokine CNTF is produced by Schwann cells and is important in
motoneuron survival and promoting remyelination. LIF is also produced by Schwann cells,
having effects similar to CNTF (63) due to receptors that contain the same signal transducing
gp130 subunit (63, 64), and as well helps to recruit macrophages (65). GDNFs are produced by
Schwann cells and muscle and are important for survival of motoneurons (66).
When neurotrophins such as NGF bind to their receptors, the receptors undergo
autophosphorylation and become internalized (61). The resulting growth factor-receptor
complexes are retrogradely transported (67) to the neuronal soma where, through SH2 adapter
proteins (68), they activate signaling pathways (PLC, PI3K-Akt, Ras/MAPK) involved in cell
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growth and survival and in particular neurite outgrowth and differentiation (69, 70). p75
receptors can interact with Trk receptors, altering their neurotrophin specificity (71), as well as
with adapter proteins to promote downstream signaling (72).
NGF has been explored as a potential treatment to promote regeneration. When
administered to rats with a sciatic nerve injury over a period of 3 weeks, it results in more and
longer axons, occurring in a dose-dependent manner (73). There has also been success
incorporating NGF and other growth factors into nerve grafts (74) and guidance channels (75),
showing improvement in axon growth, nerve conduction and functional recovery (76, 77, 78).
Some of the pathways involved in neurotrophin signaling are well known in the field of
cancer biology where their over-activation can lead to tumour formation (79, 80). Inhibitory
proteins known as tumour-suppressors normally limit the activity of these pathways, acting as a
safeguard against excessive growth and proliferation. Mutations in these genes (e.g. p53, Rb,
PTEN) are implicated in many types of cancers including breast (81) and prostate (82) cancers,
glioblastoma (83) and retinoblastoma (84).
Cancer provides powerful evidence of the growth capabilities of the body, although
malignancy arises from uncontrolled and deregulated growth. If these capabilities were carefully
manipulated under controlled conditions, it may be possible to induce regenerative growth
without malignant transformation. Indeed, mounting evidence has shown this idea to be valid.
Knockout of the tumour-suppressor gene SOCS3 has successfully been shown to promote
regeneration in the liver (85) and knockouts of SOCS3 (86) and PTEN (87), individually and in
combination (88), have been shown to significantly improve regeneration in the optic nerve and
spinal cord. In the peripheral nervous system recent evidence has shown that knockdown of
PTEN (89) and Rb (90) have positive effects on neurite outgrowth and nerve regeneration.
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This thesis builds on that evidence by further examining the regenerative response of
sensory neurons to the knockdown or inhibition of both PTEN, an inhibitor of the NGF-activated
PI3K-Akt pathway and Rb, an inhibitor of the Rb-E2F pathway.

1.8 PTEN and the PI3K-Akt pathway
PTEN (Phosphate and Tensin Homolog deleted on chromosome 10) is a member of the
PI3K-Akt pathway where it acts as an endogenous inhibitor. Phosphoinositide 3-kinase (PI3K)
can become activated by membrane-bound receptors to a variety of growth factors, such as NGF
or insulin (69, 91). PI3K is a heterodimer comprised of two subunits: p85 and p110 (92). p85 is a
regulatory subunit having an inhibitory effect on the catalytic subunit p110, which is responsible
for the kinase activity of PI3K (93). Activation of a receptor to which PI3K associates results in
the inhibition of p85 and subsequent disinhibition of p110. p110 is then able to carry out its
kinase activity by phosphorylating phosphatidylinositol (4,5)-diphosphate (PIP2), converting it
to phosphatidylinositol (3,4,5)-triphosphate (PIP3). PIP3 will then recruit PDK1 and Akt which
will form a complex resulting in activation (phosphorylation) of Akt by PDK1 (94). Subsequent
Akt signaling leads to inhibition of apoptosis (95), and increases in neuronal survival, neurite
outgrowth and differentiation (96). PTEN dephosphorylates PIP3, converting it back to PIP2
thereby inhibiting activation of Akt. Activation of the PI3K-Akt pathway has been shown to
contribute to neurite outgrowth and cell survival (97, 98), and the involvement of phosphorylated
Akt in stimulating axon outgrowth has previously been demonstrated (99, 100). A schematic of
this pathway is shown below.
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Figure 1.9 – Schematic of PI3K/Akt pathway. A ligand binding to a receptor activates PI3K
which converts PIP2 to PIP3. PIP3 activates Akt which controls various signaling pathways.
PTEN inhibits the pathway by reverting PIP3 back to PIP2. Reproduced from Planchon et al.,
2008 (94).

In the central nervous system (CNS), PI3K-Akt inhibition by PTEN plays a contributing
role in the natural aversion to regeneration exhibited by CNS neurons. In 2008, Park et al.,
demonstrated that deletion of PTEN in retinal ganglion cells promotes axon regeneration in an
optic nerve injury model (101). This finding was again substantiated by Sun et al. (2011), who
found that PTEN knockout can increase axon growth synergistically with knockout of SOCS3,
an inhibitor of the JAK-STAT pathway also linked to tumour suppression (88).
In the peripheral nervous system, PTEN is widely expressed throughout adult sensory
neurons with expression also observed in their associated Schwann cells (89). In 2010, Christie
et al. found that in rodent models temporary knockdown or inhibition of PTEN at the injury site
dramatically increased neurite outgrowth in vitro and nerve regrowth in vivo, and that this impact
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was superimposed on the conditioning effect (89). In Schwann cells, PTEN plays a role in
limiting myelination, with PTEN knockouts resulting in hypermyelination (102). In diabetic
neuropathy, peripheral neurons display a diminished regenerative response to injury. PTEN has
been shown to be upregulated in diabetic nerves, and knockdown of PTEN using siRNA
improves regrowth and functional recovery in a diabetic neuropathy model (103).
In addition to the cytoplasmic role of PTEN in the PI3K-Akt pathway, PTEN is also
found expressed in the nucleus where it has additional roles in cell growth and survival (94, 104).
Nuclear PTEN is involved in chromosome stabilization (105) and has been found to inhibit cell
cycle progression into S phase, in part by downregulation of cyclin D1 (106). Additionally,
translocation of PTEN into the nucleus is known be increased in response to ischemia where it
may play a role in DNA repair and survival (104).
As seen in the CNS, co-knockdown of PTEN with other tumour-suppressor genes may
work synergistically to accelerate axon growth in the peripheral nervous system, potentially
having an additive effect.

1.9 Rb and the Rb-E2F pathway
Retinoblastoma protein (Rb) was the first tumour-suppressor identified in humans. It
belongs to the Rb-E2F pathway where, like PTEN, it acts as an endogenous inhibitor. E2F
proteins are transcription factors involved in regulation of the cell cycle, affecting growth,
proliferation and apoptosis (107). In post-mitotic cells such as neurons, Rb is normally in an
unphosphorylated active state where it binds to E2F preventing its transcription-factor activity
(108). Just prior to entering the cell cycle, Rb is phosphorylated by cyclin/cdk complexes,
freeing E2F (108). A Schematic of this pathway is shown below.
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Figure 1.10 – Schematic of Rb-E2F pathway. Rb binds to E2F preventing its action.
Phosphorylation of Rb releases E2F allowing it to enter the nucleus where it acts as a
transcription factor. Reproduced from Conyers et al., 2011 (109)

Loss of Rb in different tissues can result in a variety of tumours such as gliomas (110),
lung carcinomas (111), osteosarcomas (112), and the eponymous retinoblastomas (113).
Homozygous Rb knockout mice are embryonic lethal, due in part to pervasive neuronal cell
death in the developing embryo, while heterozygotes exhibit an increased susceptibility to
tumour formation (114). In light of these difficulties, the utility of knockout models for
regeneration studies is limited. This problem can be solved however, with the use of siRNA
which enables temporary and local gene knockdown.
This method was used in a recent paper examining Rb knockdown in peripheral nerves
by Christie et al. (90). Rb was found to have extensive expression in both healthy and injured
peripheral neurons (90). Using a mouse sciatic nerve crush injury model, they observed a
significant increase in nerve regeneration and functional recovery accompanying local siRNA
20

knockdown of Rb mRNA (90). This result was superimposed on the conditioning lesion response
and is similar to the effect seen with knockdown of PTEN; however pAkt levels did not rise
significantly with knockdown of Rb, suggesting an alternate mechanism (90). They identified
PPARγ, a downstream target of E2F previously identified as having a role in neurite outgrowth
(115), as a contributor to the regeneration enhancement observed (90). As mentioned above,
PTEN downregulates cyclin D1 which is important for initiating cell cycle progression by
inactivating Rb and freeing E2F to allow its signaling as a divergent growth factor (107). E2F
also upregulates Akt which, through a negative feedback mechanism, inhibits E2F1 activity
(116). Knockout of PTEN should then have a stimulatory effect on the Rb-E2F pathway.
Although the Rb-E2F pathway is downstream of PI3K-Akt signaling, it consists of a highly
complex network involving multiple genes and signaling pathways and may thus have effects
unrelated to the PI3K-Akt pathway (117). The potential for an alternative mechanism to PTEN
makes Rb a potential candidate for enhancing regeneration in synergy with co-knockdown of
PTEN.

1.10 Hypothesis and statement of aims
Rb knockdown works synergistically with PTEN knockdown to promote peripheral axon
regeneration.
With this thesis I have explored the hypothesis that Rb knockdown works synergistically with
PTEN knockdown or inhibition to promote peripheral axon regeneration. Working towards this
goal I have evaluated in vitro cell culture methods and tested knockdown and inhibition of Rb
and PTEN. I have also characterized the phenotype of a novel conditional knockout mouse in
which PTEN is knocked out of peripheral sensory neurons. My thesis thus has three aims:
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1. To evaluate technical approaches toward the study and analysis of adult neurons in vitro
2. To assess the combined effects of Rb and PTEN co-knockdown on neurite outgrowth in
vitro.
3. To evaluate the phenotype of the novel PTENflox/flox;Advillin-Cre+/- conditional knockout
mouse.
In pursuing this thesis project I have made efforts to contribute to our understanding of the role
played by tumour-suppressors in regenerating neurons, further evaluating the idea of tumoursuppressor knockdown as a potential therapy for peripheral nerve injuries.
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2. CHAPTER 2: EVALUATING TECHNICAL APPROACHES TOWARD
THE STUDY AND ANALYSIS OF ADULT SENSORY NEURONS IN
VITRO.

2.1 Introduction
2.1.1 Culture models
Neuronal cell culture is a useful tool for studying peripheral nerve regeneration. By
measuring neurite outgrowth in response to different treatments one can assess the regenerative
capabilities of sensory neurons in vitro. Several culture options are available including, PC12
cells, induced sensory neurons (iSNs), and embryonic & adult DRG sensory neurons.
PC12 cells are derived from rat pheochromocytoma (a neuroendocrine tumour of the
adrenal gland) and can be reversibly induced to a neuronal phenotype by addition of NGF (118).
They provide an in vitro model of neuronal differentiation, and once differentiated can be used in
regeneration studies (119). Similarly, iSNs can be derived from fibroblasts and exhibit a
phenotype similar to DRG sensory neurons (120). However both being derived from nonneuronal cells may limit their usefulness as an accurate model of neuron growth. True sensory
neurons can be isolated from DRG tissue of embryonic or adult rodents. Embryonic neurons are
useful for studying neuronal development and maturation, but are limited in that they require
growth factors for survival and they exhibit different properties than mature neurons (121). As
most injuries occur in mature nerve, adult neurons isolated from mature tissue offer a better in
vitro model for nerve regeneration.
Specific methods for culturing DRG neurons vary, but in general neurons must first be
isolated from DRG tissue, then plated and grown in a nutrient medium. To isolate the cells,
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DRGs are incubated in a proteolytic enzyme solution in order to break up connective tissue, and
then the digested tissue is dissociated into a cell suspension through trituration (i.e. mechanical
separation by repeated pipetting). Three commonly used enzymes are papain, trypsin, and
collagenase. Papain and trypsin (cysteine and serine proteases respectively) are broad-acting
proteolytic enzymes, while collagenase is more selective towards the breakdown of collagen, an
important component of the extracellular matrix (ECM) (122). In comparisons of the effects of
collagenase, papain and trypsin, collagenase tends to have a milder effect on cellular components
(123, 124), while papain has been shown to degrade cellular antigens (125) and trypsin can cause
damage to membrane lipids (123). One protocol reports that trypsin can be harsh and is not
recommended for dissociating mouse DRGs (126), though it may be useful for the tougher rat
DRGs due to their more substantial connective tissue. Based on the relative mildness of
collagenase, as a starting point in my investigations of DRG neuronal cell culture I opted for an
established protocol (89, 127) using collagenase, but not trypsin or papain for DRG tissue
digestion.
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Figure 2.1 – DRG Culture Steps. Tissue is incubated with a proteolytic enzyme to break down
connective tissue, then washed and dissociated into a single cell suspension by trituration, before
being plated in a culture dish with growth media. (Figure obtained and modified from
https://www.thermofisher.com/content/dam/LifeTech/Images/integration/A14n06-Fig1.jpg)

Dissociated neurons are plated on a glass or plastic substrate typically coated with polyL-lysine (PLL) and laminin. PLL is a polycationic (positively charged) polymer that facilitates
cell adhesion by attracting the polyanionic (negatively charged) cell membrane (128). Laminin is
an ECM protein that interacts with integrin in the growth cone, providing a permissive substrate
for neurite growth (129).
Finally, isolated DRG neurons are grown in defined serum-free growth media.
Commonly used media are DMEM/F12 or Neurobasal medium (optimized for embryonic CNS
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neurons) (130) with a nutrient supplement such as N2 or B27. N2 and B27 both contain insulin,
transferrin, and selenite which are normally found in serum-based media. Neurons can be
maintained in culture for up to 1 month (126), however for long-term cultures the addition of
cytosine arabinoside is recommended to inhibit the proliferation of non-neuronal cells that may
be present. Neuron-specific growth factors such as NGF, BDNF, NT-3, GDNF are also added to
media to promote growth and survival. The choice of growth factor depends on the focus of
study, as each acts on different subpopulations of DRG neurons: NGF binds to TrkA receptors
on small sensory and sympathetic neurons; BDNF binds to TrkB receptors on medium
somatosensory and motor neurons; NT-3 binds to TrkC receptors on large sensory neurons;
GDNF binds to Ret receptors on IB-4+ sensory neurons; NGF, BDNF and NT-3 also bind to the
low affinity neurotrophin receptor p75, which is more widely expressed among neuronal
subtypes (63). There is evidence that NGF may also be acting to promote survival in other types
of neurons that do not express NGF receptors (130) as well as stimulating non-neuronal cells
(130, 131) such as satellite glia which provide trophic support for DRG neurons (36).
The PI3K-Akt pathway (my pathway of interest) is activated by NGF-TrkA signaling, so
I have chosen to use NGF as a growth factor supplement for my cultures. However there are
conflicting reports of the maximal effective dose of NGF, with concentrations used varying from
1-100 ng/mL (136, 137, 138). In this chapter I examine the effectiveness of NGF at promoting
neurite outgrowth using different concentrations.
Another way to promote growth and survival of DRG cultures is to use a conditioning
lesion. Injuring DRG neurons (e.g. via sciatic nerve transection) a few days prior to cell isolation
triggers a regenerative state thought to be initiated by cAMP signaling (50). The conditioning
lesion induces upregulation of RAGs such as the transcription factors ATF-3, c-jun, and Sox11
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(139) as well as GAP43 (140), which results in increased axonal growth and neuronal survival.
Cultured neurons in this state produce more neurite outgrowth and provide a good in vitro model
for studying regeneration.

2.1.2 Analysis of neuronal cultures
Manual methods for measuring neurite outgrowth may be of lesser interest in today’s
computerized world. Semi-automated methods exist, but they often require extensive image
preparation (Sholl analysis) or manual inputs (NeuronJ). Automated software such as the freely
available Neuromath (Weizmann Institute of Science) and the commercial MetaXpress
(Molecular Devices) offer high throughput automated analysis of neurite outgrowth. In this
thesis I have chosen to use MetaXpress for its more user-friendly interface. Automated analyses
however, are not as skilled as the human eye at detecting neurites, and so require the highest
quality images for accurate analysis. Neurites must be brightly and clearly stained—distinct from
background noise.
Several markers are available for immunostaining cultured DRG sensory neurons:
PGP9.5, GAP43, Peripherin, NF200 and βIII-tubulin (Tuj1). PGP9.5 (UCH-L1) is a neuronspecific deubiquitinating enzyme found in the cytoplasm and membrane. GAP43 is a membranebound protein upregulated in regenerating neurons. Peripherin and NF200 are intermediate
filament proteins and βIII-tubulin (Tuj1) is a microtubule protein, all components of the neuronal
cytoskeleton. NF200 and βIII-tubulin (Tuj1) are the most commonly used, however each has
their limitations.
In this chapter I explored aspects of DRG neuronal culture and analysis in order to
optimize the protocol. My preliminary cell culture experiments exhibited viability issues and
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analysis was limited by image quality. Investigating these issues pointed to tissue digestion,
growth factor supplementation, and immunostaining as areas of variability with potential room
for improvement.

2.2 Methods
2.2.1 Conditioning lesion
Rat sensory neurons were ‘primed’ by a conditioning lesion to induce a regenerative
growth state. Sprague-Dawley rats (170-200 g) underwent a sciatic nerve transection under 2%
isoflurane gas anaesthesia. A 1 cm incision was made in the skin at mid-thigh level, and the
sciatic nerve exposed by blunt dissection through the muscle. The exposed nerve was transected
with fine scissors, and the incision closed with 4-0 vicryl sutures. Post-operative rats received
buprenorphine jelly (0.5 mg/kg) for 3 days (day 0, 1, 2) before being sacrificed for tissue
harvesting on day 3.

2.2.2 DRG Cell Culture
Pre-injured rats were sacrificed by cardiac puncture and the blood drained in order to
facilitate dissection. Three DRGs (L4, 5, 6) supplying the transected sciatic nerve (ipsilateral)
and three from the uninjured side (contralateral) were harvested, and placed in L15 medium on
ice. DRGs were washed twice for 10 minutes each in L15 medium, transferred to a 0.1%
collagenase/L15 solution and incubated at 37°C for 60-90 min, after which the DRGs were
triturated by repeated pipetting. The dissociated cells were separated from the collagenase
solution by centrifugation for 6 minutes at 100 g, then washed in L15 and centrifuged again as
above. The cells were again resuspended in L15 and carefully pipetted onto 15% BSA/L15, and
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separated from debris by density gradient centrifugation (100 g, 6 min). The debris was carefully
removed by pipetting, and the supernatant discarded. Cells were washed once more in L15 and
finally resuspended in DMEM/F12 prior to plating. Neurons were plated on a glass substrate
coated with poly-L-lysine (0.01%) and mouse laminin (10μg/mL) and were allowed to adhere for
10 minutes, followed by the addition of culture medium. Culture medium consisted of
DMEM/F12 enriched with 1X N2 supplement, 0.1% BSA, 0-100 ng/mL NGF, and 50 U / mL of
penicillin and 50 U / mL of streptomycin.

2.2.3 Immunocytochemistry
Cultured neurons were fixed with either 4% PFA (30 min) or 4% PFA/1X PHEM
(warmed to 37°C), washed 2 times in 1X PBS (10 min), blocked with 5% goat serum/1X PBS
(20 min), labeled with the primary antibody NF200 (1:800), Tuj1 (1:1000), Peripherin (1:1000),
GAP43 (1:1000), or PGP9.5 (1:1000) (1 hr) to visualize neurites, washed 2 times in 1X PBS (10
min) and then labeled with secondary antibody Cy3 (1:100) or Alexa 488 (1:200) (1 hr), washed
again 2 times in 1X PBS (10 min), then mounted on a glass slide using Vectashield mounting
medium with DAPI nuclear stain.

2.2.4 Neurite Outgrowth Analysis
Slides were imaged in their entirety at 10X magnification with the Olympus Slide
Scanner Microscope. The resulting slide images were subdivided into 16 images of equal size
and converted to 16-bit grayscale using Adobe Photoshop CS6. Neurite outgrowth was
quantified using the Neurite Outgrowth function of the MetaXpress software (Molecular
Devices). The software first identifies neuronal soma based on size and intensity above
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background then, again based on intensity above background, traces neurites extending from the
soma.

2.2.5 Statistical analysis
Statistical analyses were performed using GraphPad Prism, Version 6.01 (GraphPad
Software, Inc., La Jolla, CA). Two-way ANOVA was used to compare neurite outgrowth
between cell culture groups. When cells in treatment groups were aliquoted from the same pool
of cells a repeated measures two-way ANOVA was used. Multiple comparisons were performed
using Tukey’s post hoc test. Statistical significance was taken at p < 0.05.

2.3 Results
2.3.1 Collagenase digestion impacts the viability of DRG sensory neuronal culture
In order to test the effects of different treatments on neurite outgrowth in cultured DRG
sensory neurons it is important to have evidence of robust outgrowth from neurons once
dissociated and plated. My starting protocol recommended a 90 minute (original) digestion time
in 0.1% collagenase, however in my hands this resulted in impaired neuronal growth. I found
that reducing the digestion time to 60 minutes (optimized) significantly improved the survival
and outgrowth characteristics of the DRG sensory neuronal cultures.
By visual inspection of the cultures (Figure 2.2 A-D), there were fewer neurons
extending neurites with the 90 minute digestion compared to the 60 minute digestion time. An
increase in outgrowth also became evident in the preinjured neurons of the 60 minute group that
was not present in the 90 minute group. Quantification of outgrowth (Figure 2.2 E) showed an
order of magnitude increase in mean outgrowth after optimization (uninjured 1716 ± 77 µm;
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injured 4487 ± 852 µm) relative to pre-optimization (uninjured 343 ± 115 µm; injured 481 ± 45
µm). The increase in outgrowth associated with the conditioning effect was not appreciable with
the original 90-minute protocol but was clearly demonstrated when using the optimized 60minute protocol. The percentage of neurons extending neurites (Figure 2.2 F) also increased with
optimization (uninjured 66.7 ± 5.3 %; injured 84.2 ± 4.5 %) relative to pre-optimization
(uninjured 42.0 ± 5.3 %; injured 54.9 ± 2.7 %). There also appeared to be a trend toward
increased percentage of neurons with neurites in the conditioning lesion. Branching density
(Figure 2.2 G) was similar using both protocols with a reduction in number of branches per mm
of outgrowth seen with the conditioning effect ([pre-optimization; uninjured 40.9 ± 1.6; injured
28.3 ± 1.2], [optimized; uninjured 40.7 ± 0.3; injured 24.7 ± 2.7]).
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Figure 2.2 – Optimization of the DRG sensory neuron isolation protocol. Uninjured (naïve)
and injured (conditioning lesion) DRG neuronal cultures isolated with the 90-minute (original)
and 60-minute collagenase digestion (optimized) protocols. (A) Uninjured (naïve) and (B)
injured (conditioning lesion) DRG culture using the original 90 minute protocol. (C) Uninjured
(naïve) and (D) injured (conditioning lesion) DRG culture using the optimized 60 minute
protocol. (E) Significantly more outgrowth after protocol optimization (n = 3 separate cultures;
***p < 0.001, two-way ANOVA, main effect), with conditioning lesion effect only evident postoptimization (**p < 0.01, Tukey’s post hoc). (F) Significantly higher percentage of cells with
significant outgrowth after protocol optimization (n = 3 separate cultures; ***p < 0.001, twoway ANOVA, main effect), non-significant increases with conditioning lesion (Tukey’s post hoc).
(G) Significantly reduced branching density with conditioning lesion using both protocols. (n =
3 separate cultures; **p < 0.01, ***p < 0.001, Tukey’s post hoc). Error bars represent S.E.M.
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2.3.2 NGF enhances neurite outgrowth in both injured and uninjured neurons.
NGF is used in neuronal cell cultures to improve the overall viability of neurons.
Approximately 41% of DRG neurons express the high affinity NGF receptor TrkA, while 79%
express the low affinity receptor p75 (4). NGF is theoretically added to support the growth of
these neurons, in particular the TrkA positive cells, however there is evidence that it may have
broader effects on other neuronal subpopulations (130, 131) as well as on non-neuronal cells
such as satellite glia (36), which express p75 and are often present in primary DRG neuronal
cultures.
There is however, some disagreement in which concentration of NGF to use to support
outgrowth (126, 132, 133, 134, 135). Here I chose to test 4 different concentrations of NGF: 0,
25, 50, and 100 ng/mL.
There was a visible increase in neurite outgrowth upon addition of NGF (25 ng/mL) in
both injured and uninjured neurons (Figure 2.3 A-D). Quantification of outgrowth (Figure 2.3 E)
showed a significant increase in mean neurite outgrowth in the presence of NGF compared to its
absence in both injured (0 ng/mL, 1141 ± 444 µm; 25 ng/mL, 4170 ± 765 µm; 50 ng/mL, 4327 ±
865 µm; 100 ng/mL, 4487 ± 852 µm) and uninjured (0 ng/mL, 107 ± 17 µm; 25 ng/mL, 1977 ±
468 µm; 50ng/mL, 2039 ± 455 µm; 100 ng/mL, 1716 ± 77 µm) neurons. However there was no
difference between the 25, 50 and 100 ng/mL groups, thus indicating a maximal response at 25
ng/mL of NGF. Adding NGF increased the percentage of cells (Figure 2.3 F) extending neurites
in the uninjured (0 ng/mL, 17.0 ± 2.9 %; 25 ng/mL, 62.2 ± 10.4 %; 50 ng/mL, 71.5 ± 2.1 %; 100
ng/mL, 66.6 ± 5.3 %), but not in the injured (0 ng/mL, 60.5 ± 15.1 %; 25 ng/mL, 80.9 ± 6.5 %
µm; 50 ng/mL, 81.8 ± 3.5 % µm; 100 ng/mL, 84.1 ± 4.6 %) neurons. A maximal effect on the
percentage of cells extending neurites also occurred at 25 ng/mL, with no difference between the
33

25, 50 and 100 ng/mL groups. NGF also increases neurite branching density (Figure 2.3 G).
Uninjured neurons showed a 1.7-fold increase in branching density in the presence of 25 ng/mL
of NGF with a similar increase at 50 and 100 ng/mL (0 ng/mL, 23.7 ± 1.5; 25 ng/mL, 40.3 ± 2.0;
50 ng/mL, 37.7 ± 1.5; 100 ng/mL, 40.7 ± 0.3). In injured neurons the increase in branching was
much smaller at 1.3-fold and was only statistically significant at 25 ng/mL of NGF (0 ng/mL,
20.0 ± 1.5; 25 ng/mL, 26.3 ± 3.8; 50 ng/mL, 24.7 ± 3.8; 100 ng/mL, 24.7 ± 2.7).

Figure 2.3 – NGF enhances neurite outgrowth. (A) Uninjured (naïve) and (B) injured
(conditioning lesion) DRG sensory neurons in absence of NGF. (C) Uninjured (naïve) and (D)
injured (conditioning lesion) DRG sensory neurons supplemented with 25 ng/mL NGF. (E)
Significantly more outgrowth in presence of NGF of both uninjured (n = 3 separate cultures;
**p < 0.01; repeated measures two-way ANOVA, Tukey’s post hoc) and injured (n = 3 separate
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cultures; ****p < 0.0001; repeated measures two-way ANOVA, Tukey’s post hoc) neurons. (F)
Significantly higher percentage of cells with neurites in presence of NGF in uninjured (n = 3
separate cultures; ***p < 0.001; repeated measures two-way ANOVA, Tukey’s post hoc) but not
pre-injured neurons. (G) Branching density increased 1.7-fold with NGF in uninjured neurons
(***p < 0.001), but injured neurons had a smaller 1.3-fold increase which was statistically
significant only at 25 ng/ml of NGF (n = 3 separate cultures; *p < 0.05; repeated measures twoway ANOVA, Tukey’s post hoc). Error bars represent S.E.M.

2.3.3 Optimized immunostaining for neurite outgrowth analysis by fixing in 4%
PFA/1X PHEM and immunostaining for NF200 and βIII-Tubulin
Optimal analysis of neurite outgrowth requires brightly stained neurites distinct from
background fluorescence. There is no standard for neurite staining in DRG cell culture, however
antibodies to NF200 and βIII-tubulin are commonly used. NF200 stains the heavy (200 kD)
subunit of neurofilament (an intermediate filament), which is an important component of the
neuronal cytoskeleton. βIII-tubulin stains class III β-tubulin subunits which are found
extensively in neuronal microtubules. In my experience, each has their drawbacks. I tested
antibodies to 5 different neuronal proteins for staining DRG neurons: NF200, βIII-tubulin,
PGP9.5, peripherin, and GAP43. NF200 results in bright neurofilament-rich neurons, but dim
neurofilament-poor neurons (Figure 2.4 A). This is expected, as neurofilament content is a
determinant of axon diameter (137, 138). βIII-tubulin stains all neurons brightly, but neurites
exhibit a discontinuous “dashed-line” appearance (Figure 2.4 B). PGP9.5 dimly stains neurites as
well as non-neuronal cells (Figure 2.4 C). Peripherin stains dimly and discontinuously (Figure
2.4 D) and is selective to small- and medium-diameter neurons (139). GAP43 stains neurites
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dimly with brighter puncta along their length (Figure 2.4 E). This is not surprising, as GAP43 is
a membrane phosphoprotein (140), unlikely to be expressed as uniformly as cytoskeletal
markers. Antibody combinations (Figure 2.4 F-J) produced brighter staining, but the problem of
discontinuity persisted. This was solved by changing the fixative to 4% PFA/1X PHEM buffer
warmed to 37°C. 1X PHEM is reported to maximize cytoskeletal integrity during fixation (141,
142). Neurons fixed in 4% PFA/1X PHEM and stained with antibodies to NF200 and βIIItubulin resulted in clear, bright continuous staining of neurites in all neuronal subtypes (Figure
2.4 K).
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Figure 2.4 – Immunostaining of DRG sensory neuronal cell culture using a variety of
neuronal markers. (A-K) Neurons fixed in 4% PFA prior to immunocytochemistry.
Immunoreactivity to primary antibodies: (A) NF200, (B) βIII-Tubulin (Tuj1), (C) PGP9.5, (D)
peripherin, (E) GAP43, alone (A-E) and in combination (F-K). (L) Primary antibody
combination of NF200 and βIII-tubulin (Tuj1) on neurons fixed in 4% PFA/1X PHEM.
Secondary antibody used in all cases was Alexa 488.

2.4 Discussion & Summary
In this chapter I have evaluated selected technical aspects of DRG sensory neuronal culture in
order to facilitate the study thereof. I first examined the isolation and dissociation of DRG
neurons using collagenase digestion. There is some methodological variation in the literature as
to the length of time DRGs should be incubated in a 0.1% collagenase solution. Collagenase
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breaks down the collagen-rich extracellular matrix and connective tissue and is used to facilitate
trituration. However collagenase also has some tryptic activity (122) which can degrade essential
cellular proteins under prolonged exposure. I have found that a 90-minute protocol was
associated with lower quality neuronal cultures with limited neurite growth in which I was
unable to demonstrate the conditioning effect to an appreciable degree. By shortening the
incubation time to 60 minutes, and thereby reducing exposure of DRG neurons to the tryptic
activity of collagenase, I have improved the quality and growth of my neuronal cultures.
Specifically, neurons have significantly more outgrowth, and the percentage of neurons with
outgrowth is about 20% higher. This also made the conditioning effect apparent, the
demonstration of which is important as it signifies a regenerative phenotype and can serve as a
positive control for regenerative outgrowth experiments.
Again there is also variation in the literature with regards to the concentration of NGF to be used
in neuronal growth medium. NGF acts through TrkA receptors on TrkA+ neurons to stimulate
neurite growth by activating several growth pathways such as PI3K-Akt, MEK/ERK and PLC-γ
(147). NGF also acts through lower-affinity p75 receptors in other neuronal subtypes (63) as well
as in glia (36) present in culture, potentially further promoting growth. I have found that of the
four concentrations I tested (0, 25, 50, 100 ng/mL), there was a maximal effect on outgrowth at
25 ng/mL of NGF. Outgrowth significantly increased in the presence of NGF and the effect was
additive with the conditioning effect. In addition, NGF increased neurite branching density in
uninjured neurons and, to a lesser degree, in injured neurons. This makes sense, as it has been
reported that the conditioning lesion promotes neurite elongation, while NGF promotes neurite
branching (148, 149). The combined result being longer more branched neurites. Although
compared to uninjured neurons, the reduced effect of NGF on branching in lesioned neurons is
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probably limited by the increased energy spent on elongation. Though the exact mechanism of
the conditioning lesion is not fully understood, it is likely to be acting through different pathways
than those activated by NGF.
From a technical standpoint, the addition of NGF to DRG neurons in vitro produces a more
robust culture, and as with the conditioning lesion, the increase in growth can serve as a positive
control for neurite outgrowth studies.
In analyzing my early cell cultures (fixed in 4% PFA at room temperature, immunostained for
NF200) with the MetaXpress software’s neurite outgrowth function I found that it would often
lose the path of a neurite or identify and follow background noise. This would happen when
neurites were too dim to be distinguished from the background, or when gaps appeared along
their length, which was all too common. NF200 stained large-diameter neurons brightly, but
smaller neurons remained too dim. In preliminary experiments I tried doubling the concentration
of the NF200 primary antibody, but small-diameter neurons still remained too dim. Increasing
the concentration of the secondary antibody would likely increase background staining, so
instead I decided to try other antibodies. I explored several neuron-specific membrane (PGP9.5,
GAP43) and cytoskeletal (NF200, βIII-tubulin, peripherin) markers, and in doing so I found that
the combination of NF200 and βIII-tubulin solved the problem of dimness. However neurites
were still discontinuous and the software could not get past the gaps. I then trialed a fixation
buffer called PHEM (PIPES, HEPES, EGTA, MgCl2) which was reported to be optimized for
maintaining cytoskeletal integrity (141, 142). After fixing my cells in 4% PFA/1X PHEM
(warmed to 37°C) and immunostaining as before with a cocktail of antibodies to NF200 and βIIItubulin, MetaXpress more readily identified neurite outgrowth. Neurites were now brightly
stained, distinct from the background and smooth and continuous.
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In summary, when preparing and analyzing cultures of DRG sensory neurons, their viability and
growth properties depend upon a gentle isolation protocol where exposure to collagenase
digestion is minimized. A prior conditioning lesion and addition of NGF (already reaching a
maximal effect at 25 ng/mL) to the culture medium will improve the growth and robustness of
the neuronal culture with additive effects, and they can be implemented individually or in
combination to demonstrate a change in neurite outgrowth. Finally, fixing and immunostaining
DRG cultures for imaging and automated analysis can be optimized with the use of PHEM
buffer and a combination of antibodies to NF200 and βIII-tubulin.
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3. CHAPTER 3: DETERMINING THE COMBINED EFFECTS OF RB AND
PTEN CO-KNOCKDOWN/INHIBITION ON NEURITE OUTGROWTH
IN VITRO.
3.1 Introduction
3.1.1 PTEN
PTEN is a 47 kDa protein with both protein and lipid phosphatase activity, and is a
member of the protein tyrosine phosphatase (PTP) superfamily (150). It is a major regulator of
cellular growth and proliferation and is an important gene in the field of cancer biology as a
tumour-suppressor. PTEN is perhaps best known as an inhibitor of the PI3K-Akt pathway, where
it shows specificity for phosphatidylinositol (3,4,5)-triphosphate (PIP3) as a lipid phosphatase. It
interferes with PI3K signaling by dephosphorylating PIP3 back to PIP2, thereby undoing the
action of PI3K and preventing phosphorylation of Akt. Its other role as a protein phosphatase is
less well studied, but two known protein substrates are cyclic AMP response element-binding
protein (CREB) (151) and PTEN itself (148). CREB signaling, inhibited through
dephosphorylation by PTEN, is known to be involved in neuronal growth & survival, and
synaptic plasticity, and is also activated by neurotrophin signaling (153, 154), while the ability of
PTEN to dephosphorylate itself is thought to provide a means of regulating its lipid phosphatase
activity (152).
Loss of PTEN is often associated with increases in growth. In cardiac muscle, expression
of a dominant negative PTEN mutant results in hypertrophy of cardiomyocytes (155). In the
CNS, PTEN knockout in cerebellar neurons results in somal hypertrophy (156), while deletion in
retinal ganglion cells leads to increased axonal regeneration (157). These effects have been
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shown to be dependent on mTOR signaling (156, 157, 158), which is a major regulator of protein
synthesis and cell growth and is activated downstream of PI3K-Akt signaling.
Knockdown of PTEN in DRG neurons of the PNS is also associated with increases in
axon regeneration, but it has been demonstrated to be independent of the mTOR pathway (89).
Instead, alternative pathways are likely to be involved, such as GSK3 signaling (also
downstream of PI3K), which regulates microtubule dynamics that are essential for growth cone
extension (40). The effect of PTEN deletion on axon regeneration in the CNS can be further
enhanced by co-deletion of SOCS3 (88), another tumour-suppressor shown to limit axonal
growth (86). However the potential synergistic effects of tumour-suppressor co-knockdown with
PTEN has not been well studied in the PNS.
In this chapter I use bpV(pic), a bisperoxovanadium compound that acts as a
pharmacological PTP inhibitor with specificity for PTEN (159), to inhibit the activity of PTEN
in DRG neuronal cultures in order to assess the potential synergistic effects of PTEN inhibition
with knockdown of the tumour-suppressor Rb.

3.1.2 Rb
Retinoblastoma protein is a 105 kDa member of the pocket protein family, so-called for
possessing a pocket-shaped binding site. It is a well-known tumour-suppressor which regulates
entry to the cell cycle through inhibitory binding to E2F transcription factors.
Entry to the cell cycle is normally triggered by mitogenic signals which bind to
membrane receptors that initiate PI3K and Ras signaling (160). These pathways lead to the
formation of cyclin D-CDK complexes which phosphorylate Rb resulting in release of E2F,
freeing it to enter the nucleus and initiate progression to S-phase of the cell cycle through its
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transcription factor activity (156, 161). PTEN, being an inhibitor of PI3K signaling also has an
inhibitory effect on cell cycle entry which has been shown to be dependent on Rb activity (162).
In addition to its role in cell cycle progression, Rb is part of a vast signaling network
(117) where its other roles are lesser understood. In the PNS, Rb is widely expressed among
peripheral neurons where it plays a role in axon regeneration. It has been demonstrated that
knockdown of Rb in DRG neurons results in increased neurite growth in vitro and axon
regeneration in vivo (90). The mechanism by which this is accomplished is not well understood,
however it depends, at least in part, on the activity of PPARγ, a downstream target of E2F (90).
In this chapter I use siRNA transfection to knock down Rb expression in DRG neuronal
cultures in combination with PTEN inhibition.

3.1.3 Gene knockdown with siRNA
Short interfering RNA (siRNA) provides a simple way to temporarily knock down gene
expression by taking advantage of the endogenous RNA interference pathway (163). Within the
cell, long double-stranded RNA molecules are cleaved into 20-25 bp fragments (siRNAs) by the
enzyme Dicer. Double-stranded siRNAs then attach to the argonaute protein of the RNA-induced
silencing complex (RISC), where they are unwound into single strands: the guide strand and the
passenger strand. The passenger is removed and degraded while the guide strand, which is
complementary to its target mRNA is retained by RISC. The resulting RISC-siRNA complex can
then identify, bind and cleave the target mRNA, preventing its translation.
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Figure 3.1 – RNA interference. Double-stranded RNAs such as precursor miRNA and shRNA
are cleaved by Dicer into smaller fragments called siRNA. siRNAs associate with RISC which
targets complementary mRNA for degradation. (Figure reproduced from
http://www.nature.com/nrg/journal/v16/n9/images/nrg3978-f1.jpg)

To silence gene expression, synthesized siRNAs specific to a gene of interest can be
introduced into cells using three common methods: transfection, electroporation, and viral
vectors. Transfection is the most common and typically utilizes a lipid-based transfection reagent
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that complexes with the siRNA, enabling it to pass through the phospholipid bilayer of the cell
membrane. Electroporation uses an electric current to create temporary pores in the cell
membrane to allow the siRNA through. Electroporation is useful for cells that are difficult to
transfect, however it may cause some cell death (164). For long-term gene knockdown, viral
vectors with a DNA plasmid coding for a particular siRNA are useful, however compared to the
other methods, production of viral vectors can be complicated and costly. Due to its availability
and ease of use, I have chosen lipid-based transfection for my experiments with siRNA.

3.2 Methods
3.2.1 Cell culture methods
Cell culture, immunocytochemistry, imaging and analysis were performed as described
above (Chapter 2.2 Methods), with the addition of a PTEN inhibitor and siRNA described below.
A conditioning lesion was performed for all cultures unless otherwise stated.

3.2.2 Knockdown and inhibition
PTEN was inhibited using the pharmacological inhibitor bisperoxo(pyridine-2carboxyl)oxovanadate (bpV[pic]) prepared in water and added to cell culture media at final
concentrations of 0, 5, 10, 25, 50, 100, 250, 500, or 1000 nM. The equivalent volume of water
was used as a vehicle control.
Rb and PTEN knockdown was accomplished by transfecting cultured DRG neurons with
siRNA using the HiPerfect transfection reagent (Qiagen) according to the manufacturer’s
protocol. Rb, PTEN and Scr (scrambled sequence, negative control) siRNA were added to cell
culture media at a final concentration of 30 nM. Knockdown was assessed by qRT-PCR.
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Primers:
Rb (forward)

5`-TGGAATCCCTTGCATGGCT-3’

Rb (reverse)

5`-GCTGAGAGGACAAGCAGGTTCA-3’

RPLP0 (forward)

5’-AAGAACACCATGATGCGCAAG-3’

RPLP0 (reverse)

5’-TTGGTGAACACGAAGCCCA-3’

3.2.3 Statistical Analysis
Statistical analyses were performed using GraphPad Prism, Version 6.01 (GraphPad
Software, Inc., La Jolla, CA). Two-way ANOVA was used to compare neurite outgrowth
between cell culture groups. When cells in treatment groups were aliquoted from the same pool
of cells a repeated measures two-way ANOVA was used. Multiple comparisons were performed
using Tukey’s post hoc test. Statistical significance was taken at p < 0.05.

3.3 Results
3.3.1 Rb knockdown may increase neurite branching density
Inhibition of PTEN with bpV(pic) in preinjured DRG neuronal cultures has been reported to
increase outgrowth more than 2-fold (89). A similar increase in outgrowth and branching of was
reported with siRNA knockdown of Rb in injured neurons (90). Here I attempted to recreate
these effects individually while investigating their potential synergy in combination.
I began work on this aim prior to optimizing the cell culture protocol as described in Chapter 1.
Figure 3.2 shows repeated sets of experiments as I progressed towards protocol optimization.
The first set (Figure 3.2 A-C) showed a statistically significant (p < 0.05) increase in outgrowth
in the Rb siRNA + bpV(pic) group (113 ± 33 µm) compared to Rb siRNA alone (68 ± 27 µm),
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with no differences in the percentage of neurons with neurites, or in branching density. However
it should be noted that the overall amount of outgrowth per cell (50-150 µm) and percentage of
neurons with neurites (15-25%) in these cultures is quite low and is indicative of substandard
culture viability. The second set of experiments (Figure 3.2 D-F) also showed an apparent
increase in outgrowth in the Rb siRNA + bpV(pic) group (370 ± 69 µm) compared to Rb siRNA
alone (241 ± 71 µm), but this was not statistically significant. Again, though somewhat better,
outgrowth (150-400 µm) and percentage of neurons with neurites (30-50%) remained relatively
limited. I performed the third set of culture experiments (Figure 3.2 G-I) with the optimized
protocol. In these experiments mean outgrowth (1000-2000 µm) and percentage of neurons with
neurites (80-90%) was much improved and is likely more reliable than the previous culture sets.
This time there was an apparent decrease in outgrowth in all three groups compared to Scr
siRNA control (Scr siRNA, 1829 ± 233 µm; Rb siRNA, 1317 ± 102 µm; Scr siRNA + bpV(pic),
1375 ± 165 µm, Rb siRNA + bpV(pic), 1323 ± 264 µm), but this was not statistically significant.
There were no differences in the percentage of neurons with neurites. There was however a small
increase in branching density (branches per mm of outgrowth) in the Rb siRNA groups which
was statistically significant (Scr siRNA, 52.0 ± 2.4; Rb siRNA, 57.2 ± 2.4; Scr siRNA +
bpV(pic), 52.0 ± 4.2, Rb siRNA + bpV(pic), 57.4 ± 4.8). Knockdown of Rb (Figure 3.2 J)
achieved with Rb siRNA was 50%, as assessed by qRT-PCR. No effect of bpV(pic) was
observed.
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Figure 3.2 – Rb knockdown with PTEN inhibition in DRG sensory neuronal culture. (A-C)
Initial experiment set, prior to optimizing the culture protocol. (A) Significant increase in neurite
outgrowth in Rb siRNA + bpV(pic) group compared to Rb siRNA alone (n = 4 separate cultures;
*p < 0.05; repeated measures, one-way ANOVA, Tukey’s post hoc) (B) No difference in
percentage of cells with neurites. (C) No difference in branching density.

(D-F) Second

experiment set, prior to protocol optimization. (D) No difference in outgrowth between groups (n
= 3 separate cultures; *p < 0.05; repeated measures, one-way ANOVA, Tukey’s post hoc). (E)
No difference in percentage of cells with neurites. (F) No difference in branching density. (G-I)
Experiment set using the optimized protocol. (G) Apparent decrease in outgrowth in all groups,
but not statistically significant (n = 3 separate cultures; repeated measures, one-way ANOVA,
Tukey’s post hoc). (H) No difference in percentage of cells with neurites. (I) Significant increase
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in branching density in Rb siRNA group compared to Scr siRNA, as well as in Rb siRNA +
bpV(pic) compared to Scr siRNA + bpV(pic) (n = 3 separate cultures; *p < 0.05; repeated
measures, one-way ANOVA, Tukey’s post hoc). (J) Fold-change in Rb expression following
siRNA knockdown. Scr = Scr siRNA, Rb = Rb siRNA, bpV = 50 nM bpV(pic). Error bars
represent S.E.M.

3.3.2 bpV(pic) has no effect on outgrowth measures of cultured DRG neurons
As my previous experiments surprisingly showed no effect of bpV(pic) on neurite outgrowth, I
decided to investigate it more thoroughly. I started with a concentration series (Figure 3.3 A-C)
as a pilot experiment. I used bpV(pic) in concentrations of 0, 5, 10, 25, 50, 100, 250, 500, and
1000 nM. There was some fluctuation in outgrowth measures, with slight increases in mean
outgrowth in the lower concentrations (5-25 nM), however this was well within the normal range
of variation, and did not approach the reported 2-fold increase. Not having identified an optimal
concentration, I chose to use the 50 nM concentration used in the original paper (89) for further
testing in the presence or absence of NGF (25 ng/mL) and conditioning lesion. Quantification of
outgrowth showed changes associated with NGF and conditioning lesion (Figure 3.3 D-F),
however there was no effect of the addition of bpV(pic) in either condition in terms of mean
outgrowth, percentage of cells with neurites, or branching density.
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Figure 3.3 – Effects of the PTEN inhibitor bpV(pic). (A-C) Concentration series of bpV(pic).
(pilot experiment; n = 1) (A) Expected increase in outgrowth not observed at either
concentration. (B) Percentage of cells with neurites are comparable among concentrations. (C)
Branching density is comparable among concentrations. (D-F) Combined effects of 50 nM
bpV(pic) with NGF (25 ng/mL) and conditioning lesion. (D) Significant increases in outgrowth
with conditioning lesion and/or NGF. No effect of bpV(pic) on outgrowth in any group (n = 3
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separate cultures; repeated measures, two-way ANOVA, Tukey’s post hoc). (E) No effect of
bpV(pic) on percentage of cells with neurites in either group. (F) No effect of bpV(pic) on
branching density in either group. Error bars represent S.E.M.

3.3.3 Revisiting the effects of Rb siRNA and bpV(pic)
As over time I had become experienced with the optimized DRG cell culture protocol and related
techniques, I decided to revisit Rb knockdown and PTEN inhibition. I performed two more pilot
experiments to look for an indication that I should pursue this further. The first experiment
(Figure 3.4 A-C) used 50 nM bpV(pic) in the presence of 25 ng/ml NGF, with or without
conditioning lesion. As before, the large increase in mean outgrowth, smaller increase in
percentage of cells with neurites, and the decrease in branching density associated with the
conditioning lesion was clearly demonstrated, however no effect was seen with bpV(pic). The
second experiment used Rb siRNA and PTEN siRNA compared to 3 controls: media alone,
HiPerfect transfection reagent, and Scr siRNA + HiPerfect. Outgrowth measures for Rb and
PTEN siRNA groups were comparable to control groups. There was one exception with
outgrowth in the Rb and PTEN siRNA groups much higher than the media-only control with
condition lesion. However this was anomalous as the media-only control did not respond to the
conditioning lesion and so is of dubious reliability. In these experiments, there was no indication
that bpV(pic), Rb siRNA, or PTEN siRNA affected neurite outgrowth. Further work was not
initiative in view of these results.
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Figure 3.4 – Revisiting the effects of Rb knockdown with PTEN inhibition. (A-C) DRG
culture, ± 50 nM bpV(pic), ± conditioning lesion (CL) (pilot experiment; n = 1). (A) Large
increases in neurite outgrowth with CL, no effect of bpV(pic) (B) Percentage of cells with
neurites. No effect of bpV(pic). (C) Branching density. Reduction with CL. No effect of bpV(pic).
(D-F) DRG culture with siRNA, ± conditioning lesion (CL) (pilot experiment; n = 1). (D) Large
increases in neurite outgrowth with CL. No effect on outgrowth with either Rb siRNA or PTEN
siRNA. (E) Small increase in percentage of neurons with neurites following CL. No effect of
either Rb siRNA or PTEN siRNA. (F) Small decrease in branching density with CL. No effect of
either Rb siRNA or PTEN siRNA. Control = growth media alone; HiPerfect = siRNA
transfection reagent; Scr siRNA = scrambled sequence negative control siRNA.
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3.4 Discussion and Summary
In this chapter I attempted to reproduce the effects of Rb knockdown and PTEN inhibition on
neurite outgrowth as previously reported (89, 90), and to assess their effects in combination.
Preliminary experiments suggested enhanced outgrowth in the combined treatment (Rb siRNA +
bpV[pic]) group compared to Rb siRNA alone, but effects of individual treatments were not
observed. These initial experiments were, however, of limited quality due to technical challenges
which might account for the lack of observed effect. The experiments were repeated after solving
these issues, and a small but statistically significant increase in branching density (number of
branches per mm of outgrowth) was found in the Rb knockdown groups. This agreed with the
increase in neurite branching reported with Rb knockdown in DRG sensory neurons (90),
however the increases in mean outgrowth were not observed. The reason for this may be
explained by differences in knockdown efficiency of the siRNA treatment. In the original study,
knockdown of Rb expression approaching 90% was achieved, while my efforts resulted in only
50%, enough perhaps to promote branching, but not mean outgrowth.
In contrast to Rb, I did not observe any effects on outgrowth of the PTEN inhibitor bpV(pic).
This was surprising given the 2.5-fold increase in outgrowth in preinjured (conditioning lesion)
DRG neurons, and the 1.5-fold increase in uninjured neurons originally reported by Christie et
al. (89). I went on to further test bpV(pic) on both injured and uninjured DRG neurons in culture.
In the same experiment I included the presence or absence of NGF, which is known to stimulate
the PI3K-Akt pathway of which PTEN is an inhibitor. Again I saw no effect of bpV(pic) in either
group. Based on these results I am inclined to conclude that bpV(pic) does not affect neurite
outgrowth in DRG neuronal cultures. However, further exploration would be required to say
anything regarding the effects of PTEN inhibition, as the effectiveness of the inhibitor may not
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have been adequate. Unfortunately, the effectiveness of pharmacological inhibitors is difficult to
assay in such experiments, as protein and mRNA levels are unchanged. Perhaps alternative
inhibitors such as bpV(HOpic) and the recently developed PTEN antagonist peptides (165) could
provide higher potency and specificity for PTEN inhibition in future experiments.
A final pilot experiment using Rb and PTEN siRNA, did not suggest any effects. This may again
be due to limited knockdown efficiency, however it was not pursued further due to time
constraints.
In summary, Rb knockdown appears to promote neurite branching in DRG neuronal cultures and
the extent of the effect is likely related to knockdown efficiency. I found that the PTEN inhibitor
bpV(pic), at least in my hands, has no effect on neurite outgrowth, and that this limited my
ability to assess the combined effects of Rb knockdown with PTEN inhibition. Further
experimentation using novel inhibitors of PTEN or siRNA knockdown are recommended.
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4. CHAPTER 4: EVALUATING THE PHENOTYPE OF THE NOVEL
PTENFLOX/FLOX;ADVILLIN-CRE+/- CONDITIONAL KNOCKOUT MOUSE
4.1 Introduction
4.1.1 Conditional knockout
Based on previous work by the Zochodne Lab demonstrating the regenerative potential
for PTEN knockdown in vivo (89), it would be desirable to have a PTEN knockout mouse for
more in depth study. For this thesis and future projects, the Zochodne lab has developed a
conditional knockout mouse with PTEN deleted in peripheral sensory neurons. Following my
evaluation of the conditional knockout mouse phenotype, future experiments will potentially
incorporate knockdown of Rb with a nerve injury model.
Total knockout animals can be compromised by viability issues, often being embryonic
lethal (95, 114, 168, 169) or having forms of morbidity that cloud the questions being asked of
them, so a conditional knockout mouse for PTEN would be required. The widely-utilized Crelox system allows spatial and temporal control over gene knockout by selecting an appropriate
promoter. In the Cre-lox system for conditional knockout, the target gene must first be flanked
with specific DNA sequences called loxP sites, this gene is then said to be “floxed”. In another
mouse, the expression of Cre recombinase can be controlled by linking it to specific gene
promoter sequences. When the two mouse strains are crossed, wherever Cre recombinase is
expressed, it will recognize the loxP sites and excise the floxed gene. By carefully identifying an
appropriate promoter to drive Cre expression it is possible to selectively excise a floxed gene
from a target tissue or cell type.
Here I use the PTENflox/flox;Advillin-Cre+/- conditional knockout mouse in which the gene
PTEN is deleted from peripheral sensory neurons. Sensory neuronal specificity is accomplished
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by using the advillin promoter to drive the expression of Cre recombinase. Expression of advillin
in the nervous system is restricted to peripheral sensory neurons (with the exception of Mo5
motor neurons in the brain [166]) and is not expressed during early development of the nervous
system.

Figure 4.1 – Cre-lox conditional knockout system. A mouse strain carrying the gene for Cre
recombinase under control of a tissue-specific promoter is crossed with a mouse strain that has
a target gene flanked by loxP sites (floxed). The floxed gene will be recognized and inactivated
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by Cre recombinase wherever it is expressed. Figure reproduced from Rosenthal & Brown, 2007
(167).
4.1.2 Advillin-Cre
Advillin is a protein belonging to the gelsolin superfamily, which are actin-binding
proteins involved in cytoskeletal remodeling (170, 171). Its expression in mice has been
identified in the testes, the uterine and intestinal linings and in the nervous system (170). By
using an alkaline phosphatase gene (hPLAP) under control of the advillin promoter, Hasegawa et
al. (2007), found that advillin expression in the nervous system was almost exclusive to sensory
neurons with the exception of the Mo5 motoneurons and that expression begins late in
embryonic development (around E12.5) reaching a maximum at E16.5 (166). Advillin then, is
not necessary for early development of the nervous system; however it is required for normal
regenerative axon growth as demonstrated by in vitro and in vivo studies (166). An Advillin-Cre
mouse line developed by Zurborg et al. (2011) was evaluated for the potential effects of Cre
expression in sensory neurons with the finding that Cre expression does not alter mechanical or
thermal nociception compared to wild type littermates (172). These experiments have thus
established advillin as a promising promoter for generating peripheral sensory neuron-specific
conditional knockout mice.
The PTENflox/flox;Advillin-Cre+/- mouse strain offers strong potential for the study of
PTEN in sensory neurons and could facilitate in vivo investigation of co-knockdown of PTEN
with other tumour-suppressors such as Rb. However, being a novel transgenic its phenotype has
not been described. In this chapter I evaluate the peripheral nervous system of this mouse strain
by examining sensory and motor behavioural responses, nerve conduction and morphology in
both a naïve state as well as in a nerve injury paradigm to assess its regenerative capabilities.
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4.2 Methods
4.2.1 PTENflox/flox;Advillin-Cre+/- mice
Homozygous PTENflox/flox mice were bred with PTENflox/+; AdvillinCre/+ or PTENflox/+;
AdvillinCre/Cre mice and screened for the PTENflox/flox; AdvillinCre/+ genotype in order to generate a
conditional knockout model where PTEN is knocked out in adult sensory neurons. AdvillinCre/+
or AdvillinCre/Cre littermates are used as controls. AdvillinCre/+ mice were obtained from Dr. Fan
Wang (Duke University) (173), and PTENflox/flox mice were obtained from Dr. Carol Schuurmans
(University of Calgary) (174). Sciatic nerve crush was used to generate a nerve injury model. All
experimental knockout mice (henceforth referred to as PTEN cKO) that were used tested
positive for the genotype PTENflox/flox; AdvillinCre/+ or PTENflox/flox; AdvillinCre/Cre (zygosity was
not determined for AdvillinCre, only presence/absence). Mice underwent behavioural and nerve
conduction testing at baseline (pre-injury), 14 days post-injury, and at 28 days post-injury.

4.2.2 Genotyping
Real Time PCR was used to confirm the presence of the AdvillinCre transgene, indicated
by appearance of the appropriate peak during a melt curve analysis. PTENflox was detected with
PCR amplification followed by agarose gel electrophoresis. Presence of the wild type PTEN
allele is indicated by a band of 228 bp, and presence of the PTENflox allele is indicated by a band
of 335 bp. All PCR was performed using the StepOnePlus™ Real-Time PCR System (Applied
Biosystems). Primers were synthesized by the University of Calgary Core DNA Services.
AdvillinCre primers:
Advillin forward

5'-CCCTGTTCACTGTGAGTAGG-3'
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AdvillinCre reverse

5'-GCCATCCCTGAACATGTCCATC-3'

PTEN primers:
PTEN forward

5'-GATAGCCCTAACCCCAAGAACG-3'

PTEN reverse

5'-TGAAACCTCCCATGTGCTGAT-3'

PTENflox forward

5'-CTCCTCTACTCCATTCTTCCC-3'

PTENflox reverse

5'-ACTCCCACCAATGAACAAAC-3'

4.2.2 Crush injury model
PTEN cKO and control mice (25-35 g) underwent a unilateral sciatic nerve crush under
2% isoflurane gas anaesthesia. A 5 mm incision was made in the skin at mid-thigh level, and the
sciatic nerve exposed by blunt dissection through the muscle. The nerve was then crushed for 20
s using fine-tipped needle drivers. Incisions were closed with 4-0 vicryl sutures. Post-operative
mice received buprenorphine jelly (5 mg/kg) for 3 days (day 0, 1, 2). At 28 days, mice were
sacrificed by cardiac puncture and the blood was drained. The following tissues (both
contralateral and ipsilateral to injury) were harvested for histological analysis: sciatic nerve, sural
nerve, DRGs (L4, 5, 6), hind paw footpad.

4.2.3 Behavioural Testing
PTEN cKO and Control mice were tested for mechanosensitivity, thermal sensitivity,
grip strength and gait as described below.

59

4.2.3.1 Mechanosensitivity
Mechanosensation was assessed using a Dynamic Plantar Aesthesiometer (Ugo Basile).
Mice were placed on a metal grate, and a wire filament was pushed against the plantar surface of
the hind paw (ipsilateral to injury) with increasing force until paw withdrawal. Force and latency
to withdrawal were recorded at the instant of paw withdrawal. The mean of 3 consecutive
measures was used.

4.2.3.2 Thermal sensitivity
Thermal sensitivity was assessed using a Plantar Test (Hargreaves Apparatus) (Ugo
Basile). Mice were placed on a transparent surface and an infrared heat source of increasing
intensity was applied to the plantar surface of the hind paw (ipsilateral to injury) until paw
withdrawal. Latency was recorded at the instant of paw withdrawal. The mean of 3 consecutive
measures was used.

4.2.3.3 Grip
Hindlimb grip strength was assessed using a Grip-Strength Meter (Ugo Basile). Mice
were held by the tail while being allowed to grab onto plastic cup with their forelimbs. One
hindlimb was allowed to grasp the bar, and the mouse was then pulled backwards until grip was
released. The maximum force at the moment of grip release was recorded. The mean of 3
consecutive measures was used.
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4.2.3.4 Digigait
Gait was analyzed using the Digigait system. Mice were placed onto a transparent
treadmill while their paw images are being recorded by a camera underneath. The mice were run
on the treadmill at a speed of (15 cm/s) and recorded for 8-12 seconds. Gait analysis was
performed using Digigait 12.4 software, reporting the sciatic functional index (SFI), which is a
measure of gait impairment calculated from measurements of paw length, paw width, and toe
spread.

4.2.4 Histology
4.2.4.1 Sciatic/Sural nerve
Nerve tissue was fixed in 2.5% glutaraldehyde/0.025 M cacodylate buffer at 4°C
overnight, then washed 6 times for 5 minutes each in 0.15 M cacodylate buffer. Fixed nerves
were stained in a 2% osmium tetroxide/0.12 M cacodylate solution for 2.5 hrs at room
temperature (RT), then washed 6 times for 5 minutes each in 0.15 M cacodylate buffer. Nerves
were dehydrated using 5 ethanol washes of increasing concentration (70%, 80%, 95%, 100%,
100%) for 8 minutes each, and then twice with 100% propylene oxide for 8 minutes each. The
dehydrated nerves were then infiltrated overnight with a 50:50 (v:v) mixture of
JEMBED:propylene oxide. The nerve tissue was embedded in JEMBED the following day and
baked overnight at 45°C, and overnight again the next day at 65°C. Semithin sections were
stained with toluidine blue and analyzed for cross-sectional area, axon profile count, axon
density and size distribution and using ImageJ. Prior to the fixation protocol, each nerve sample
was assigned unique ID in order to be blinded as to experimental group and nerve type.
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4.2.4.2 Dorsal Root Ganglia
DRGs were fixed overnight at 4°C in modified Zamboni’s fixative (2%
paraformaldehyde and 0.5% picric acid, 0.1 M phosphate buffer), then washed 3 times in 1X
PBS (5 min.), and cryoprotected in 20% sucrose/1X PBS overnight at 4°C before being
embedded in Optimal Cutting Temperature (OCT) compound (TissueTek) at -80°C.
DRG sections (12μm) were washed twice in 1X PBS (5 min.), permeabilized in 1% triton
X-100/1X PBS for 8 minutes, then washed again 3 times in 1X PBS (5 min.) followed by
blocking for 1 hr in 10% goat serum/1X PBS. After blocking, DRG neurons were co-labeled
with NF200 (1:400) and PTEN (1:100) antibodies overnight at 4°C. The next day the tissue was
washed 3 times in 1X PBS (5 min.), then Cy3 (1:100) and Alexa 488 (1:200) secondary
antibodies were applied for 1 hr at RT, and then washed 3 more times in 1X PBS (5 min.) before
being mounted on glass slides with Vectashield mounting medium containing DAPI nuclear
stain.
DRG sections were imaged using a Zeiss Axioskop fluorescence microscope with
Axiocam camera and Axiovision software, and examined for the presence of PTEN within DRG
neurons.

4.2.4.4 Footpad
Footpads were fixed in PLP (paraformaldehyde/lysine/periodate) fixative overnight at
4°C. The tissue samples were washed 3 times in 0.1M Sorrenson’s phosphate buffer (5 min.),
then cryoprotected in 20% glycerol/0.1 M Sorrenson’s phosphate buffer overnight at 4°C before
being embedded in OCT compound at -80°C for sectioning.
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Immunohistochemistry for footpad sections (25 μm) was performed as for DRGs above,
but labeled with PGP9.5 (1:1000) primary antibody and Alexa 488 (1:200) secondary antibody.
Footpad sections were imaged at 60X using an Olympus laser scanning confocal microscope. For
each footpad, 5 consecutive fields from 6 sections (30 in total) were analyzed for intraepidermal
nerve fiber density.

4.2.5 Nerve conduction
Compound muscle action potentials (CMAPs) and sensory nerve action potentials
(SNAPs) were recorded at baseline, 14 days and 28 days. Stimulation and recording were done
using the Nicolet VikingQuest system. During all recordings, mice were under 2% isoflurane gas
anaesthesia and a heat lamp to maintain a near nerve temperature of 37°± C. A grounding
electrode was inserted at the upper thigh with all stimulations. For CMAPs, positive and negative
recording electrodes were placed in the foot with the positive placed 2-3 mm distal to the
negative. Stimulation occurred separately at two sites: sciatic notch, and the knee. The reference
stimulating electrode was inserted 2-3 mm proximal to the negative. A current of 10-15 mA was
used to provide supramaximal stimulation of the sciatic nerve at each location and the distance
between the active stimulating electrodes at each site was recorded. Latency, amplitudes and
conduction velocity from each recording were calculated by the VikingQuest NT software.
SNAPs were acquired with 8-12 mA stimulation at the foot (positive more distal) and recording
at the knee (positive more proximal), and the distance between the two negative electrodes were
recorded. The average of 20 SNAP recordings were used to control for background noise.
Latency, amplitude and conduction velocity (CV) were calculated by the VikingQuest NT
software.
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4.2.6 Statistical Analysis
Statistical analyses were performed using GraphPad Prism, Version 6.01 (GraphPad Software,
Inc., La Jolla, CA). Differences in baseline measures were assessed using Student's t-test (twotailed). Regeneration measures were compared using repeated measures, two-way ANOVA.
Multiple comparisons were performed using Bonferroni’s post hoc test which provides a
conservative statistical adjustment for comparing selected means. Axon size distributions were
analyzed using polynomial regression, and compared using the extra sum-of-squares F-test.
Statistical significance was taken at p < 0.05.

4.3 Results
4.3.1 PTENflox/flox;AdvillinCre/+ mice are functionally normal.
I began my investigation of the novel PTENflox/flox;AdvillinCre/+ conditional knockout mice (PTEN
cKO) by assessing sensory and motor functionality. Mechanical sensitivity testing (Figure 4.2 A)
showed no significant difference in the maximum force to paw withdrawal between control (6.0
± 0.4 g) and cKO (6.5 ± 0.3 g). Thermal sensitivity testing (Figure 4.2 B) showed no significant
difference in latency to paw withdrawal between Control (2.6 ± 0.5 s) and cKO (3.2 ± 0.2 s).
Hindlimb grip strength testing (Figure 4.2 C) showed a decrease in maximum grip force, of
borderline statistical significance (*p = 0.04) in the cKO (31.3 ± 2.2 g) compared to Control
(38.4 ± 2.0 g). However testing the left limbs as a technical replicate did not show a statistically
significant (p = 0.06) difference between Control (36.4 ± 1.9 g) and cKO (29.8 ± 2.6). Gait
analysis showed no difference in sciatic functional index (SFI) between Control (-12.4 ± 3.1) and
cKO (-8.0 ± 4.8) mice.
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Figure 4.2 – PTENflox/flox;AdvillinCre/+ mice are functionally normal. (A) Mechanical sensitivity
thresholds of the right (R) experimental limb, using the Digital Plantar Aesthesiometer (Ugo
Basile). No significant difference in response between AdvillinCre littermates (Control) and
PTENflox/flox;AdvillinCre/+ mice (PTEN cKO). Left (L) limbs tested as a technical control also
showed no difference. (B) Thermal sensitivity thresholds the using the Hargreaves Plantar Test
(Ugo Basile). No significant difference between Control and PTEN cKO in either right or left
limbs. (C) Hindlimb grip strength using the Grip-Strength Meter (Ugo Basile). Borderline
statistical significance (*p = 0.043) for difference (reduced strength in PTEN cKO) between
right limbs, not significant between left limbs. (For all of the above, n = 6 mice per group;
Student’s t-test, two-tailed). (D) Sciatic functional index assessed using the Digigait apparatus.
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No difference between Control and PTEN cKO. An SFI within the range of -5 to -15 indicates
normal function. (n = 5 mice per group; Student’s t-test, two-tailed). Error bars represent
S.E.M.

4.3.2 PTENflox/flox;AdvillinCre/+ mice have larger SNAP amplitudes.
Motor nerve conduction testing (Figure 4.3 A-B) showed no significant difference in CMAP
amplitudes (control, 5.5 ± 0.7 mV; PTEN cKO, 6.5 ± 1.4 mV) or conduction velocities (Control,
58.0 ± 5.7 m/s; PTEN cKO, 48.5 ± 5.7 m/s). Sensory nerve conduction testing (Figure 4.3 C-D)
revealed a 3-fold increase in SNAP amplitudes of the PTEN cKO mice (39.3 ± 8.6 µV)
compared to Controls (12.0 ± 1.7 µV). There was no significant difference in SNAP conduction
velocities (Control, 44.5 ± 2.8 m/s; PTEN cKO, 55.2 ± 4.8 m/s). This is suggestive of an increase
in number of sensory axons with normal myelination, but could also result from reduced
temporal dispersion of action potentials, or altered axonal excitability due to changes in axon
channel properties.
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Figure 4.3 – Motor and sensory nerve conduction. (A) Compound muscle action potentials
(CMAPs) in Control and PTEN cKO mice. (B) No significant difference CMAP amplitudes or
conduction velocities (CV) between Control and PTEN cKO mice. (C) Sensory nerve action
potentials (SNAPs) in Control and PTEN cKO mice. (D) PTEN cKO mice have significantly
larger SNAP amplitudes (n = 6 mice per group; *p = 0.011; Student’s t-test, two-tailed). No
difference in SNAP conduction velocities. Error bars represent S.E.M.
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4.3.3 Behavioural and electrophysiogical parameters following sciatic nerve injury in
PTENflox/flox;AdvillinCre/+ mice are comparable to Control mice
After performing a unilateral sciatic nerve crush, I repeated the behavioural testing and nerve
conduction recordings 14 and 28 days later. Mice became more sensitive to mechanical stimuli
(Figure 4.4 A) at 14 days post-crush, with the minimum force needed to elicit a paw withdrawal
response decreasing to similar levels in both Control (2.7 ± 0.3 g) and PTEN cKO (2.8 ± 0.3 g).
Increased sensitivity is a recognized result of injury, likely due to collateral sprouting from other
innervating nerves. The heightened sensitivity was maintained at 28 days, again with no
difference between Control (3.1 ± 0.2 g) and PTEN cKO (2.8 ± 0.1 g) mice. Thermal sensitivity
(Figure 4.4 B) increased slightly at 14 days with a small difference between Control (1.8 ± 0.3 s)
and PTEN cKO (2.7 ± 0.2 s) mice, but this was not statistically significant. The heightened
sensitivity was maintained at 28 days, with no longer a difference between Control (2.0 ± 0.2 s)
and PTEN cKO (2.3 ± 0.3 s) mice. Hindlimb grip strength (Figure 4.4 C) decreased at 14 days
(Control, 13.7 ± 1.9 g; PTEN cKO, 10.7 ± 3.4 g) and recovered at 28 days (Control, 32.4 ± 3.2
g; PTEN cKO, 32.1 ± 1.9 g) with no difference between groups at either time-point. Gait
analysis (Figure 4.4 D) showed a decreased SFI (indicating impaired gait) at 14 days (Control, 28.4 ± 4.1; PTEN cKO, -22.6 ± 5.4), which recovered at 28 days post-crush (Control, -12.7 ±
4.6; PTEN cKO, -12.4 ± 6.4), with no difference between groups at either time-point.
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Figure 4.4 – Behavioural responses 0, 14, and 28 days after sciatic nerve crush. (A)
Mechanical sensitivity increased post-injury and persisted to 28 days. No significant difference
between Control and PTEN cKO. (B) Thermal sensitivity increased slightly post-injury and
persisted to 28 days. Non-significant difference between Control and PTEN cKO at 14 days. (C)
Hindlimb grip strength decreased post-injury and recovered at 28 days. No significant difference
between Control and PTEN cKO. (D) Gait analysis showed impaired gait mechanics (decreased
SFI) post-injury with recovery at 28 days. No significant difference between Control and PTEN
cKO. (n = 5 mice per group; repeated measures, two-way ANOVA; Bonferroni’s post hoc).
Error bars represent S.E.M.
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CMAPs (Figure 4.5 A-B) were abolished in the PTEN cKO mice at 14 days post-crush, however
small amplitude potentials could be recorded in Control mice (amplitude, 0.4 ± 0.1 mV;
conduction velocity, 25.0 ± 8.4 m/s). These responses can be difficult to distinguish from volume
conduction by nearby stimulated muscle fibers. The CMAPs detected in the Control group were
unlikely due to incomplete crush since histological sections using the same approach for all mice
in both groups have not identified spared fibers. Partial recovery was seen at 28 days with no
difference between Control (amplitude, 2.0 ± 0.3 mV; conduction velocity, 29.8 ± 2.3 m/s) and
PTEN cKO (amplitude, 2.6 ± 0.9 mV; conduction velocity, 27.2 ± 3.7 m/s) mice.
SNAPs (Figure 4.5 C-D) in both groups at 14 days post-crush had severe reductions in
amplitudes (Control, 1.5 ± 0.7 µV; PTEN cKO, 0.3 ± 0.3 µV) and conduction velocities
(Control, 16.3 ± 7.4; PTEN cKO, 5.3 ± 5.3 m/s). Partial recovery was seen at 28 days with no
difference between Control (amplitude 3.3 ± 1.7 µV; conduction velocity, 15.0 ± 8.5 m/s) and
PTEN cKO (amplitude, 4.8 ± 1.9 µV; conduction velocity, 19.2 ± 2.3 m/s) mice, albeit a trend
toward higher values in the cKO mice. Also interesting to note is that only 3 of the 6 Control
mice had detectable SNAPs at 28 days, while they could be detected in all of the PTEN cKO
mice.
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Figure 4.5 – Nerve conduction responses 0, 14, and 28 days after sciatic nerve crush. (A)
CMAP amplitudes decrease to zero after injury and partially recover at 28 days. No significant
difference between Control and PTEN cKO. (B) CMAP conduction velocities decrease after
injury and partially recover at 28 days. Control group has significantly higher conduction
velocity at 14 days (n = 5 mice per group; **p < 0.01; repeated measures, two-way ANOVA;
Bonferroni’s post hoc) compared to PTEN cKO. This is likely not meaningful due to the
negligible CMAP amplitudes at 14 days. (C) SNAP amplitudes decrease to zero after injury and
partially recover at 28 days. No difference post-injury between Control and PTEN cKO. As
mentioned before, PTEN cKO had significantly higher SNAP amplitudes prior to injury (n = 5
mice per group; ***p < 0.001; repeated measures, two-way ANOVA; Bonferroni’s post hoc).
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(D) SNAP conduction velocities decrease after injury with partial recovery at 28 days. No
difference between Control and PTEN cKO. Error bars represent S.E.M.

4.3.4 PTENflox/flox;AdvillinCre/+ mice have enlarged nerves
Morphological analysis of sciatic and sural nerves revealed enlarged nerves in
PTENflox/flox;AdvillinCre/+ mice. Sciatic nerves were larger on average in terms of cross-sectional
area (Figure 4.6, A) in PTEN cKO mice (uninjured, 0.24 ± 0.03 mm2; injured, 0.25 ± 0.03 mm2)
compared to Control (uninjured, 0.17 ± 0.01 mm2; injured, 0.18 ± 0.01 mm2) (*p = 0.026;
repeated measures, two-way ANOVA, main effect), but this was not statistically significant in
post hoc multiple comparisons (Bonferroni’s test). The number of myelinated axon profiles
(Figure 4.6, B) was greater on average in PTEN cKO mice (uninjured, 5866 ± 765; injured, 6824
± 868) compared to Control (uninjured, 3708 ± 367; injured, 4341 ± 265) (*p = 0.016; repeated
measures, two-way ANOVA, main effect), and in post hoc (Bonferroni’s test) multiple
comparisons the axon profile count was significantly greater in the PTEN cKO mice compared to
Control at 28 days post-crush. There was no difference in axon density (Figure 4.6, C) between
Control (uninjured, 22020 ± 1252 axons/mm2; injured, 24235 ± 2317 axons/mm2) and PTEN
cKO (uninjured, 24605 ± 1200 axons/mm2; injured, 27291 ± 1532 axons/mm2) groups.
Polynomial regression analysis of axon size distribution (Figure 4.6, D-E) showed no difference
(equivalent regression curves) in distributions between Control and PTEN cKO in either
uninjured nerve or 28-days post crush injury. Visual inspection of sciatic nerves in cross-section
(Figure 4.6, F) shows noticeably larger size and unusual “islands” of smaller diameter axons in
PTEN cKO nerves.

72

Figure 4.6 – Sciatic nerve morphology of naïve (uninjured) and injured (28 days post-sciatic
nerve crush) nerves (A) Cross-sectional area of sciatic nerve. Significant difference in size
overall between Control and PTEN cKO (n = 5 mice per group; *p = 0.0261; repeated
measures, two-way ANOVA, main effect), increases in area of PTEN cKO nerves before and
after injury were not significant (Bonferroni’s post hoc). (B) Sciatic nerve axon count.
Significant difference in number of axons/mm2 overall between Control and PTEN cKO (n = 5
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mice per group; *p = 0.016; repeated measures, two-way ANOVA, main effect), significantly
more axons in PTEN cKO nerves at 28 days post-crush than in Control nerves (n = 5 mice per
group; *p < 0.05; Bonferroni’s post hoc). (C) No significant differences in axon density. (D)
Axon size distributions of uninjured nerve. No difference between Control and PTEN cKO (n = 5
mice per group; polynomial regression, extra sum-of-squares F test) (E) Axon size distributions
of 28-day injured nerve. No significant difference between Control and PTEN cKO (n = 5 mice
per group; polynomial regression, extra sum-of-squares F test). (F) Uninjured sciatic nerves in
cross-section. Staining is toluidine blue. Note “islands” of smaller-diameter axons in PTEN cKO
nerve. Error bars represent S.E.M.

Sural nerves were also larger on average in terms of cross-sectional area (Figure 4.7, A) in PTEN
cKO mice (uninjured, 0.041 ± 0.008 mm2; injured, 0.039 ± 0.007 mm2) compared to Control
(uninjured, 0.021 ± 0.001 mm2; injured, 0.025 ± 0.003 mm2) (*p = 0.018; repeated measures,
two-way ANOVA, main effect), and post hoc multiple comparisons (Bonferroni’s test) showed
significantly greater area in uninjured PTEN cKO nerve compared to Control. The number of
axon profiles (Figure 4.7, B) was greater on average in PTEN cKO mice (uninjured, 1448 ± 352;
injured, 934 ± 250) compared to Control (uninjured, 577 ± 22; injured, 588 ± 57) (*p = 0.027;
repeated measures, two-way ANOVA, main effect), and in post hoc (Bonferroni’s test) multiple
comparisons the axon profile count was significantly greater in the uninjured PTEN cKO nerve
compared to Control. There was no significant difference in axon density (Figure 4.7, C)
between Control (uninjured, 27880 ± 1168 axons/mm2; injured, 24386 ± 2620 axons/mm2) and
PTEN cKO (uninjured, 34410 ± 3732 axons/mm2; injured, 23503 ± 2968 axons/mm2) groups.
Polynomial regression analysis of axon size distribution (Figure 4.7, D-E) showed no difference
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between Control and PTEN cKO in the uninjured sural nerve. There was a significant difference
between regression curves of Control and PTEN cKO axon distributions in the 28-day post-crush
sural nerve (*p = 0.024, extra sum-of-squares F test), with PTEN cKO having a steeper curve,
indicating a greater proportion of smaller-diameter axons. Visual inspection of sural nerves in
cross-section (Figure 4.7, F) shows noticeably larger size in PTEN cKO.
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Figure 4.7 – Sural nerve morphology of naïve (uninjured) and injured (28 days post-sciatic
nerve crush) nerves (A) Cross-sectional area of sural nerve. Significant difference in size
overall between Control and PTEN cKO (n = 4-6 mice per group; *p = 0.018; repeated
measures, two-way ANOVA, main effect), significantly larger cross-sectional area in PTEN cKO
nerve before injury compared to Control (*p < 0.05; Bonferroni’s post hoc). (B) Sural nerve
axon count. Significant difference in number of axons/mm2 overall between Control and PTEN
cKO (n = 4-6 mice per group; *p = 0.0274; repeated measures, two-way ANOVA, main effect),
significantly more axons in PTEN cKO nerves at 28 days post-crush than in Control nerves (n =
4-6 mice per group; **p < 0.01; Bonferroni’s post hoc). (C) No significant differences in axon
density. (D) Axon size distributions of uninjured nerve. No difference between Control and PTEN
cKO (n = 4-6 mice per group; polynomial regression, extra sum-of-squares F test) (E) Axon size
distributions of 28-day injured nerve. Greater proportion of smaller-diameter axons in PTEN
cKO nerves than in Control (n = 4-6 mice per group; *p = 0.024; polynomial regression, extra
sum-of-squares F test). (F) Uninjured sural nerves in cross-section. Staining is toluidine blue.
Error bars represent S.E.M.

4.3.5 PTENflox/flox;AdvillinCre/+ mice have normal skin innervation.
Analysis of epidermal nerve fibre innervation (Figure 4.8) showed no difference between
Control and PTEN cKO in the number of vertically-oriented nerve fibres (Figure 4.8, B) either
before (Control, 325 ± 49; PTEN cKO, 260 ± 34) or 28 days after (Control, 66 ± 18; PTEN cKO,
76 ± 33) sciatic nerve crush injury. Similarly there was no difference in horizontally-oriented
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nerve fibres (Figure 4.8, C) either before (Control, 105 ± 29; PTEN cKO, 100 ± 30) or 28 days
after (Control, 49 ± 17; PTEN cKO, 55 ± 16) injury.

Figure 4.8 – Epidermal nerve fibres (A) Confocal images of footpad sections from naïve
(uninjured) and injured (28 days post sciatic nerve crush) hindlimbs. Staining is PGP9.5 (B)
Quantification of vertically oriented epidermal nerve fibres. No difference between Control and
PTEN cKO (n = 5 mice per group; two-way, repeated measures ANOVA; Bonferroni’s post hoc
test) (C) Quantification of horizontally oriented epidermal nerve fibres. No difference between
Control and PTEN cKO (n = 5 mice per group; two-way, repeated measures ANOVA;
Bonferroni’s post hoc test). Error bars represent S.E.M.
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4.3.6 PTEN expression in DRGs
Immunohistochemistry performed on DRG sections to stain for PTEN expression (Figure
4.9). There is a tendency for brighter staining in smaller diameter neurons. Staining was not
appreciably different between Control and PTEN cKO DRGs but quantitative luminosity
analysis was not carried out and samples were not available for western immunoblotting.

Figure 4.9 – DRG sections immunostained for PTEN. (A) DRG section from AdvillinCre
Control. (B) DRG section from PTENflox/flox;AdvillinCre/+ knockout. DAPI nuclear stain (blue),
PTEN (green), NF200 (red), and merged channels.

4.4 Discussion & Summary
In this chapter, I have evaluated the peripheral nerve morphology and functionality of the novel
PTENflox/flox;AdvillinCre/+ conditional knockout mouse (PTEN cKO), which has PTEN knocked
out in DRG sensory neurons. Nerve conduction studies showed that PTEN cKO mice exhibit
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increased sensory nerve action potential (SNAP) amplitudes. The amplitude of a SNAP provides
an indirect measure of the number of sensory axons contributing to the recorded potential
(175, 176). Reductions in axon number, as a result of injury or disease, are associated with
decreases in SNAP amplitude (176). Thus an increase in SNAP amplitude would suggest a
corresponding increase in the number of axons contributing to the response. When I examined
the sciatic and sural nerve morphology of the PTEN cKO mice, the findings supported this
possibility.
The sciatic nerve is a mixed nerve that contains both motor and sensory axons, while the sural is
primarily sensory. PTEN cKO sciatic and sural nerves were noticeably larger in terms of crosssectional area and both contained more myelinated axons. These increases were statistically
significant for the sural nerve, but not for the sciatic (possibly because the sensory axon
population is diluted by the motor population), a larger sample size may be needed to increase
statistical power. Interestingly, there were unusual patches or “islands” of smaller-diameter
myelinated axons throughout the sciatic nerve. These might be groups of collateral branches that
are sprouting from sensory axons and contributing to the increased axon counts.
A review of axonal branching mechanisms (177) identified PTEN as an important negative
regulator of axonal branching, with PI3K-Akt signaling involved in promoting collateral
sprouting. In the PNS, stimulating PI3K with NGF increases the rate of formation of F-actin
patches along the axon (a prerequisite step in the formation of collateral branches) (178). In the
CNS, Cre-mediated deletion of PTEN in cortical and hippocampal neurons results in
enlargement of the associated brain structures accompanied by increased dendritic arborization
(184, 185). This not unlike the changes I have observed in peripheral nerve of the
PTENflox/flox;AdvillinCre/+ mice.
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Functional behavioural testing of these mice showed normal responses to mechanical and
thermal stimuli, as well as normal motor function. Examining skin innervation in sections of
footpad showed normal intraepidermal nerve fiber density. Thus it seems these additional axons
are not contributing to functional responses, and perhaps are not reaching their target tissues.
Surprisingly, PTEN expression appeared to be equivalent to AdvillinCre controls in
immunostained sections of DRG. This might be explained by uptake of PTEN originating from
other cell types in the DRG, as PTEN can be secreted or exported in exosomes and taken up by
other cells (186, 187). As well, it may be that a reduction in PTEN expression is simply not
appreciable from the immunostained sections. Unfortunately a proper assessment of PTEN
expression was impeded by technical issues, and will have to be conducted in future
experiments.
In addition to the enlarged nerve phenotype, regeneration studies with these mice showed
promise. There were no differences in recovery of behavioural and nerve conduction responses,
however the PTENflox/flox;AdvillinCre/+ mice showed some morphological differences. 28-days
after injury, PTEN cKO mice have significantly more myelinated axons in the sciatic nerve.
Axon counts of injured sural nerve were similar to Control, however there was a shift towards a
greater proportion of smaller-diameter myelinated axons in the knockout. Following injury,
regenerating axons will sprout collaterals forming groups of axons called regenerating units
(179). This sprouting results in increased myelinated axon counts in regenerated compared to
intact nerves (179, 180). Increased sprouting of regenerating units in the PTEN cKO sciatic
could account for the higher axon count. Because the sural nerve is distal to the sciatic,
regenerating axons require more time to reach the sural, thus an extended experimental time
point may be needed in order to see an increase in axon number in injured sural nerve. Smaller,
80

immature collateral branches sprouting off the distal ends of regenerating axons might account
for the shift in distribution towards smaller-diameter myelinated axons.
A likely alternative, and perhaps synergistic, explanation for the increased myelinated axon
count in uninjured nerve may be linked to developmental changes in the DRGs. In the CNS,
PTEN has been shown to associate with the pro-apoptotic protein Bax, promoting its entry to
mitochondria where it initiates apoptosis, and that knockdown of PTEN inhibits apoptosis
(181, 182). Bax activity has been shown to be required for developmental apoptosis in DRG
neurons during embryonic days E11.5 - E14.5, and Bax knockout mice exhibit increases in the
number of myelinated axons in peripheral (facial) nerve as well as optic nerve (183). In addition,
there is a pattern of smaller-diameter myelinated axons present in the Bax knockout facial nerve
(183) that resembles (though to a much lesser extent) the “islands” of smaller diameter axons
that I observed in the PTENflox/flox;AdvillinCre/+ sciatic nerve. Expression of advillin in DRGs
begins at E11.5 and reaches a maximum at E16.5 (166), overlapping with Bax mediated
apoptosis. Thus PTEN knockout may be preventing apoptosis in developing DRGs at this stage
resulting in supernumerary neurons and leading to increased myelinated axon counts.

In summary, PTENflox/flox;AdvillinCre/+ mice exhibit enlarged peripheral nerves with increased
numbers of myelinated axons. During regeneration, there was smaller increase of sciatic axons
and an increase in proportion of smaller diameter sural axons. This suggests a potential role in
peripheral nerve regeneration which should be further investigated. These effects could be
explained by supernumerary DRG neurons arising from inhibition of Bax-mediated apoptosis.
Alternatively, there may be increased collateral branching due to disinhibition of PI3K-Akt
signaling through loss of PTEN.
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5. CHAPTER 5: REVISITING THE PTENFLOX/FLOX;ADVILLINCRE/+
CONDITIONAL KNOCKOUT MICE
5.1 Introduction
In the previous chapter I described the interesting phenotype (enlarged peripheral nerves
with more myelinated axons) of the PTENflox/flox;AdvillinCre/+mice and noted that the nerve injury
experiment suggested potential for enhanced regeneration, which may be more evident if given a
longer time to regenerate. I decided to repeat the experiment and extend the endpoint to 42 days.
It took some time to breed enough animals for this repeat experiment, so the mice used in this
chapter were 2 or 3 generations beyond the original cohort (F3-4). The genotypes of all the mice
used in this experiment were previously confirmed by PCR.

5.2 Methods
5.2.1 Nerve injury, nerve conduction, behaviour & histology
Nerve injury, nerve conduction, behaviour & histology were all performed as described in
Chapter 4, but with an extension of the experimental endpoint to 42 days.

5.2.2 Western Blot
Total protein was extracted from DRG tissue by homogenization in a tissue grinder with
a protein lysate buffer (50 mM Tris-HCL, 1% NP-40, 1 mM EDTA, 1 mM Na3VO4, 1 mM NaF,
10% glycerol, 1 mM DTT, 4.5 mM NaPyrophosphate, 10 mM beta-glycerophosphate, 1/2
protease inhibitor cocktail tablet [Roche]). The homogenate was allowed to sit on ice for 20
minutes before being centrifuged at 14,000 rpm at 4°C for 25 minutes. The protein concentration
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of the resulting supernatant was then determined using the Pierce BCA Protein Assay Kit
(Thermo Fisher Scientific).
40 µg of protein was mixed with an equal volume of loading buffer and heated at 95°C
for 5 minutes, then the protein samples were loaded into each well of a stacking gel (5%
polyacrylamide), and separated by running at 100 V though a 10% polyacrylamide resolving gel
in 1X TGS running buffer for approximately 1 hour. The separated proteins were then
transferred onto a PVDF membrane by running overnight at 20 V in transfer buffer (20%
methanol/1X TG). The next day, the membrane was removed and blocked in 10% milk/1X
TTBS for 1 hr. Blocking solution was removed and the primary antibody solution was added
(rabbit anti-PTEN, 1:1000 dilution in 10% milk/1X TTBS), and agitated overnight at 4°C. The
next day, the membrane was washed in 1X TTBS for 5 minutes (5x) then agitated for 1 hour
with the secondary antibody solution (horseradish peroxidase conjugated goat anti-rabbit, 1:1000
dilution in 10% milk/1X TTBS). The membrane was again washed in 1X TTBS for 5 minutes
(5x) before being activated with ECL, exposed to photographic film and developed in a dark
room. Protein levels were quantified using Gel Analyzer (ImageJ). PTEN (m): 293T Lysate
(Santa Cruz Biotechnology) was used as a positive control for PTEN expression.

5.2.3 Statistical Analysis
Statistical analyses were performed using GraphPad Prism, Version 6.01 (GraphPad Software,
Inc., La Jolla, CA). Differences in baseline measures were assessed using Student's t-test (twotailed). Regeneration measures were compared using repeated measures, two-way ANOVA.
Multiple comparisons were performed using Bonferroni’s post hoc test. Axon size distributions
were analyzed using polynomial regression, and compared using the extra sum-of-squares F-test.
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Protein expression from Western blot were compared using Student’s t-test (two-tailed).
Statistical significance was taken at p < 0.05.

5.3 Results
5.3.1 PTENflox/flox;AdvillinCre/+ mice are comparable to control mice in terms of
behavioural and nerve conduction responses.
As

before,

behavioural

testing

showed

no

significant

differences

between

PTENflox/flox;AdvillinCre/+ (PTEN cKO) mice and AdvillinCre (Control) littermates. Mechanical
sensitivity threshold (Figure 5.1 A) was similar between PTEN cKO and Control mice before
injury (Control, 6.2 ± 0.9 g; PTEN cKO, 6.8 ± 0.6 g) and at the extended 42-day time point
(Control, 6.0 ± 0.6 g; PTEN cKO, 4.6 ± 0.4 g). Thermal sensitivity thresholds (Figure 5.1 B)
were similar before injury (Control, 1.8 ± 0.3 s; PTEN cKO, 1.5 ± 0.3 s) and at 42-days postinjury (Control, 3.0 ± 0.4 s; PTEN cKO, 3.1 ± 0.3 s). Hindlimb grip strength (Figure 5.1 C) was
also similar between PTEN cKO and Control mice before injury (Control, 37.6 ± 3.8 g; PTEN
cKO, 33.7 ± 3.0 g) and at 42-days post-injury (Control, 25.5 ± 1.0 g; PTEN cKO, 25.3 ± 1.8 g).
Gait mechanics (Figure 5.1 D) were similar before injury (Control, -7.6 ± 2.9; PTEN cKO, -4.8 ±
2.1). There appeared to be a slight impairment in PTEN cKO at 42 days (Control, -6.9 ± 4.5;
PTEN cKO, -16.6 ± 4.1), but this was not statistically significant.
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Figure 5.1 – Behavioural responses 0, 14, 28 and 42 days after sciatic nerve crush. (A)
Mechanical sensitivity increased slightly post-injury and recovered by 42 days. No significant
difference between Control and PTEN cKO. (B) Thermal sensitivity decreased post-injury and
persisted to 42 days. No significant difference between Control and PTEN cKO (C) Hindlimb
grip strength decreased post-injury and partially recovered by 42 days. No significant difference
between Control and PTEN cKO (D) Gait analysis showed impaired gait mechanics (decreased
SFI) post-injury with recovery by 42 days. No significant difference between Control and PTEN
cKO. (n = 7-8 mice per group; repeated measures, two-way ANOVA; Bonferroni’s post hoc).
Error bars represent S.E.M.
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Nerve conduction measures also showed no difference between PTEN cKO and Control mice.
Unlike in the previous experiment, this time there was no difference in SNAP amplitudes.
CMAP amplitudes (Figure 5.2 A) were similar between PTEN cKO and Control mice before
injury (Control, 8.6 ± 0.6 mV; PTEN cKO, 7.5 ± 1.0 mV) and at 42 days post-injury (Control,
2.4 ± 0.3 mV; PTEN cKO, 2.0 ± 0.2 mV). CMAP conduction velocities (Figure 5.2 B) were also
similar before injury (Control, 57.3 ± 10.1 m/s; PTEN cKO, 55.0 ± 8.4 m/s) and at 42 days postinjury (Control, 36.1 ± 8.5 m/s; PTEN cKO, 28.8 ± 2.2 m/s). There was no difference in SNAP
amplitudes (Figure 5.2 C) before injury (Control, 14.9 ± 2.2 µV; PTEN cKO, 16.0 ± 2.0 µV) or
42 days post-injury (Control, 3.6 ± 1.1 µV; PTEN cKO, 4.5 ± 1.4 µV). SNAP conduction
velocities (Figure 5.3 D) were also similar before (Control, 36.4 ± 2.5 m/s; PTEN cKO, 29.4 ±
1.5 m/s) and 42 days post-injury (Control, 17.6 ± 3.4 m/s; PTEN cKO, 22.3 ± 2.2 m/s).
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Figure 5.2 – Nerve conduction responses 0, 14, 28 and 42 days after sciatic nerve crush. (A)
CMAP amplitudes decrease to zero after injury and partially recover by 42 days. No significant
difference between Control and PTEN cKO. (B) CMAP conduction velocities decrease after
injury and partially recover by 42 days. (C) SNAP amplitudes decrease to zero after injury and
partially recover by 42 days. No significant difference between Control and PTEN cKO. (D)
SNAP conduction velocities decrease after injury with partial recovery by 42 days. No difference
between Control and PTEN cKO (n = 7-8 mice per group; repeated measures, two-way ANOVA;
Bonferroni’s post hoc). Error bars represent S.E.M.
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5.3.2 PTENflox/flox;AdvillinCre/+ mice have normal peripheral nerve morphology.
Morphological analysis of sciatic and sural nerves showed no differences between
PTENflox/flox;AdvillinCre/+ mice and AdvillinCre littermate controls. These studies did not replicate
the findings of the original litter discussed in Chapter 3. Cross-sectional area (Figure 5.3 A) of
the uninjured sciatic nerve in PTEN cKO mice showed decrease compared to Control (Control,
0.26 ± 0.04 mm2; PTEN cKO, 0.20 ± 0.02 mm2), but this was not statistically significant. There
was no difference 42 days after injury (Control, 0.27 ± 0.03mm2; PTEN cKO, 0.26 ± 0.01 mm2).
A similar decrease was seen in the number of axons (Figure 5.3 B) before injury (Control, 4808
± 337; PTEN cKO, 3732 ± 423). There was no difference 42 days after injury (Control, 3190 ±
547; PTEN cKO, 3367 ± 294). Sciatic axon densities (Figure 5.3 C) were similar both before
(Control, 19386 ± 1271 axons/mm2; PTEN cKO, 18401 ± 1286 axons/mm2) and after injury
(Control, 11839 ± 2240 axons/mm2; PTEN cKO, 13369 ± 1334 axons/mm2). There were no
differences in sciatic axon distribution (Figure 5.3 C-D).
Cross-sectional area (Figure 5.4 A) of the uninjured (Control, 0.026 ± 0.002 mm2; PTEN cKO,
0.027 ± 0.001 mm2) and 48-day injured (Control, 0.029 ± 0.002 mm2; PTEN cKO, 0.030 ± 0.002
mm2) sural nerve showed no differences between PTEN cKO and Control mice. There were also
no differences seen in terms of sural (Figure 5.4 B-E) axon count (uninjured [Control, 662 ± 64;
PTEN cKO, 706 ± 42], injured [Control, 609 ± 101; PTEN cKO, 564 ± 72]), density (uninjured
[Control 25345 ± 893 axons/mm2; PTEN cKO, 26251 ± 943 axons/mm2], injured [Control,
19441 ± 2798 axons/mm2; PTEN cKO, 19281 ± 2634 axons/mm2]), or size distribution.
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Figure 5.3 – Sciatic nerve morphology of naïve (uninjured) and injured (42 days post-sciatic
nerve crush) nerves (A) Cross-sectional area of sciatic nerve. No difference between Control
and PTEN cKO. (B) Sciatic nerve axon count. No significant difference between Control and
PTEN cKO. (C) No significant differences in axon density between Control and PTEN cKO. (n =
7-8 mice per group; repeated measures, two-way ANOVA, Bonferroni’s post hoc) (D) Axon size
distributions of uninjured nerve. No difference between Control and PTEN cKO (n = 7-8 mice
per group; polynomial regression, extra sum-of-squares F test) (E) Axon size distributions of 42day injured nerve. No significant difference between Control and PTEN cKO (n = 7-8 mice per
group; polynomial regression, extra sum-of-squares F test). Error bars represent S.E.M.
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Figure 5.4 – Sural nerve morphology of naïve (uninjured) and injured (42 days post-sciatic
nerve crush) nerves (A) Cross-sectional area of sural nerve. No difference between Control and
PTEN cKO. (B) Sural nerve axon count. No significant difference between Control and PTEN
cKO. (C) No significant differences in axon density between Control and PTEN cKO. (n = 7-8
mice per group; repeated measures, two-way ANOVA, Bonferroni’s post hoc) (D) Axon size
distributions of uninjured nerve. No difference between Control and PTEN cKO (n = 7-8 mice
per group; polynomial regression, extra sum-of-squares F test) (E) Axon size distributions of 42day injured nerve. No significant difference between Control and PTEN cKO (n = 7-8 mice per
group; polynomial regression, extra sum-of-squares F test). Error bars represent S.E.M.
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5.3.3 PTEN is expressed in the DRGs of PTENflox/flox;AdvillinCre/+ mice exhibiting loss
of phenotype.
A side-by-side comparison (Figure 5.6 A-D) of the significant findings from the first
PTENflox/flox;AdvillinCre/+ mouse experiment (Chapter 4) with the corresponding measures from
later generation of mice used in this chapter shows that they have lost the previously observed
phenotype and reverted to Control values. Assessing the mice used in this chapter for PTEN
protein expression in DRG tissue by Western blot (Figure 5.6 E-F) showed that PTEN was
present at similar levels (i.e. ratio of PTEN/Actin) in both the PTEN cKO (0.42 ± 0.04) and
Control mice (0.49 ± 0.02). Immunohistochemistry of DRG sections (Figure 5.7) also showed
similar expressions of PTEN in both groups of mice.
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Figure 5.5 – Loss of phenotype previously observed in the PTENflox/flox;AdvillinCre/+ mice. (AD) Comparison of results from this experiment (Expt 2) with those of the original experiment
(Expt 1) described in Chapter 4. (A) Cross-sectional area of sural nerve. The increase seen in
Expt 1 was absent in Expt 2, with PTEN cKO levels comparable to both Control groups. (B)
Number of axon profiles in sural nerve. The increase seen in Expt 1 was absent in Expt 2, with
PTEN cKO levels comparable to both Control groups. (C) Sural nerve axon density. The
increase seen in Expt 1 was absent in Expt 2, with PTEN cKO levels comparable to both Control
groups. (D) SNAP Amplitudes. The increase seen in Expt 1 was absent in Expt 2, with PTEN
cKO levels comparable to both Control groups. (E) Western blot of DRGs from Expt 2 mice
showing PTEN levels. The bands marked PTEN* are residual luminescence from the first
probing of the membrane for PTEN. First lane is a positive Control PTEN lysate. (F)
Quantification of Western blot for PTEN (normalized to actin). No difference between Control
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and PTEN cKO mice (n = 3 mice per group; Student’s t test, two-tailed). Error bars represent
S.E.M.

Figure 5.6 – DRG sections immunostained for PTEN. (A) DRG section from AdvillinCre
Control. (B) DRG section from PTENflox/flox;AdvillinCre/+ knockout. DAPI nuclear stain (blue),
PTEN (green), NF200 (red), and merged channels.

5.4 Discussion & Summary
In the previous chapter, I evaluated the phenotype of the PTENflox/flox;AdvillinCre/+ conditional
knockout mouse and found they exhibited striking changes in peripheral nerve morphology.
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When I repeated the experiment as described here, using a new set of PTENflox/flox;AdvillinCre/+
mice, I found that phenotype had disappeared. An assessment of PTEN protein levels in the
DRGs of these mice showed that PTEN was still present at levels comparable to Control
expression, despite being genetically confirmed knockouts. If PTEN is present in DRGs, then
understandably there would be no phenotype. This finding was both a relief and a concern, as it
provided an explanation for the lack phenotype, but it also raised questions about the efficacy of
the Cre-lox system. As it happens, the Cre-lox conditional knockout system is not as reliable as
is commonly thought, and there are many potential complications (188). For example, when Cre
recombinase excises a floxed gene, the resulting DNA fragment may form a persistent episome
that is still capable of gene expression (189). This could be an explanation for why PTEN protein
was still found expressed in DRGs of genetically confirmed knockout animals. An alternative
explanation for this is a dilution or loss of cre expression over successive generations. A
mechanism for this has been proposed whereby homologous recombination of the Cre-transgene
results in an inactive copy which can be propagated in successive generations and would still be
detected by genotyping (190). Genotyping thus is not definitive for confirming gene knockout
with the Cre-lox system, and should be supplemented by direct assessment of protein levels.
In summary, though initial experiments showed interesting phenotypic changes in peripheral
nerve morphology, a later generation of PTENflox/flox;AdvillinCre/+ conditional knockout mice did
not recapitulate this phenotype. PTEN protein expression was maintained in the DRGs of these
mice despite being genetically confirmed knockouts. This can occur due to flaws in the Cre-lox
system. The characterization of this second cohort of mice does however, confirm the reliability
of key measures, which are comparable among controls of the differing cohort. The lack of a
phenotype despite genetic, but not protein knockdown also provides and additional control for
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future work. Thus proper characterization of these mice will require future experiments with
careful confirmation of knockout by direct assessment of protein expression levels. In addition, it
is likely that further investigation would benefit from an analysis with fresh and new genetic
strains, a plan in progress in the Zochodne laboratory.
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6. CHAPTER 6: CONCLUSIONS AND FUTURE DIRECTIONS
6.1 Summary of research findings
The primary goal of this thesis was to test the hypothesis that Rb knockdown works
synergistically with PTEN knockdown to promote peripheral axon regeneration.
PTEN is well-known in the literature as a negative regulator of growth, and its knockdown or
deletion has been shown to promote axonal regeneration in neurons of both the CNS (87, 88) and
PNS (89). More recently, knockdown of Rb has been shown to have a similar effect on axonal
regeneration in PNS neurons (90). To explore a potential synergy between PTEN and Rb coknockdown, I used DRG sensory neuronal cultures, and a novel conditional knockout mouse
where PTEN is preferentially knocked out in peripheral sensory neurons.
In working towards this goal, I encountered and addressed several technical challenges.
I found that the quality of DRG sensory neuronal culture is sensitive to the length of time DRG
tissues are digested in collagenase solution, and that for optimal growth, the duration of this step
should be minimized.
I also demonstrated that combinatorial use of a conditioning lesion, with the addition of NGF
(having a maximal effect at 25 ng/mL concentration) to growth media, provides effective
positive controls for studying neurite outgrowth, showing enhancements in neurite branching and
elongation respectively.
Further, automated analysis of neurite outgrowth requires high quality images, and I have
identified an immunostaining protocol (using 1X PHEM fixation buffer, and a cocktail of
antibodies to neurofilament and βIII-tubulin) that consistently results in brightly and uniformly
stained neurites amenable to automated analysis.
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A 50% knockdown of Rb expression resulted in a small but statistically significant increase in
neurite branching, but not total outgrowth. The original paper describing the effects of Rb
knockdown on DRG cell culture reported significant enhancement of both branching and
outgrowth with 90% knockdown of Rb (90). This suggests that the magnitude of effect may be
determined by the degree of knockdown.
My attempts to reproduce the reported effect of PTEN inhibition on neurite outgrowth (89) using
the pharmacological inhibitor bpV(pic) were unsuccessful, thus raising doubt as to its efficacy.
In light of these challenges I was unable to properly assess the combined effects of Rb and PTEN
co-knockdown on neurite outgrowth in vitro. It is possible there is a redundancy rather than a
synergy between these pathways because in one of their known interactions regulating cell cycle
entry, the inhibitory effect of PTEN depends on Rb activity (162). If this relationship holds true
for promoting neurite growth, effects of Rb knockdown would likely not differ from a dual
knockdown of PTEN and Rb due to the dependency.
I went on to evaluate the phenotype of the PTENflox/flox;AdvillinCre/+ conditional knockout mouse,
which has PTEN deleted in sensory neurons. These mice exhibited enlarged sciatic and sural
nerves with increased numbers of myelinated axon profiles and a corresponding increase in
SNAP amplitude, while behavioural testing showed them to be functionally normal. CMAPs
were also normal. This is not surprising because, since the knockout is specific to sensory
neurons, motor neurons and axons should be unaffected. The mice also had a suggested potential
for enhanced nerve regeneration as indicated by an increased number of axon profiles in the
regenerating sciatic nerve. A review of the literature (166, 181, 182, 183) revealed a potential
mechanism for the increased axon count, whereby early loss of PTEN would prevent Baxmediated apoptosis of neurons in developing DRGs (E12.5-E14.5) resulting in a supernumerary
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neuronal population. Interestingly, a Bax knockout mouse exhibited a similar phenotype to what
I observed in the PTENflox/flox;AdvillinCre/+ mice (183). An alternative and possibly synergistic
mechanism involving disinhibition of PI3K-mediated collateral branching could offer an
explanation. Surprisingly, however, a repeat experiment with a later generation of mice, showed
loss of phenotype and a return of PTEN expression in the DRGs of genetically confirmed
knockout mice. This finding highlights challenges of the Cre-lox conditional knockout system
which may include persistent expression of the excised gene product, or development and
propagation of an inactive form of the Cre transgene through homologous recombination.

6.2 Significance of research
The importance of having a reliable research model should not be understated. There are several
experimental models for assessing neurite outgrowth, yet for any particular model, technical
details can vary significantly among laboratories. Standardized methods are lacking. In
evaluating technical aspects of neuronal cell culture, I have attempted to improve on an existing
protocol, yet at the same time I have introduced a new methodological variation. Optimization
and standardization of methods used in studies of nerve regeneration could serve to minimize
variation and improve consistency and reliability of results across laboratories.
My results with the PTEN conditional knockout mouse, and Rb knockdown in vitro, contribute
to the evidence supporting the idea of tumour-suppressor genes as targets for promoting nerve
regeneration. In addition, the PTEN conditional knockout mouse provides a novel tool for
studying the role of PTEN in growth and regeneration of peripheral sensory neurons. However,
subsequent loss of the phenotype despite a confirmed genotype highlights potential
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complications of the Cre-lox conditional knockout system and stresses the importance of
confirming knockout by directly assessing protein expression.

6.3 Future directions
Although my results with co-knockdown/inhibition of Rb and PTEN were inconclusive, a
potential for synergistic effect remains and is worth further investigation. This could be
facilitated with in vivo siRNA knockdown of Rb in the PTEN conditional knockout mouse. New
lines of Rb and PTEN conditional knockout mice are currently being developed in the Zochodne
laboratory, and plans are in place (assuming replication of the phenotype) to further evaluate and
characterize the PTENflox/flox;AdvillinCre/+ conditional knockout mouse, with my input as an
intellectual partner. As another avenue, Rb and PTEN knockout mice could be crossed to
develop a dual conditional knockout mouse which would likely show interesting phenotypic
changes.
The CRISPR/CAS9 system could also be utilized to explore the interactions of PTEN and Rb in
neuronal cell culture. Its ability to silence multiple genes simultaneously could facilitate in vitro
explorations of downstream proteins such as mTOR, Cyclin/CDKs, and Bax, which may be
involved in mediating PTEN-Rb interactions.
More work needs to be done, however tumour-suppressor gene knockdown continues to show
promise as a strategy for addressing nerve regeneration.
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A. APPENDIX
A.1 Supplementary figures

Figure A.1 – Body mass. (A) First experimental cohort of mice. No difference in body
mass between Control and PTEN cKO (n = 5 mice per group; Student’s t-test, twotailed). (B) Second experimental cohort of mice. No difference in body mass between
Control and PTEN cKO (n = 7-8 mice per group; Student’s t-test, two-tailed). Error
bars represent S.E.M.
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Figure A.2 – Muscle mass. First experimental cohort of mice. (A) No difference in muscle mass
of the gastrocnemius/soleus muscle between Control and PTEN cKO (n = 5 mice per group;
repeated measures, two-way ANOVA; Bonferroni’s post hoc). (B) Muscle mass normalized to
body mass. No difference in % body mass between Control and PTEN cKO gastrocnemius/soleus
muscles (n = 5 mice per group; Student’s t-test, two-tailed). Error bars represent S.E.M.
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Figure A.3 – Alternate measurement of SNAP amplitudes. First experimental cohort of mice.
(A) Amplitude measured from trough to peak. Significantly greater SNAP amplitudes in PTEN
cKO mice (n = 5 mice per group; p = 0.011; Student’s t-test, two-tailed). (B) Amplitude
measured from baseline to peak. Significant difference still holds. (n = 5 mice per group; p =
0.013; Student’s t-test, two-tailed). Error bars represent S.E.M.
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Figure A.4 – PTEN cKO DRG cell culture. Second experimental cohort of mice. (A) No difference in
mean neurite outgrowth between Control and PTEN cKO groups (B) No difference in branching density.
(C) No significant difference in percentage of cells with neurites. (n = 3 separate cultures (repeated
measures, two-way ANOVA, Bonferroni’s post hoc). Error bars represent S.E.M.
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Figure A.5 – Quantification of western blot for PTEN and pAkt in DRGs. Second experimental
cohort of mice. (A) No difference in PTEN protein levels (normalized to actin) between Control
and PTEN cKO groups (B) No difference in pAkt levels (normalized to Akt) between Control and
PTEN cKO groups. (n = 3 animals; Student’s t-test, two-tailed). Error bars represent S.E.M.
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