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ABSTRACT

After injury, dorsal root (DR) axons regeneratehia peripheral nervous system
(PNS), but turn around or stop at the dorsal rottyezone (DREZ), the entrance into the
central nervous system (CNS). Examination of theadyic axon regeneration that occurs
following injury to the DR provides the opportunity advance our understanding of
what happens to sensory axons as they approachravel at the DREZ and expands our
knowledge of sensory axon regeneration failuréatintrance to the spinal cord.
Additionally, findings from these studies may offmtential avenues to provide insight
into regeneration failure elsewhere in the cemtea/ous system. Nevertheless, our
understanding of the cellular and molecular proegssderlying the failure of DR axons
to regenerate through the DREZ is incomplete.

The goal of my thesis work was to determine whretipplication of the time
lapsein vivoimaging technique is feasible and useful in stangydorsal root
regeneration. | have also applied recently develguest-mortem analyses to the axons
monitoredin vivo, which provided additional insights into the meaisans that prevent
axon regeneration at the DREZ.

Results in Chapters 2 and 3 demonstrate that fsettemicroscopy is indeed
feasible and useful for monitoring regeneratingssey axons immediately before,
during, and in the days to weeks after lumbar @B)crush. | was surprised to find that
most axons were immobilized abruptly and chronycatithe CNS portion of the DREZ,
with their axon tips and shafts exhibiting featuoéslifferentiated nerve terminals. This

observation raises the possibility, which has re&rbappreciated previously, that DR



axons stop at the DREZ because their regeneraitamminated prematurely by forming
synaptic contacts with unidentified postsynaptiltsce

To confirm the immobilization of DR axons at th&BZ, | applied two-photon
microscopy to examine the axon behavior at the DRB2gh resolution. Results
described in Chapter 4 confirm those obtained wigtime-lapse imaging performed
with wide-field microscopy: axons arrested sooeratfeir arrival at the DREZ did not
exhibit even subtle movements. Light microscopialgses of the failed axon tips
monitoredin vivo demonstrated that almost all axons stopped aE Mt territory of the
DREZ, and that axon tips and adjacent shafts ietgnsimunolabeled with synapse
markers. Ultrastructural analyses revealed thatanaos axonal profiles had the
characteristic features of pre- but not postsyeagtdings. Findings from these studies
lead us to speculate that most, if not all, dorsat axons become arrested as they enter
the CNS territory of the DREZ by forming presynaggrminals on non-neuronal cellular
elements that differ from the dystrophic-like erglirformed by a few axons.

In the chapter 5, | discuss what | have foundetdhe key factors for successful
monitoring of regenerating dorsal root axons imlvanimals; the feasibility, usefulness
and limitations of the available techniques andreidirections for studying spinal root
injury and regeneration. My thesis work represémesfirst to employn vivoimaging to
study DR regeneration directly in living animal$ig approach was more challenging to
develop than we had anticipated but provided unebegensights into the mechanisms
preventing sensory nerve regeneration. ContinuppBcation of the powerfuh vivo
imaging technique in combination with conventioaaalyses will elucidate critically

important issues that previous static analysesdcood decipher.
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CHAPTER 1

LITERATURE REVIEW

This chapter is based on published manuscripts in
Han, SB, Kim, H.Skuba, A, Tessler, A., Ferguson, T., and Son, YJ. (20E2sBry
axon regeneration : A review from amvivo imaging perspective. Exp Neurobiol,
21:3(83-93).

Tang, X., Tessler, ASkuba, A, Han, SB., Kim, HM., Kim, J., Hyun, JK., Fergusdn,
and Son, YJ. (201Z8ensory nerve regeneration at the CNS-PNS interfacBasic
Principles of Peripheral Nerve Disorders (Seyeddgani, ed), pp 64-78, ISBN 978-953-
51-0407-0



Dorsal Root Injury

Dorsal root (DR) injury (i.e., rhizotomy) in aduftammals evokes complex
molecular and cellular changes in the spinal cDR.injuries include brachial plexus,
lumbosacral plexus, and cauda equina injuries,hichvperipheral nerves become
pinched or compressed, or in some cases, partiabytirely detached (avulsion) from
the spinal cord. Deafferentation results in permaiass of the primary afferent
(sensory) terminals in the spinal cord and evokesrdc, often agonizing, pain and
permanent loss of sensation (Kapadia & LaMotte,7J9BR injuries remain an
important practical issue with a clinical need édfiective therapies.

Brachial plexus injury (BPI) is the most commonnfioof DR injury, and
generally results from high-energy traction injgrien which the head and neck are
forced away from the shoulder. BPI is classifiectiéiser traumatic or obstetric. Obstetric
brachial plexus lesions (OBPL), the most commoolegly of a paralyzed arm in infants,
are a birthing complication occurring in ~3 per 1006 births (for review, Malessy &
Pondaag, 2009). In OBPL the delivery of the chilgper shoulder is blocked by the
mother’s pubic symphysis, and the angle betweewgtiid’'s neck and shoulder is
forcefully widened. This action stretches the chilgsilateral brachial plexus. In adults,
although the exact rate of incidence is unknown, @furs most commonly in high-
velocity motor vehicle accidents, particularly imwiag motorcycles, or in contact sports
or falls. Currently, there is an urgent clinicakddor effective therapies that can reduce
the extent of the initial injury, or at a laterg#a enhance repair. The need for effective
treatment is ever increasing due to higher surviatds following such severe traumatic

injuries and the increasing number of elderly indliials susceptible to these injuries



because of falls (Hannila & Filbin, 2008; HavtonCaarlstedt, 2009). Overall, DR injuries
are 10-20 times more common than spinal cord inj8&/1) (Ramer, McMahon, &
Priestley, 2001; Malessy & Pondaag, 2009; Hale, BRa@&aters 2010; Pham et al.,

2011).

Dorsal Root Axons

Dorsal root ganglion (DRG) neurons are a populabinerve cells that are
responsible for carrying various sensations froenltbdy’s external and internal
environments into the spinal cord and brainstemr@giew, Ramer, McMahon, &
Priestley, 2001). DRG neurons are located in pergganglia, which are nodules that
contain a heterogeneous population of neuronaboelies and glia. These neurons are
pseudounipolar; they emit one axon that bifurcatéisin the DRG into two branches,
referred to as central and peripheral processeasc&htral branches of DRG neurons
exclusively form the dorsal root (DR).

There are several well-characterized functionadsg#a of sensory neurons that
innervate various peripheral targets and make akpttojections to specific populations
of target neurons in the spinal cord (for reviemith, Falone, & Frank, 2012).
Generally, sensory neurons in the DRG are classifito two broad subtypes based on
their anatomy and modality. The A-cells are sens@yrons with large-diameter cell
bodies and fast-conducting myelinated axons, aag@ancipally involved in
mechanoreception or proprioception, although soawe la nociceptive role. The C-cells
are sensory neurons with small-diameter cell boainesunmyelinated slowly conducting

axons, and are principally involved in nociception.



After injury, DR axons — the central branches &®neurons — have the ability
to regenerate a neurite (sometimes interchangealigd an axon) and the degree of this
regeneration plays a critical role in determinihg tlinical outcome (for review, Yiu &
He, 2006). Following damage to a DR axon, degemeratvolves the disintegration of
the axonal cytoskeleton and a breakdown of the @xoembrane in the stump distal to
the site of injury, a process called Wallerian deggation. Proximal to the injury, axon
regeneration involves the extension of a neurttgzess from the proximal axon stump
locally at the lesion site.

DR axons mount a far weaker regenerative resptrasedther peripheral nerves
(Chong et al., 1994; Oblinger & Lasek, 1984; Wugekasek, 1983; Griffin & Price,
1981). Unlike motor nerves and peripheral brandid3RGs which regenerate at
approximately 1-4 mm ddy DR axons are unable to regenerate across a ttanssite.
After DR crush, a less severe injury that doesmetrupt root continuity, they
regenerate along the root at an approximate ratenwi day/, more slowly than other

peripheral nerves (Ramer, McMahon, et al., 2001).

Regeneration Failure of DR Axons at the DREZ

Over a century ago, Santiago Ramoén y Cajal piatketire exploration of
degeneration and regeneration of the nervous systednmproved upon Golgi’'s
staining technique to label a subset of DR axomsillHstrated that injured DR axons

regenerate within the root (PNS), but fail to réeenthe adult spinal cord (Figure 1-1).
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Figure 1-1. Cajal's drawing illustrating DR axon failure at
DREZ. Injured dorsal root (DR) axons regenerate withirtbot, bu
fail to re-enter the adult spinal cord. Rather, &&®ns grow away
from (green arrow), or stop at (green arrowheatig)junction
between the CNS and PNS, termed the dorsal root 2ohe
(DREZ). DR, dorsal root; cord, spinal cord.

Regeneration of DR axons into the spinal cord é&v@nted at the junction
between the CNS and PNS, termed the dorsal ropt zome (DREZ). The reason(s) why
regeneration fails at DREZ is clinically relevaas, DR injuries are common and
debilitating; further, the DREZ can serve as are#gnt model system for studying
failure of CNS regeneration (Tang, 2012). Underditagn the reasons for the regeneration
failure is the first step toward the ultimate go&functional recovery, which will require
targeting the obstacles to regeneration and ergtiimmdamaged nerve fibers to grow, re-

make their proper connections and restore thejirai function.

DREZ as an Injury Model
DREZ serves as an advantageous model for studigiinge of CNS

regeneration for several reasons. First, CNS agecwhich are generally considered to



impede regeneration, are immediately juxtaposdeN8 Schwann cells, which strongly

promote axonal regeneration in the periphery (Fadup).

astrocytes
oligodendrocytes
Schwann cells

N - -

Figure 1-2. Glial organization at DREZ. The interface between
CNS and PNS where astrocytes, oligodendrocytesSahdiann
cells are juxtaposed in association with DR ax@wtral to the
interface, myelin sheaths are formed by oligodecytes (red) and
the supporting tissue is astrocytic (blue). Pernight® the interface,
sheaths are formed by Schwann cells (pink) envelapendoneuri
tubes. CNS, central nervous system; PNS, peripherabus syster
(Adopted and modified from Fraher, 1999).

Because regenerating DR axons must pass throughatisgtional DREZ to enter
the spinal cord, regeneration can be directly @stéd in permissive and nonpermissive
environments. Further, after injury, glial cellsla¢ DREZ react like those within the
spinal cord, allowing a major barrier to intraspiregeneration to be studied without
direct injury to intraspinal tissue. Therefore sthiodel, which accounts for many aspects
of regeneration failure, particularly highlightsseeal cells’ contribution and has been
used extensively to provide insights into succdssid failed CNS regeneration (Tessler,

2004).



Critical Period for Regeneration in Development

A second important aspect of the DREZ makes itttiacive region for studying
the role of astrocytes in regeneration failurehia €NS; the PNS-CNS glial interface
seemingly changes in properties from a conduigfowing axons in development, to a
barrier to their reconnection to the mature spooatl after injury. Carlstedt provided
evidence that suggests that, if the dorsal rooteewfborn rats are injured before the end
of the first postnatal week, a small number of axmgenerate across the PNS-CNS
interface and reconnect within the spinal cord [&edt, 1987; Tessler, 2004). This
observation raised the possibility that DREZ astres undergo a developmental
transition soon after birth (in rats) and begiexpress molecules that repel growing
axons. This represents a critical period for regaien, in which regeneration into the
cord is poorer after maturation of the DREZ (Tas2804). Indeed, in rats older than 1
week, lesioned primary sensory axons regeneratenatite dorsal roots but stop at the
DREZ, and are therefore unable to reconnect wethsthinal cord (Golding, Shewan,
Berry, & Cohen, 1996). Previous in vitro studiepport these observations, in that
dissociated rat dorsal root ganglion neurons ohgdls can grow along the roots into the
DREZ on longitudinal cryosections of rat spinala;dout their ability to cross into the
spinal cord depended on both their age and thiteo$pinal cord substrate; neurites from
neonatal neurons were unable to cross either trer B8ult DREZ, but many were able
to cross the immature neonatal DREZ, while earlpmstonic neuritis were able to cross
both the immature and adult DREZ. These experimamjgest that soon after birth, the

normal mammalian DREZ acquires growth inhibitoryiaty that is recognized by axons



of postnatal sensory neurons, and may contributiegio regeneration failure (Golding,
Shewan, Berry, & Cohen, 1996).

At the DREZ, the decisive factor(s) and the molacahechanisms of action that
are responsible for the failure of DR axons to negate into the adult spinal cord remain
unclear. The prevailing views (Figure 1-3) haveilaited regeneration failure at DREZ
to the lack of intrinsic growth potential of DR ax®and the abundance of growth-
inhibitory molecules at the entrance to the spoaatl after injury (for review, Golding,
Bird, McMahon, & Cohen, 1999; Oertle & Schwab, 20Bamer, Duraisingam,
Priestley, & McMahon, 2001; Rhodes & Fawcett, 200dyer & Miller, 2004; Yiu &

He, 2006).
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™ inhibitory molecules

Figure 1-3. The current model of regeneration failure at th DREZ. Schematic illustration of
the model that illustrates the prevailing viewthe field. The black arrows represent regenerating
DR axons. Sensory axons lack intrinsic growth peaébut are capable of regenerating in the
PNS due to abundant growth-promoting moleculesefgrércles). Their growth is prevented at
the DREZ by growth inhibitors abundant in the CN8&lIpw circles). According to this model,
many axons must be repelled at the CNS/ PNS imte(fize., an arrow turned around to the P
Axons that invade CNS territory must be promptetktoacted (i.e., patterned arrow) into the
PNS by growth inhibitors that transiently collaggewth cones and then either attempt to ree

the CNS or grow further into the dorsal root (Admpand modified from Di Maio et al., 2011).

Although interventions that enhance the regeneratapacity of DR axons by
means of neurotrophic factors or that neutralizewgn-inhibitory molecules have been
partially effective (for review, Andrews et al.,@®) Cafferty, Yang, Duffy, Li, &
Strittmatter, 2007; Gavazzi, Kumar, McMahon, & Coh&999; Harvey, Lee, Qian,
Weinreb, & Frank, 2009; Ramer, McMahon, et al., R@Ramer, Priestley, McMahon,
2000; Tessler, 2004), no strategies have promeigeheration by all or most DRG

neuron subtypes.



Astrocytes and CSPGs

DR injury in adult mammals evokes complex molecalad cellular changes. In
the root (PNS), macrophages invade and rapidly gtydgse myelin and degenerating
axons (Avellino et al., 1995). Schwann cells destghtiate and occupy axon-free
endoneurial tubes. In contrast, in the CNS, astescrapidly undergo reactive changes
(proliferation, hypertrophy, and extension of preges further into the root), i.e.
astrogliosis (reactive astrocytes) (Bignami, ChiD&hl, 1984; Fraher, 2002). Microglia/
macrophages invade DREZ relatively more slowly timatine periphery (Liu, Persson,
Svensson, & Aldskogius, 1998), and therefore elation of myelin and axon debris is
markedly delayed.

The extent to which the astrocytic reaction atbfEZ resembles the response to
direct CNS lesions remains unclear. Nonethelessafais do contact astrocytes when
they have stopped regenerating (Carlstedt, 1986k&wy et al., 2002; Fraher, 2000) and
reactive astrocytes are thought to form the prinnagenerative barrier at the DREZ. In
support of this notion, axons grow through the p&diated, astrocyte-depleted DREZ
(Sims & Gilmore, 1994), and, although permissivdenmsome conditions (Carlstedt,
Dalsgaard, & Molander, 1987; Golding et al., 1998active astrocytes generally inhibit
neurite outgrowth (Fawcett & Asher, 1999; SilveMgller, 2004). How astrocytes
prevent regeneration at the DREZ is uncertainjqdarly because the molecular basis
for astrocytic inhibition is incompletely understb&everal chondroitin sulfate
proteoglycans (CSPGSs) in the extracellular matrexthought to be involved in
instructively collapsing or repelling neurite oudgith (Busch & Silver, 2007; Grimpe et

al., 2005). However, the same molecules are expaesgually or more abundantly in the

10



regenerating DR (Zhang et al., 2001) and degradatfi€SPGs by chondroitinase ABC
or Pi-PLC, which enhances regeneration after C\l8i@s (McKeon, Hoke, & Silver,

1995), does not promote regeneration across DRE{Betz et al., 2005).

Oligodendrocytes and myelin-associated molecules

Myelin-associated molecules, including Nogo-A aliry-associated glycoprotein
(MAG), and oligodendrocyte myelin glycoprotein, #neught to account for the
contribution of oligodendrocytes to regeneratiotufa at the DREZ (Ramer,
Duraisingam, et al., 2001). If so, their actionsrado be exerted only transiently and
during the initial phase of inhibition, because hn@ssociated molecules are eventually,
although slowly, cleared, while axons that haviethto regenerate remain associated
with astrocytes long after injury (Carlstedt, 198%0ng, Woolf, Haque, & Anderson,
1999; Fraher, 2002). Macrophages are unlikely tectly impede growth at DREZ,
because axons grow well in peripheral nerves winarerophages are abundant (Bruck,

1997).

Neurotrophic factors

Interventions that enhance the regeneration cgpaicDR axons by means of
neurotrophic factors have been only partially effec(Andrews et al., 2009; Gavazzi et
al., 1999; Ramer, Duraisingam, et al., 2001; RaiMeiMahon, et al., 2001; Ramer,
Priestley, & McMahon, 2000; Smith et al., 2012; §leg, 2004). Although neurotrophic
factors or interventions to neutralize growth intals have been effective for NGF-

responsive, small-diameter, nociceptive neuronsi{@ws et al., 2009; Cafferty, Duffy,

11



Huebner, & Strittmatter, 2010; Cafferty et al., ZDGavazzi et al., 1999; Harvey et al.,
2009; Ma et al., 2010; Ramer et al., 2002; RamaraBingam, et al., 2001; Ramer,
Priestley, & McMahon, 2000; Smith et al., 2012;iGteetz et al., 2005; Tessler, 2004),
robust regeneration of large-diameter DRG neuronisfall recovery of
mechanoreception and proprioception have not beleie\eed (Wang et al., 2008). One
glial cell line-derived neurotrophic factor (GDNHRrtemin (Smith et al., 2012), was
reported to induce topographically specific regahen of most subpopulations of DR
axons in rodents (Wang et al., 2008; Harvey, G&uagsomando, & Frank, 2010), but

has severe side effects.

Limitations of Conventional Techniques

Until recently, conventional morphological/anatoailistudies of neurological
disease models could only be analyzed using statiges obtained at multiple time
points from multiple animals after their death. kMihis approach, one must deduce how
cells change after injury or disease from ‘snapshuadtfixed tissue. Such studies of
nervous system injury, for example, have not praafele to distinguish spared axons that
were never injured from axons that may have regrdwnther, it may not be possible to
establish a causal relationship between biologigahts that appear highly correlated in
post-mortem analyses (Misgeld & Kerschensteined620T hus, the temporal and spatial
resolution of these analyses was limited becausardic changes had to be deduced
from comparisons of static images. Unfortunatetigtis analyses have often provided
evidence that is conflicting or inconclusive (Stestv&heng, & Tessier-Lavigne, 2003).

Because the appropriate techniques were unavailatgeious studies have left several
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fundamental questions about DR axon regeneratianswered, particularly the

sequential responses of growth cones at the DREZ.

In Vivo Imaging: A Novel Approach to Study the Nervous Syem

Dynamic cellular processes, including axon regdimrand the interactions
between axons and non-neuronal cells that mayrdeterthe success or failure of
regeneration, are best studied with techniquesctyature real-time events with multiple
observations of each living animal. Revolutionamyavations in optics and transgenic
animals (discussed previously) have permittedvo imaging of muscles, and more
recently, brain, in both physiological and pathatagjconditions, and have provided
novel insights into physiological mechanisms thatis analyses could not have resolved
(Misgeld & Kerschensteiner, 2006).

However, imaging studies of neurons in living sphicord have only recently
begun, and few have looked at the reliability ofiesfield fluorescence microscopy for
this purpose (Kerschensteiner, Schwab, LichtmaMmiggeld, 2005; Misgeld, Nikic, &
Kerschensteiner, 2007). Lichtman and his colleafjugsdemonstrated the feasibility of
these studies by tracking injured dorsal column)Bx®ns with wide-field microscopy
(Kerschensteiner et al., 2005). Individual fluoerscaxons in the spinal cords of living
transgenic mice were monitored for several dayer aftinal injury. These investigators
found that within 30 min after trauma, axons diekdaundreds of micrometers; they
described this process as an acute form of axagdreration, which affects the
proximal and distal portions of the injured axogsa&ly. They also acquired images that

suggest that many axons attempt regeneration wethi24 hours after lesion. These
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studies demonstrate the feasibility of time-lapsaging of spinal cord injury, and
provide a powerful analytical tool for assessing plathogenesis of spinal cord injury and

for evaluating therapies that enhance regenerétierschensteiner et al., 2005).

Wide-field Epifluorescence Microscopy

Over the past decade, traditional fluorescenceascapes have been adapted for
in vivoimaging (Misgeld & Kerschensteiner, 2006). The tumsnmon approach in
modern fluorescence microscopes is epi-illuminatloran epifluorescence microscope
setup, the microscope objective serves as the agadéhat illuminates the specimen, in
addition to imaging and magnifying it. A light saer typically a xenon arc lamp,
mercury-vapor lamp, or LED, sends the full-spectafright to the specimen through a
filter cube containing an excitation filter thatesgtively illuminates with a wavelength
meant to excite a particular fluorophore. The fesmence sends photons in all directions
while a fraction are collected by the objectiveeTbonger wavelengths of the emitted
fluorescence pass through a dichroic beamsplittenmand a barrier filter that only
allows these longer wavelengths to pass to the @yasamera (Lichtman & Conchello,
2005). Other modifications from traditional fluocesice setups include: long working
distance objectives with high numerical aperturd)bhat improve resolution and light
collection, and thereby reduce phototoxicity; imy@ments in multichromatic filter sets
that increase selectivity for particular wavelersgéimd simplify rapid imaging; increased
automation that assists long-term imaging expertsand requires less user intervention

(Misgeld & Kerschensteiner, 2006).
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Two-Photon Microscopy

Multiphoton (including two-photon excitation) fluescence microscopy is a
nonlinear optical microscopy technique that is galieconsidered to be the most
decisive breakthrough for imaging in live animatelmchen & Denk, 2005). Because
most biological tissues strongly scatter light,Hirgsolution deep imaging is nearly
impossible for traditional-, or even confocal-,dtescence microscopy. Multiphoton
fluorescence microscopy is designed to overcomidimons of other microscopy
techniques and to provide cellular imaging seviesaldred microns deep with less
phototoxicity in various organs of living animaf&jpfel, Williams, & Webb, 2003;
Helmchen & Denk, 2005).

Nonlinear microscopy techniques require pulsedrlagstems to achieve proper
excitation rates. Despite the high cost of thestesys, multiphoton fluorescence
microscopy has several important advantages aveatdimicroscopy or single-photon
microscopy techniques (such as confocal microsc@ipgimchen & Denk, 2005). The
first major advantage is that, for most commonlgduBuorophores, multiphoton
absorption occurs in the 700-1,000 nm (near-inffaveavelength range, while emission
occurs in the visible spectral range. The longevelength (near-infrared) light used to
excite the fluorophores can penetrate much deepethe tissue, from 500 pm to 1,000
KM in mouse brain. Another important advantagaas nultiphoton fluorescence
microscopy'’s intrinsic optical sectioning, or atyilto exclude signal from out-of-focus
planes (because excitation is limited to the peafwolume), reduces phototoxicity and

bleaching (Misgeld & Kerschensteiner, 2006).
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Imaging studies of neurons in living spinal corethgsmultiphoton fluorescence
microscopy have only recently begun due to sewarallenges. For example, two-photon
imaging of deeply positioned dorsal column (DC) raxm the living mouse required a
novel method to overcome motion of the spinal ¢@ravalos et al., 2008). After
exposing a small area of the spinal cord, the $gwlamn was immobilized under the
two-photon microscope objective with a customizada stabilization device. This
stabilization, along with consistent deep anesthediowed images and time-lapse
movies of fine cellular structures to be generat@bout the need for image alignment.
By reducing the extent of the injury and the amaafrisleeding from the surgical
procedures, they were able to maintain a stablsiplogical ‘window’ over extended
periods of time. This set up also allowed themetosit, and reimage, the same area at
multiple time points. These experiments illustiabev high-resolution images can be
acquired, visualized, and interpreted, at a leVeletail that permits the study of densely

populated cellular processes and cell-cell intéwastin the living mouse spinal cord.

Summary and Objectives

In summary, the literature indicates a gap in oudanstanding of regeneration
failure at the DREZ, particularly about the respmef regenerating axons as they
approach and arrive at this transitional regiomveen PNS and CNS. | hypothesize that
the behavior of regenerating axons at the DREZbearesolved by novel strategies, such
asin vivoimaging, which has proven valuable for studyingalyic processes in the live

animal, but has not previously been applied tomegaion failure at the DREZ.

16



The overall goal of my thesis is to apply timedam vivoimaging using both
wide-field and multiphoton microscopy to study D&gyeneration. | have demonstrated
the feasibility and usefulness of this approactaddition, | have applied several newly
developed post-mortem analyses that allowed menelatein vivo, light and
ultrastructural analyses of specific axons thad monitoredn vivo. The specific
objectives of the thesis work were: 1) to furthevelop strategies for using wide-field
microscopy to obtain stable chronic imaging ofryispinal cord; 2) to test whether two-
photon microscopy assists in monitoring growth apthe DREZ at high spatio-temporal
resolution; 3) to apply a novel, laser-assistetinieque called Near-InfraRed Branding
(NIRB) to targeted post-mortem analyses of axoreggmalin vivo; 4) to apply a novel
technique called array tomography to analyze alighe and, later, ultrastructural levels
arrested DR axons that have been imageavc; 5) to test whether optical clearing
techniques that render fixed whole spinal cordugssansparent will improve
visualization of axons and their endings imagedivo, and 6) to use targeted electron
microscopy for ultrastructural analysis to deteremivhether axon endings that have
failed to regenerate exhibit unique features.

In summary, | found that time-lapsevivo imaging of regenerating DR axons is
feasible, although more challenging than we irgtiahticipated, and that it provides
novel insights into the mechanisms that preventr@&eneration at the DREZ. Continued
application of then vivoimaging techniques, in combination with traditibaad
innovative post-mortem analyses, will advance owteustanding of the regeneration
failure and facilitate the development of novel afféctive treatments for patients with

devastating spinal root or cord injury.
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CHAPTER 2

LIVE IMAGING OF REGENERATING DORSAL ROOT
AXONS WITH WIDE-FIELD MICROSCOPY: SET-UP,
PROTOCOL, AND TROUBLESHOOTING

This chapter is based on published manuscripts in
Skuba, A, Himes, BT., and Son, YJ. (2011) Live imaginglofsal root axons
after rhizotomy. Journal of Visualized Experimer{&s), e3126, DOI:
10.3791/3126

Skuba, A, Manire, MA., Kim, H., Han, SB., and Son, YJ. (20 Time-lapse in
vivo imaging of dorsal root nerve regeneratiomiice. Methods Mol Biol, 1162:
219-32
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Abstract

Previous studies of dorsal root regeneration ten limited in their ability to
address fundamental questions about the behaviegeherating axons as they
approached and arrived at the DREZ. Complex andmijgschanges associated with
nerve injury had to be deduced from comparisorstaifc images obtained from multiple
animals after their death. Revolutionary innovagiamoptics and mouse transgenics now
permit real-time monitoring of regenerating axoiredly in living animals. Despite
extensive experience with living muschesd brain, the time-lapse imaging of real-time
interactions between axons and their environmettierspinal cord or roots remains a
challenge. Here, | describe detailed proceduresefoetitive monitoring of identified
axons in a lumbar dorsal root over hours to weaksgua wide-field microscope setup
optimized for live animal imaging. | also discublse strengths and limitations iof vivo
imaging using these techniques, and provide suiggassbased on our own experience
for troubleshooting issues associated with repeatedthetization, an extensive

laminectomy and post-op care.
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Introduction

Following spinal root injury, sensory axons regateperipherally in the dorsal
root, but stop or turn around at their entrancehéospinal cord because of mechanisms
that are incompletely understood (Han et al., 2&IRith, Falone, & Frank, 2011). The
dorsal root entry zone (DREZ) — where these axtoys @ turn around — represents the
junction between the central and peripheral nergysgems. Inhibition by CNS glia such
as reactive astrocytes and degenerating oligodeygh®impedes regeneration at the
DREZ, but the decisive factor(s) and their mechasisf action are unknown.

Previous studies relied heavily on conventionatitrg techniques and
postmortem analyses, which are limited in spatal @mporal resolution, and often
provided conflicting or inconclusive evidence. @ibility to monitor neurons seriallp
vivo has increased dramatically owing to revolutionanovations in optics and mouse
transgenics. These techniques introduce an unpratatilevel of dynamic analysis to
biological processes such as axon regenerationli@mdlatically redefine what we can
learn directly from living animals. SurprisinglypWever, imaging studies of living spinal
cord or roots have only recently begun. Despitemsite experience imaging living
muscles (Bishop et al., 2004; Gan, Bishop, Turgelichtman, 1999; Lu & Lichtman,
2007) and brain (Pan & Gan, 2008; Trachtenberd,,€2@02; Zuo, Yang, Kwon, & Gan,
2005), the time-lapse imaging of real-time intei@ats between axons and their
environment in the spinal cord or roots remainkallenge. First, the proximity of the
spinal cord to the heart and lungs results in paldrly troublesome respiratory-induced

movement artifacts. Second, chronic imaging of a&lptord requires multiple invasive
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surgeries, including laminectomy, with multiple atieetizations and intubations, and
frequent interruption of respiration to acquirebamages.

Over the last few years, pioneering studies fromlaoratory have established
the feasibility and value of tracking regeneratilogsal root axons in living mice. We
have repeatedly monitored the regeneration of ifietitaxons over long distances for
hours to months (Di Maio et al., 2011; Hanna, Sbbempsey, 2011; Skuba, Himes, &
Son, 2011). Our protocol uses H or M lifley1YFP mice in which a subset of DRG
neurons is fluorescently labeled (Feng et al., 2@kba et al., 2011). The genetic
tracing of neurons allows repeated imaging of idiexdt DR axons with wide-field
fluorescence microscopy. In this chapter, afteryeavaluable experience with the
technique, I will identify the critical issues thatpede imaging the living spinal cord,
and provide detailed instructions for imaging rezrating DR axons repeatedly in living
mice.

When combined with targeted post-mortem analyisegyo imaging of
regenerating DR axons with wide-field microscopgyad to be feasible and useful. As
presented here, and more fully in Chapter 3, awdiss revealed that most axons were
not repelled but were immobilized abruptly and chcally at the CNS portion of the
DREZ, where they formed presynaptic terminal ensliMje observed additional
important features of axons arriving at the DREHRjch previous static analyses could
not discern, and which provided unexpected insigtdasled us to a novel concept (Di
Maio et al., 2011; Hanna et al., 2011; Skuba e®all1) and unpublished data, Chapter

3.
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Wide-field Microscope Setup and Methodology for Imging Living Spinal Cord

| have optimized our wide-field surgical and imagsetup for live mouse (Figure
2-1). The microscope is a fluorescence stereontopes (M205C, Leica Microsystems)
equipped with a revolving turret with 1X and 2X etfjives (Leica Microsystems), a
fluorescence light source (Leica Microsystems), amdight field light source (Leica
Microsystems). After surgery (see below), the ahisianounted in a mouse stereotaxic
holder (SR-AM and STS-A, Narishige). Images areugeg using a CCD camera (Orca-
R2, Hamamatsu Corp.) controlled by digital imagsaftware (Metamorph, Molecular
Devices). Throughout the experiment, the animadikexs continuous anesthesia from a
laboratory animal anesthesia system (V-1 LAAS, \¢eiig), while body temperature is
maintained by a heating pad attached to a thertncatg controlled adjustable

temperature controller (ATC 1000, World Precisinattuments, Inc.).

22



Figure 2-1. Setup for surgical procedure andn vivo imaging with a wide-
field epifluorescence microscopelhe setup includes (A) an upright witlekd
epifluorescence stereomicroscope (M205C, Leica ddigstems), equipped with
(B) a revolving turret with 1x and 2x objectivese{ta Microsystems), (C) a
fluorescence light source (Leica Microsystems), @jdbrightfield light source
(Leica Microsystems). After surgery, the animafiisunted to (E) a mouse
stereotaxic holder (SR-AM and STS-A, Narishige)agres are acquired using
(F) a CCD camera (Orca-R2, Hamamatsu Corp.) cdetrdly (G) digital
imaging software (Metamorph, Molecular Devices)rdughout the experimer
the animal receives continuous anesthesia frona(ldporatory animal
anesthesia system (VLAAS, VetEquip), while body temperature is mainel
by (1) a heating pad attached to a thermostaticahtrolled adjustable
temperature controller (ATC 1000, World Precisinatfuments, Inc.) (Adopted
from Skuba et al., 2014).

To monitor DR regeneration directly in living micge used —H or —M-line
of thyl-YFP mice thyl-YFP-H,-M), which express high levels of YFP in sats of
neurons, including sensory neurons in DRGs (Ferad ,€2000). In the -M line (thy1-
YFP-M), fewer neurons are labeled than in the ld (iKkerschensteiner et al., 2005).

While optimizing then vivoimaging techniques for DR regeneration, we leathatl
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regeneration of individual DR axons is better inthgelumbar than in cervical spinal
cord of Thy:YFP-H mice. In our typical preparation (Figure R-®e performed a right-
sided laminectomy (T12-L5) to partially expose teroot and the DREZ where these
processes enter the spinal cord. Superficiallytprsd YFP+ axons in the medial
portion of the L5 root (3—10 axons) run parallethie midline dorsal vein, curve
perpendicularly to enter the DREZ, and then bifteagithin the spinal cord; one branch
enters the dorsal column (DC), the other entergthg matter. This stereotypical
trajectory helped us to follow regeneration of sal/elentified axons simultaneously and
repeatedly over timm vivo. It also permitted us to identify reliably the &ion of the

DREZ in living spinal cord.

24



EE+ L5

I DREZ

YFP+ DC axons

Figure 2-2. Laminectomy and fluorescence view of prsed
spinal cord and root. A, Schematic illustration of a right-sided
laminectomy (T12-L5) to partially expose the L5tcd®), Low-
magnification fluorescence view of the exposedaipiord of a
living Thyl-YFPH mouse. The laminectomy extendsrally to
partially expose L3, L4, and L5 DRGs and medialyexpose the
midline dorsal vein. C, High-magnification fluoresce view of
the area where L5 DR axons enter the spinal carge&icially
positioned YFP+ axons run parallel to the midlilmesal vein,
curve perpendicularly to enter the DREZ, and thi&rdate within
the spinal cord. Highlighted box approximates DREbdified
from Di Maio et al., 2011).
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Challenges and Troubleshooting

We have applied considerable effort to improve uponpreliminary wide-field
imaging studies and to further validate our eafiielings. Based on our multi-year
experience imaging regenerating DR axons, we ifledtseveral critical issues that
impede imaging the living spinal cord or resulaimmal mortality. Most mouse mortality
during or after our initial chronic imaging (> 1 &ld studies was due to multiple surgical
and anesthetic procedures, which are far more ivedisan those for brain or muscle
imaging. A highly skilled and experienced rodenhsgsurgeon is essential to minimize
the duration of anesthesia, bleeding, inflammatand trauma, and to perform
appropriate post-op care. To this end, | have d@eal strategies (also Table 2-1) to
address each issue discussed below, and to optouragide-field microscopy setup for

imaging the living spinal cord.

Re-identification of individual DR axons

Among the lines generated by Feng et al., we haed uH or —M-line othy1l-
YFP mice thyl-YFP-H,-M), which express high levels of YFP in sats of neurons,
including sensory neurons in DRGs (Feng et al.0200his unique pattern allows
several distinct, superficially positioned YFP+ agdo be monitored simultaneously. In
addition, although variable among littermates,gbparation distance between adjacent
labeled axons enables individual axons to be retified and monitored individually.
The trajectory of intact axons as they enter theadgord is stereotypical. Because few
axons express YFP, Wallerian degeneration prodoglysa small number of fragments
(fluorescent debris), which facilitate identifiaati of an axon ending when they are
included in each image. Identification of a spec#kxon is also aided by its location
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relative to adjacent axons or landmarks such asdblessels, whose location remains the

same and whose main branching points change aghtlglin caliber over several days.

Scar tissue accumulation

Re-exposing the area of interest in repeated@esss often hindered by the rapid
accumulation of scar tissue on the exposed corédsd bollagenous scars form a thin, but
opaque layer that adheres tightly to the dura sarftis removal is tedious, prolonging
the image session and risking damage to the vdscejaxons, and other cells. We have
attempted to minimize the scar by tightly applyangiece of thin synthetic matrix
membrane (Biobrane) to tissue above the exposedarwt dura, so that scars may
accumulate on the membrane rather than on thesduface. Matrix membrane can be
removed and replaced at each imaging sessionniémsbrane is stabilized with a layer
of much thicker artificial dura (GORE PRECLUDE M\Rira Substitute) that is sutured

to nearby musculature.

Repeated or prolonged anesthetization

Most mouse mortality during or after our initidronic imaging (>1 week)
studies was primarily due to multiple surgical dhesc procedures. Minimizing duration
of anesthesia is important; repeated administratf@nesthetic by injection perturbs the
animal’s position under the objective, and riskerdose. | compared the efficiency and
effectiveness for longer imaging experiments (sesslonger than 1hr) of repeated
anesthetizations using conventional injection kétmine-xylazine cocktail to

inhalation anesthesia via isoflurane vaporizatioxeoh with medical oxygen delivered by
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a laboratory animal anesthesia system (V-1 LAASEYeip). | wanted to determine
whether the gas anesthesia provided a more comsikss-invasive, anesthesia for

longer imaging sessions.

Respiratory-induced movement artifacts

In mice, the proximity of the spinal cord to thealt and lungs results in
particularly troublesome respiratory-induced movetratifacts. The focal plane, which
may contain regenerating axons of interest, cotigtananges with the animal’s
breathing, and image quality suffers because ofdpe changes in focus. One approach
to overcome this problem is to rely on fast cansg@ed and image acquisition to collect
multiple images of superficial axons in a shori@eiof time. The best images with the
least distortion due to breathing movements caselected later. This method is partially
effective for tracking an individual axon over adeiarea, or at low magnification.
However at higher magnification, respiration grngattaggerates animal movement,
which dramatically increases artifacts and thadaifty of acquiring an in-focus image.
Image quality is also enhanced by consistently taaiimg the animal’s orientation to the
objective lens near to perpendicular. Maintainimg brientation may prove challenging
because the axons do not course through the raotoothe spinal cord in a single plane
parallel to the dorsal surface. We have also fatatlireliable identification of specific
axons at repeated imaging sessions demands rebithyof the animal’s orientation
under the objective lens. To address these iskhasge tested incorporating a stereotaxic
holder (SR-AM and STS-A, Narishige) into our wideld microscopy setup. This holder

has adjustable vertebral clamps that are positiustdostral and caudal to the exposed
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area and fasten directly to the vertebrae. Thisquéar holder also has head and tail

clamps to suspend the animal.

Cause of issue

Imaging obstacle

Troubleshooting stegy

bleeding during re-
exposure

blood obscures the
field of view

use cotton swabs to stop bleeding

tissue is drying out

tissue becomes
rippled or damaged

maintain moist exposed area with
saline

animal’s body temperaturg
drops during session

> animal responds
poorly to
anesthesia/ animal
dies

maintain animal’s body temperatur
with heating pad

[}

anesthesia is not consiste

nanimal’s breathing
is erratic/ animal
dies

consider isoflurane vaporization to
provide consistent anesthesia

animal requires repeated
anesthetization

animal wakes up
from anesthesia/
animal dies

consider isoflurane vaporization to
reduce perturbation of animal
position

animal is poorly positione(
under the objective

i fluorescence signal
appears dimmer/
undetectable

position the animal with respect to
objective and maintain animal’s
position

prolonged exposure to
fluorescence excitation at
any point in experiment

fluorescence signal
appears dimmer/
undetectable

reduce or eliminate photobleaching
and/ or phototoxicity

axons appear deeply
positioned in the tissue/
light scattering

fluorescence signal
appears dimmer/
undetectable

locate more superficially positionec
axons (some axons are positioned
too deeply for wide-field
microscopy)

many fragments of axons
obstruct view of

fragments have not
yet been cleared

regenerating axon

useThylYFP-M for fewer labeled
fragments from Wallerian

degeneration

Table 2-1. Other common issues impeding imaging artdoubleshooting strategies Although
not an inclusive list, these are practical imagssyes and their possible causes, listed with a
troubleshooting strategy based on our experience.
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Materials and Methods

Materials

Animals

1. Male or female, H or M linéhylYFP mice, age 2-3 months, weighing 20-30 g
(Jackson Laboratories) are usedifovivoimaging experiments. Animals are maintained
under standard care conditions with food and weddrbitum

Anesthesia and Post-operative Care

1. Injectable cocktail of xylazine (8 mg/kg) (AnalSejection sterile solution, Lloyd,

Inc.) and ketamine (120 mg/kg) (Ketamine hydrodhdeinjection USP, Hospira Inc.) in
0.9% saline or, alternatively, inhalation anesthesing vaporized isoflurane USP
(Piramal Healthcare Limited) in medical oxygen @ss).

2. Laboratory animal anesthesia system (V-1 LAA&Pquip).

3. Injectable Buprenorphine (0.05 mg/kg) (Buprenegdtgble, Reckitt Benckiser).
Surgical preparation

1. Adjustable temperature controller with heatiag pATC 1000, World Precision
Instruments, Inc.), small animal hair clippers @d$rofessional Products), hair removal
lotion (Nair with baby oil, Church & Dwight Co.).

Surgical tools and equipment

1. Tools gauze sponges (Fisher Scientific), cotton-tippedbs (Fisher Scientific), 1 mL
syringes (BD Biosciences), subcutaneous (Sub-QJlese€26ga.) (BD Biosciences),
spring scissors and forceps (Fine Science ToolS)nn curved rongeurs (Fine Science

Tools), lactated Ringer’s injection USP (B. Brauedital), sterile saline solution (APP
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Pharmaceuticals), mouse stereotaxic holder witteleal clamps (SR-AM and STS-A,
Narishige).

2. Operative materialsthin synthetic matrix membrane (Bertek Pharmacals)¢
artificial dura (Gore Preclude MVP Dura SubstitiéL. Gore and Associates), 5-0 Silk
sutures (Ethicon Inc.), wound clips (Perfect -Etari2au, Burnea, France), Kwik-Sil
silicone elastomer (World Precision Instruments,)In

3. Acquisition softwardor wide-field fluorescence imaging—Metamorph safte
(Molecular Devices).

4. Photoshop (Adobe).

Methods

Surgical preparation

1. In advance, adjust a thermostatically controliedting pad (World Precision
Instruments, Inc.) to 32.5°C. The heating pad edus maintain a constant body
temperature during the surgical procedure and ppstative care.

2. In advance, warm sterile lactated Ringer’s sotu(B. Braun Medical) or artificial
cerebrospinal fluid (ACSF) in a syringe to 32.5%Ing the heating pad. Warmed
physiological solution is used to irrigate the gpicord during surgery.

3. After weighing the animal, initially anesthetizgh an intraperitoneal (ip) injection of
a cocktail of xylazine (8 mg/kg) and ketamine (12@/kg) in 0.9% saline. Alternatively,
inhalation anesthesia using 4% vaporized isoflurarieOL/min medical oxygen can be
used to initially anesthetize the animal (Labonatmmimal anesthesia system, V-1 LAAS,

VetEquip). Determine the stage of anesthesia aalfjasia by assessing the animal’s
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sensitivity by pinching the paw of the hindlimb.élappropriate stage of anesthesia and
analgesia must be monitored for the duration oktssion.

4. If inhalation anesthesia is used, adjust thagegpercent isoflurane vaporization in
medical oxygen L/min) to 1.50-2.50% isoflurane viapation in 1.0 L/min of oxygen, for
prolonged anesthesia and analgesia (sessions ltvagef hour).

5. Once the animal has reached the appropriate sfa@nesthesia and analgesia, shave
the animal’s upper back using small animal clipp&ren, use a cotton-tipped swab to
spread one small drop of hair removal lotion overshaved area. After just a moment,
wipe away the lotion using 70% ethanol-soaked gauwabs.

Surgical exposure of the DREZ and dorsal root

1. Gently place the animal on the heating padt(s8g.5°C).

2. Using 70% ethanol-soaked gauze swabs, thoroutiilyfect the skin of the back,
ensuring that no stray hairs remain.

3. Position the animal on a support cushion (rotietion gauze) to flatten the vertebral
column.

4. Under brightfield illumination, use a 10-bladmlpel to make a midline incision (2-3
cm) in the skin of the back. Use cotton-tipped ssvabhalt bleeding and to clean the
incision.

5. Gently part the spinal musculature above theebeae at the midline. Continue until
the underlying lumbar vertebrae are exposed. Retrabhooks can be used to hold the
musculature and skin open.

6. Using small rongeurs, expose the lumbar levelda@ral level S1 spinal segments by

performing a right-sided hemi-laminectomy. Cargfu#émove the right dorsal portion of
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the L5 vertebra at the level of the iliac crestha hip (location of the L5 DRG) toward
the L2 vertebrae (2 vertebrae caudal to the |at Frequently perfuse the exposed
cavity with the warm sterile Ringer’s solution o€AF to prevent the tissue from drying
out. The tissue should never be allowed to dry asithis will damage the spinal cord.
Dorsal root crush injury/ rhizotomy

1. Before proceeding, ensure that the animal iuddep anesthesia. Assess the
animal’s sensitivity by pinching the paw of the dhirmb before performing the dorsal
root crush injury/rhizotomy.

2. At this point in the procedure (approximatelyrBihutes after the first i.p. injection of
anesthetic, a supplement (half-dose, 0.5X) shoelddministered subcutaneously in
order to keep the animal fully anesthetized. Alégirrely, if inhalation anesthesia is used,
1.50-2.50% isoflurane in 1.0L/min of oxygen canyiie continuous anesthetization.

3. Cease bright-field illumination and switch tevimtensity fluorescence excitation, and
use an appropriate filter cube to visualize the Yd#eled (YFP+) axons with the
eyepieces.

4. Use the tip of a Sub-Q (26ga.) needle to makmal incision in the dura overlying
the L5 dorsal root. Do not remove the dura at ang during the procedure and take
great care not to damage the underlying spinal. &gdin, perfuse the exposed area
repeatedly with warmed sterile physiological santand clean the area gently with
cotton-tipped swabs.

5. Insert one side of a fine forceps (Dumont #%Hdswally, far enough to encompass the

medial portion of the L5 root.
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6. Close the forceps gently, but firmly, holding ttmedial portion of the L5 dorsal root
for 10 seconds and then gently release the forceps.

7. Wash the exposed area repeatedly with warmeitegdysiological solution and clean
gently with cotton-tipped swabs.

8. If necessary, gently reposition the dorsal withh forceps so that the site of the crush
injury is not obscured.

Wide-field microscopy image acquisition and postrative procedures

1. Using Metamorph or other appropriate controlsodtware, acquire multiple images
of the entire exposed area, including the crughasitd the DREZ before and just after the
injury. A set of both low and high magnificationagpes should be acquired.

2. Acquire images either as single snapshots ondsple streams of 10 to 20 frames
acquired within 30-40ms exposure time. Becausaitba of interest is quite wide,
several in-focus images may be needed for accoratgage reconstruction using Adobe
Photoshop (Figure 2-4, and 2-5).

3. After imaging is complete, in order to minimgebsequent scar accumulation, tightly
apply a piece of thin synthetic matrix membraneof8ane) mesh side-up. Trim the
membrane to an appropriate size so that it wilkcalie exposed spinal cord. Then place
a piece of artificial dura (Gore Preclude) on tibpnay be necessary to slightly bend this
thicker membrane so that it follows the naturaltoan of the vertebrae.

4. Close the musculature with sterile 5-0 sutukgki¢on). Non-soluble (silk) sutures
should be used. Then close the midline skin ingiswth wound clips (Ets Bruneau,

Burnea, France). Wound clips should not be oveglytt
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5. As part of post-operative care, inject Ringsotution (0.3- to 0.5-mL) subcutaneously
near the surgical site on the back of the animdm#ister Buprenorphine for post-
operative analgesia (0.05 mg/kg) intramusculargrew.2 hours for 2 days.

6. Keep the animal on the warmed heating pad (34CBfor several hours until
recovered.

7. Make water and food easily accessible to theuwering animal. Hydrogel and chow
should be left on the floor of the cage for thenaadito easily reach.

Re-exposure and repeated imaging

1. In advance, adjust the temperature of the hgggtial’s output to 32.5°C and warm
sterile Ringer’s solution or ACSF to 32.5°C.

2. Anesthetize the animal as before, and carefaltyove the wound clips and sutures.
3. Gently remove the thick artificial dura and kéieip a sterile tube containing sterile
saline for later reuse. Gently remove the thinlsgtit matrix membrane using forceps
and place it in sterile saline.

4. Gently remove accumulated scar tissue with #rg tp of a Sub-Q needle and fine
forceps. Great care should be taken to thorougkbncthe exposed area. Perfuse
frequently with warm saline and halt any bleedinthwotton-tipped swabs.

5. Re-expose the operative field, including L5 DREZ DR and the injury site. Under
fluorescence excitation, use persistent landmarkslocate the YFP+ axons imaged in
the previous sessions (Figure 2-4, and 2-5). Thading points of major blood vessels
along the main midline vessel and/or fluorescesgiinents of degenerating axons can

serve as landmarks.
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6. If available, mount the animal in an appropriai@use stereotaxic holder with
vertebral clamps (i.e. SR-AM and STS-A, Narishigd)e vertebral clamps should be
positioned just rostral and caudal to the exposed and must directly clamp to the
vertebrae (Figure 2-8). It may be necessary tthéunteflect the musculature at these
regions so that the inset of the clamps makestdi@dact with the vertebrae. Secure the
animal’s head and tail with the proper clamps. Kiagjust the animal’s position on the
holder (slope and/or rotation) to accurately repiadthe animal’s orientation during the
previous imaging sessions.

7. The animal should be closely monitored and cbé@cskith paw pinch to ensure proper
maintenance of anesthesia and analgesia. A supplang€0.5x dose) anesthetic should
be administered as needed.

8. As in previous imaging sessions, several in4$dow-magnification images of the L5
DREZ and L5 DR, including the crush site, shouldabguired, with persistent landmarks
clearly visible in each acquired image. Higher mfagation images should also be

acquired, despite the narrow field-of-view, for imoped details (Figure 2-4 and 2-5).

Representative Results

In Vivo Imaging Allows Easy Identification of Spared verss Regenerating Axons
Axon sparing has been responsible for conflictingnolusive observations in
studies of spinal cord or root injuries (Stewarlde@g, & Tessier-Lavigne, 2003). We
consider the power to distinguish between sparddegenerating axons an important
asset ofn vivoimaging studies of DR regeneration (Han et al,230This distinction is

possible becausg vivoimaging allows observation of the spatiotempoeaponses of

36



both regenerating proximal stump axons and of éineesaxons degenerating distal to the
crush. As illustrated in the cartoon (Figure 2-&Yeral features of crushed axans

vivo were very useful in differentiating regeneratixgs from axons that had not been
crushed or had recovered from crush. Within a fews after crushing: 1) An ~30 pm
wide non-fluorescent portion of the YFP+ axon cegsht the injury site becomes
widened rather than narrowed (i.e., narrowed ifnsxsurvive the crush due to fluorescent
cytoplasm refilling the squeezed/crushed axon.s#eThe distal portions of the same
axons beyond the crush begin to degenerate andaneeitagmented. In addition, within a
few days after crushing: 3) Fragments of fluoresdestal axons beyond the crush
progressively shorten due to degeneration at bhadls ef each fragment. Moreover, 4)
Regenerating axons or neurites are much thinngs,deghtly fluorescent and more
undulating than the intact axons (or recovered YdbRled large diameter axons), and 5)
the thin, dimly fluorescent regenerating neuriteteed through the degenerating
fragments of the original, brightly fluorescent azo6) Unlike surviving or spared axons,
regenerating axons stop at the DREZ. 7) Sparedsaeximbit nodes of Ranvier, whereas

regenerating axons do not.
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Figure 2-3. Schematic illustration of spared, degearating and regenerating
axons observed duringn vivo imaging of YFP-labeled DR axons following
crush injury. (1) After DR axon injury, a non-fluorescent gamissious at the
site of crush (2), and then in the distal parthef &xons undergoing fragmentation
(3). Non-fluorescent gaps widen and become moreenoms as distal axons
degenerate (4). A thin regenerating neurite extérms the proximal stump of
the same axon (3), which elongates through the rthicker and brighter
fluorescent fragments of a degenerating axon (45%Wide-fieldin vivo
imaging of a spared axon (blue arrow) and a preslyjocrushed axon (green
arrow) showing degeneration of an old axon andmrreggion of a new neurite
from its proximal stump (Adopted from Han et aD]12).
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In Vivo Imaging Permits Re-identification of RegeneratingdR Axons

In this experiment (Figure 2-4), we minimized thenber of damaged YFP+
axons by crushing only the most medial portionhef £5 root (Figure 2-4 Al). This
strategy enabled us to crush only one or two YERhs and follow their regeneration
with little residual YFP fluorescence. The crushswigade at the usual location, ~3 mm
away from the DREZ, and the crushed axons wereechdgily. Typically, the proximal
tips of the crushed axons degenerated for 2 d imfiery (Figure 2-4 A2) (e.g., an axon
marked by green arrow) and then extended a shoriteewhich, by day 4, had grown
>3 mm along the fluorescent fragments of degemegatkons (i.e., endoneurial tubes
marked by yellow arrowheads; Figure 2-4 A3) andvad at the DREZ (Figure 2-4 A3).
We also observed short neurites extending from safitiee proximal axons imaged 2 d

after injury (Figure 2-4 B).
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Figure 2-4. Repeated imaging of an identified axon for 4 daysf&r root crush. OnDay

0, aThyXYFPH mouse with only a few superficial YFP+ axamslerwent crush of the most
medial portion of the L5 root (red arrowheads) iaimize the number of damaged
axons.Al, Magnified view of the crush site immediately aftgury. Two superficial axons
are shown; the axon marked by a blue arrow (blumywas stretched but survived the
injury, whereas the axon marked by a green arroeefgaxon) was damaged. Oay 2,
degeneration of both proximal and distal tips aonéid apparent damage of the green axon
by the crushA2, Magnified view of the crush site. Yellow arrowaes dying-back
degeneration of the green axon. Note that no reehas yet been formed by the green axon.
OnDay 4, the green axon has extended approximately 3 mditaitip has reached the
DREZ. A3, Magnified view of the green aramear the DREZ, illustrating its growth along
fluorescent fragments of degenerating distal aXgelow arrowheads: i.e., endoneurial tube
trajectory).B, Examples of newly formed neurites on proximahgiiaxons imaged 2 days
after injury.Day 0, magnified view of the crush site immediately aftgury showing two
crushed axons (pink arrow®)ay 2, both axons extended short neurites (green arrthas)
have not yet reached the distal stump axons ¢etow arrowhead). These neurites have
slender growing tips (green arrow, ins&gay 3, both neurites extended through the
degenerating distal axons. Red circlealinandA2 indicate a node of Ranvier on the blue
axon that served as a landmark. Blood vesselsdawa landmark iB. Red arrowheads
indicate the site of crush. (Originally publishedDi Maio et al., 2011).
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In another experiment (Figure 2-5), we continuedging axons beyond 5 days
after crush, when they had already arrived at tRED. The leading tips of these axons
did not continue forward, retract, or turn aroubdt were in the same spatial position,
and remained in the same location in subsequerinmgaessions (identified by relative
location with respect to blood vessels and flucgasdebris). Importantly, to re-identify
individual axons in subsequent sessions, sevardhiarks should be used, including:
bright fragments of degenerating axons that rempito several days after injury, spared
or intact axons, and the branching points of sé\doad vessels off the prominent dorsal

vein.
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Figure 2-5. Repeated imaging of axons arrived at hDREZ over 12 days after L5
root crush. Re-identification and repeated wide-fiéhdvivoimaging of regenerating |
DR axons. (A-H) A YFP+ axon at the DREZ was imagadA) Day 5, (B) 6, (C) 7,
(D) 8, (E) 9, (F) 10, (G) 11, and (H) 12 after ldot crush. Over the course of several
days after root crush, axons distal to the lesterfragmented and very slowly degrau
in the CNS territory of the DREZ. These fluorescaxdn fragments, as well as branc
of blood vessels, can be used as landmarks toatel@xms imaged in previous sessi
(asterisks). The axon time (arrow) in A-H is magrdfin A’-H’ (composite images of
in-focus frames using Adobe Photoshop) (Adoptethf@kuba et al., 2014).
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Discussion and Additional Troubleshooting

This chapter describes the technical applicatiowidé-field fluorescence
microscopy to studying sensory axon regeneratiogctly in the living animal. Earlier
studies using conventional tracing techniques arst-mortem analyses lacked both the
spatial and temporal resolution to answer impongristions about dynamic biological
processes, such as axon regeneration. Moreoveg #dalier studies often provided
conflicting or inconclusive evidence. Only moreeetlty have innovations in optics and
mouse transgenics dramatically improved our abititynonitor neurons serially vivo.

It is surprising, however, that despite extensiveegience imaging living muscles and
brain, imaging studies of living spinal cord or t®bave only recently begun.

Indeed, part of this thesis work is the first reépairtime-lapse imaging of growing
sensory axons and their regeneration failure iditimey mouse (Chapter 4). These
imaging studies presented us a challenge becawssefal key issues that arise when
conventional microscopy setups are used to imaty@amic process inside a living,
breathing, animal. These issues require carefehétin during chronic imaging sessions.
We identified several important imaging issuesis text, and described the strategies
and detailed methods to overcome these challengksresure the representative results
provided above. Here we discuss these troublesiwstrategies in further detail.

We have optimized our wide-field imaging setup amethodology to address the
various challenges that arise from live animal &sidnd imaging living spinal cord.
First, we learned that regeneration of individu& Bxons is better imaged in lumbar
than in cervical spinal cord dhyLYFP mice. This was determined by comparing our

ability to image the exposed area from the typicgiry site (lateral) to the midline of the
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spinal cord in lumbar or cervical cord. We foundttlbecause L5 DREZ is the widest
DREZ along the entire midline axis (rostral-cauddlpermitted us to reliably identify its
location in living spinal cord. Further the stergued trajectory and the angle at which
the long axis of DR axons are positioned in the waith respect to the objective helped
us to follow regeneration of several identified ag@imultaneously and repeatedly over
time.

Among the diverse lines generated by Feng et alhave found that the —M line
of ThylYFP mice (YFP-M) is ideal fain vivoimaging of sensory axons as only a few
(<10%) dorsal root ganglion (DRG) neurons expreBR YThis unique pattern allows
several distinct, superficially positioned YFP+ agdo be monitored simultaneously. In
addition, although variable among littermates,gbparation distance between adjacent
labeled axons allows individual axons to be re-diea and monitored individually. The
trajectory of intact axons as they enter the spionadl is stereotypical. Also, because few
axons express YFP, Wallerian degeneration prodoggsa small number of fragments,
which facilitates identification of an axon endimgtact/non-injured YFP labeled (YFP+)
axons in M lineThyL:YFP mice appear wide and brightly labeled. We hdetermined
that superficially positioned intact YFP+ axonsmiba require ‘full intensity’
fluorescence excitation to reliably visualize oeevmage them. Importantly, the
intensity should be kept at minimum to avoid ph&abhing and phototoxicity. These
cautions apply even more strongly to imaging thie, thimly labeled YFP+ axons that
approach and arrive at the DREZ after injury.

Repeated surgical re-exposure of the area of siterdl cause gradual formation

of a fibrotic scar that encompasses the exposedispord and requires careful cleaning
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and removal (Figure 2-6). To minimize scar formatawound the spinal cord, we tightly
cover the exposed spinal cord and dura with pie€ésin synthetic matrix membrane

and artificial dura after every imaging sessione Goal is for the scar tissue to
accumulate on the membrane rather than on thelsmrdy which will allow it to be
removed when the membranes are taken out. Howeegpjte the use of these
membranes, scar accumulates and must be clearetedious process that risks damage
to the dura. Incomplete removal may cause imagertiien that makes analysis more

difficult.

Figure 2-6. Accumulated scar tissue obstructs or distorts #hfield of view. Repeated
surgical re-exposure of the area of interest shgwnadual (DO-D8) formation of a fibrotic
scar that encompasses the exposed spinal corequidlas careful cleaning and removal. By
tightly covering the exposed area with piecesyotisetic matrix membrane and artificial d
after every imaging session, scar formation camimémized, allowing the scar tissue to
accumulate on the membrane rather than on thestiSmayveral vascular changes were also
observed.
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After using the aforementioned injectable anestheicktail for years, we have
recently found that properly ventilated inhalateomesthesia using vaporized isoflurane in
medical oxygen more consistently produces a conbktael of anesthesia and analgesia,
which we monitor throughout the experiment by himddl toe-pinch (Figure 2-7). In
addition to providing more rhythmic breathing thajectable anesthesia, inhalation
anesthesia avoids the need to change the aninzai8gqm during imaging in order to
administer supplemental doses. In addition, regofrem anesthesia is much shorter
with gas anesthesia (animal will awake after 10, lly recover 30 min later), when
compared to the conventional ketamine-xylazine tactawake 2-3 hours after last

supplemental dose).
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Figure 2-7. Dosaging schedules of conventional regted injection of ketaminexylazine vs.
isoflurane vaporization for consistent anesthesiaof prolonged imaging sessions.
Comparison of conventional dosaging schedule usst@mine-xylazine cocktail versus
continuous isoflurane anesthesia for prolonged ingagessions. Top, for ketamine-xylazine
anesthetic injection, an initial 1X dose is adnteried at the beginning of the surgical or
imaging session and the animal will quickly go un@® reflex to toe-pinch). An additional
0.25X supplemental dose administered every 1hmBder the last dose was administered, it
may take 2-3 hours for the animal to recover. Boftfor gas anesthesia using isoflurane
vaporization, an initial 4% isoflurane in 1.0L/n? is sufficient to put a single animal placed
in the induction chamber under proper anesthesiaditex to toepinch). After switching to tt
nose cone, the dose is adjusted to 2.5% isoflurah®L/min O2, and can possibly be
incrementally decreased (as long as the animal mimagspond to toe-pinch) throughout the
session. To induce recovery, 0.0% isoflurane ih/ih O2 will allow the animal to wake
within 10 min, with full recovery no longer than &tn later.

Animal movement due to respiration can introducaging artifacts, which are
greatly worsened at higher magnifications. Movenmecrieases the difficulty of
acquiring an in-focus image without artifacts, etleough respiratory movements may be
rhythmic. We have found that by incorporating aestéaxic holder (SR-AM and STS-A,

Narishige) into our wide-field microscopy setupdtie 2-8), we can greatly improve

a7



animal stability, which isolates the movement @& beart and lungs and keeps it from
affecting the spinal cord. Further, because thmals orientation to the objective lens
should be maintained near to perpendicular anduseciis orientation must be

reproduced in subsequent imaging sessions, thetatlja holder can help to properly

position the animal and improve the consistencgr@ntation.

Figure 2-8. Animal placement for wide-field fluorescencein vivo imaging. (Left) After re-
exposing the operative field and cleaning away exdated scar tissue, support provided by
gauze sponge ‘pillows’ can be removed and the dmmoanted to (A, A’) the manipulators of

the stereotaxic holder using the headmount (leftmtiee two vertebral clamps (center), and the
tail suspender (rightmost) (SR-AM and STS-A, Nagsly, to reduce movement of the animal
due to respiration. The vertebral clamps are mo®il just rostral and caudal to the exposed area
and clamp directly to the vertebrae. During thegimg session, (B, B’) a nosecone attached to a
laboratory animal anesthesia system (V-1 LAAS, \geiiR) delivers continuous inhalation
anesthesia (Isoflurane, Piramal Health Limitedniedical oxygen (Airgas), while the animal’s
body temperature is maintained by (C, C’) a hegpiag attached to a temperature controller
(ATC 1000, World Precision Instruments, Inc.). Ehgosed area is frequently perfused with
warmed sterile Ringer’s solution (Modified from $Rleuet al., 2014).
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CHAPTER 3

IN VIVO IMAGING REVEALS UNEXPECTEDLY RAPID
IMMOBILIZATION AND PRESYNAPTIC
DIFFERENTIATION OF DORSAL ROOT AXONS

ARRESTED AT THE DREZ

This chapter is based on a published manuscript in
Di Maio, A.*, Skuba, A.*, Himes, BT., Bhagat, SL., Hyun, JK., Tessler,RBishop, D.,
and Son, YJ. (2011p vivoimaging of dorsal root regeneration: rapid immiabifion
and presynaptic differentiation at the CNS/PNS bardournal of Neuroscience,
31(12):4569-82. *co-first author
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Abstract

After injury, dorsal root (DR) axons regeneratehia peripheral nervous system
(PNS), but turn around or stop at the dorsal rottyezone (DREZ), the entrance into the
central nervous system (CNS). Earlier studies ofilj&y relied heavily on
conventional tracing techniques or postmortem aeas\and therefore were limited in
spatial and temporal resolution, because dynanaogés, such as axon regeneration, had
to be deduced indirectly from comparisons of staiages. In addition, earlier studies
often provided conflicting or inconclusive evidertige to variable axon labeling and
incomplete lesions that result in spared or spnguéixons. In general, these studies
attributed the regeneration failure to growth intaits and lack of intrinsic growth
potential. Over the last few years, we have picggar applyingn vivoimaging to
monitor regeneration of identified DR axons dirgatl living animals, and present here
the firstin vivostudy of DR regeneration. Fluorescently labelatye-diameter DR
axons in thyl-YFPH mice elongated through a DRItsite, but not a transection site,
and grew along the root at >1.5 mm/d with littleighility. Surprisingly, they rarely
turned around at the DREZ upon encountering asiescput penetrated deeper into the
CNS territory, where they rapidly stalled and tihemained completely immobile or
stable, even after conditioning lesions that enbdrgrowth along the root. Stalled axon
tips and adjacent shafts were intensely immunoémbeith synaptic markers.
Ultrastructural analysis targeted to the DREZ drettwith recently arrived axons
additionally revealed abundant axonal profiles biimg presynaptic features such as
synaptic vesicles aggregated at active zones,diyiostsynaptic features. These data

suggest that axons are neither repelled nor camtisly inhibited at the DREZ by
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growth-inhibitory molecules but are rapidly stab@d as they invade the CNS territory of
the DREZ, forming presynaptic terminal endings on-neuronal cells. These studies
prove both the feasibility and utility of trackimggenerating DR axons vivg; they have
provided us with valuable experience in imagingnigvspinal cord and a novel idea,
which static analyses could not have resolved, alwby DR axons are prevented from

regenerating within the spinal cord.
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Introduction

Almost a century ago, Ramon y Cajal labeled a dutfs#orsal root ganglion
(DRG) axons with Golgi’s staining technique andw&d that regenerating dorsal root
(DR) axons were redirected peripherally or termedeadt the dorsal root entry zone
(DREZ), the transitional zone between the CNS ad8 FRamon y Cajal, 1928). DR
injuries, which include brachial plexus, lumbosaptaxus and cauda equina injuries, are
clinically relevant, as they result in permanersslof primary afferent terminals in the
spinal cord. These injuries have profound effeatshe spinal cord and evoke chronic,
often agonizing, pain and permanent loss of semsaind lack effective therapy (Hannila
& Filbin, 2008; Havton & Carlstedt, 2009).

The molecular and cellular events that repel agsdraxons at the DREZ remain
poorly understood. Although a substantial bodynédrimation now exists that attributes
this regeneration failure to a lack of intrinsiogth potential of DRG neurons and an
abundance of glia-associated growth-inhibitory rooles at the DREZ, the decisive
factor(s) and their mechanisms of action are unkndgcause the information is
incomplete about the identity of these factorsirthmechanisms of action, and how they
can be regulated (Ramer, Duraisingam, et al., 2B@iner, McMahon, et al., 2001,
Rhodes & Fawcett, 2004, Silver & Miller, 2004; Y8uHe, 2006). Although spinal root
injury evokes changes similar to those inducedibsct CNS injury, it does not cause an
impassable glial scar. Nevertheless, the axotonif®EZ prevents regeneration
efficiently: whereas peripheral conditioning lespwhich enhance the growth potential
of DRG neurons, promote intraspinal regeneratiotheir central axons in the dorsal

columns (Cao et al., 2006; Neumann & Woolf, 1999, same axons fail to regenerate
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through the DREZ. Notably, repellent cues, inclgdatigodendrocyte-associated or
myelin-derived inhibitors (Nogo-A, MAG, and OMgpii@astrocyte-associated
chondroitin sulfate proteoglycans (CSPGs), causelmref growth cone collapse or
retractionin vitro (Li et al., 1996; Snow, Watanabe, Letourneau, &&il1991; Yiu &
He, 2006). Moreover, DRG axons grow despite gravatie collapse (Jin et al., 2009;
Jones, Selzer, & Gallo, 2006; Marsh & Letourne&84). Moreover, unlikén vitro,
regenerating axons arriving at the DREZ are accamegdaby growth-promoting
Schwann cells, which could provide attractive alégive growth pathways for axons
with ‘transiently’ collapsed growth cones to tumo@and and grow back into the PNS.
These growth-inhibitory molecules therefore seeracount for the turning but not the
growth arrest of DR axons at the DREZ. Moreovemnah studies have shown it to be
challenging to induce intraspinal regenerationlio$@btypes of primary sensory neurons.
Moreover, earlier studies of DR injury relied hdgwn conventional tracing
techniques and postmortem analyses, which werégelthin spatial and temporal
resolution, because dynamic changes, such as ageneration, had to be deduced
indirectly from comparisons of static images orgsshots collected at multiple time
points and animals after death. In addition, eagiadies based on static analyses often
provided conflicting or inconclusive evidence daevariable axon labeling and
incomplete lesions that result in spared or spnguéixons. Fundamental questions
therefore remained unanswered, including whethensustop abruptly or attempt to turn
around at the DREZ and whether they remain immabile@gain mobility over time.
These considerations led us to suspect that a noeehanism plays a more decisive role

in preventing regeneration across the DREZ. Rg@dnanent immobilization would
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suggest a unigue mechanism that arrests axonsralyziag or stabilizing them, as was
speculated many years ago but virtually forgotteéarlstedt, 1985).

Dynamic cellular processes, including axon regeimrand the success or
failure of their regeneration are best studied wetthniques that capture real-time events
with multiple observations of each animal (Misg&ld&erschensteiner, 2006). Therefore,
to address these questions and to test the fegs#nd utility of the technique, we
present here the first study to employivoimaging to directly monitor DR regeneration
in live animal. Using wide-field microscopy anddhescently labeled subsets of L5 DR
axons of Thyl-YFP mice (see Chapter 2 for a corepletcription of methodology), we
successfully monitored the regeneration of idezdifibR axons over long distances and
arriving at the DREZ repeatedly over weeks to msmtinectly in living animals. We
were surprised to find that, after root crush, >9&% FP+ labeled axons rapidly stopped
and became immobilized at the DREZ, even after itimmihg lesions that enhanced
their growth potential. These regenerated axonsireed completely immobilized at the
DREZ. In combination with a targeted ultrastructanaalysis, we found that most axons
were not repelled, but were immobilized rapidly @hdonically at the CNS portion of
the DREZ, where they formed presynaptic termindimys. The project has proven to be
both feasible and useful; it has provided us walugble experience in imaging living
spinal cord and a novel idea about why DR axongereented from regenerating within

the spinal cord.
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Materials and Methods

Mice

For a complete description #fyl-YFP- lines and methodology, please refer to
Chapter 2. Briefly, we used adult mice (2—4 momthage) of either sex from transgenic
strainsthyl-YFPH andthyl-YFP16, which express yellow fluorescent proteifrPy
under the control of the neuron-specifigy-1promoter (Feng et al., 2000). Original
breeding pairs were purchased from The Jacksonrbtdry; subsequent stocks of mice
used in these experiments were reared in the arfacidities initially at Drexel
University College of Medicine (DUCOM) and laterfample University School of
Medicine (TUSM). All experiments were performedaiccordance with DUCOM's and
TUSM's Institutional Animal Care and Use Committeel National Institutes of Health

guidelines.

Surgical and Post-operative Procedures

Please refer to Chapter 2 for complete and detailkegical and post-operative
methodology. Additionally here, for transectionungs, the medial portion of the L5 root
was cut near the L3 DRG,3 mm from the DREZ, using a fine-spring scissorf$eiA
lifting the proximal stump to confirm that the DRdbeen completely transected, we
closely apposed the cut ends of the proximal astldstumps. For conditioning lesions,
the sciatic nerve was crushed in the lateral tbigthe ipsilateral hind leg 10 d before the
root was crushed. Animals were anesthetized agideddn Chapter 2; the skin and

superficial muscle layer of the midthigh were opgrend the sciatic nerve was crushed
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for 10 s with fine forceps (Dumont #5). The musahel skin were then closed in layers

and the animals were allowed to recover on a hga@a until fully awake.

In Vivo Imaging and Image Acquisition Using WidgdiFluorescence Microscopy
Please refer to Chapter 2 for complete and detaildd-field fluorescencan vivo
imaging and image acquisition methodology. Addiéibnhere, high-resolution confocal
images were obtained with a Leica TCS 4D confodatescope. Z-stacks were obtained
at 0.3 m step size for 20—40m depths. Leica TCS-NT acquisition software andrisna
image software (Bitplane) were used to reconstrtgdries images into maximum-

intensity projections.

Criteria for Distinguishing Regenerating Axons fr@pared Axons

In vivoimaging is essential because it prevents us frastaking spared axons as
regenerated ones. We applied several additiortakierifor unambiguously distinguishing
regenerating axons from axons that had been spared¢overed from the injury. These
included the following: (1) in regenerating axotigre was expansion of the
nonfluorescent portion of the YFP+ axon at the lersige due to proximal and distal
degeneration (in contrast to narrowing of the ualedh gap due to fluorescent cytoplasm
refilling the crush site if axons survived the iy (2) regenerating axons were much
thinner, less brightly fluorescent, and more untia¢athan axons that survived the
injury; (3) regenerating neurites were thinner amate dimly fluorescent than the

degenerating fluorescent fragments of axons threughh they extended; (4) in contrast
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to surviving or spared axons, regenerating axansstd at the DREZ; and (5) in contrast

to surviving or spared axons, regenerating axotsi1dt exhibit nodes of Ranvier.

Immunohistochemistry of DREZ in Whole Mounts

Followingin vivoimaging, we harvested tissues and processed tharhale
mounts to immunolabel astrocytes, oligodendrocyge§chwann cells to locate the
CNS/PNS interface. The immunostaining proceduresteasdard (Wright et al., 2009),
except for the permeabilization steps in whichlediMeOH and 1% sodium
borohydride were also used. Mice were perfusedtandially with 0.9% heparinized
saline solution followed by 4% paraformaldehyd®BS. After 3 hin situ post-fixation
at 4°C, the spinal cord segment (L3-L6) with atetHorsal roots was removed and
rinsed in PBS. The tissue was then washed for 830imma blocking solution containing
0.1 M glycine and 2% bovine serum albumin (BSAPBS and treated in cold MeOH
for 10 min and then 1% sodium borohydride for 5#1i. After thorough and extensive
rinsing in PBS, the spinal cord was further pernieagal with 0.2% Triton X-100 with
2% BSA in PBS (TBP) for 1 hr and then incubatechvpitimary antibody diluted in TBP
overnight. The next day, the spinal cord was rirtkedoughly in TBP and then incubated
with appropriate fluorescently conjugated secondautybodies diluted in the TBP for 1
hr at room temperature. The tissue was then rimsB@8S, and a thin sheet of dorsal
spinal cord was prepared from the DREZ and roathetinted in Vectashield (Vector

Laboratories), and stored at 4°C.
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Immunohistochemistry of DREZ on Cryostat Sections

To immunolabel axons at the axotomized DREZ withegyjic vesicle markers,
we used the transgenic straimyl-YFP16, in which the entire population of large-
diameter axons expresses YFP (data not shown)ndlgze more axons than
superficially located ones, we prepared cryostetiaes, rather than whole mounts, of
the DREZ after crushing dorsal roots of cervicahapcord. Using the surgical
procedures described earlier, but rather C3—-C%noete crushed, and the animals were
allowed to recover. At 20 d after injury, the C3—€tBnal cord and roots were harvested,
post-fixed overnight at 4°C, cryoprotected in 3096rsse in PBS, and rapidly frozen in
Shandon M1 embedding matrix (Thermo Electron).&&mansverse sections were cut on
a cryostat at 10m (CM3000, Leica) and collected on Superfrost Bliges (Fisher
Scientific). For immunostaining, sections were gostd in 4% paraformaldehyde in
PBS for 20 min, rinsed in PBS, and blocked for IniFBP. The sections were then
incubated overnight at 4°C in a cocktail of primantibodies diluted in TBP. Sections
were then rinsed in PBS and incubated with secoralattbodies in TBP for 1 hr at room

temperature and processed as described above.

Characterization of Thyl-YFPH DRGs

L5 DRGs were dissected from unoperated thyl-YFPeEmand processed to
obtain serial cryostat sections using the methedsribed above. Selected sections were
stained with a fluorescent Nissl stain (Neurotrda86/615 red fluorescent Nissl stain;
Invitrogen) according to the manufacturer's indians, washed extensively with PBS,

and coverslipped using Vectashield (Vector Labores). Neuron counts were made on
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five L5 DRGs from three animals. For each DRGgast three randomly selected
sections were analyzed, taking care not to usessdhat were poorly mounted or
stained. Each section selected was at leashB@way (three sections) from either of the
other selected sections. Using a Retiga EXi (Qimggdigital camera, the entire section
was photographed in segments using the 20x obgeotiva Leica DMRBE fluorescent
microscope. The same section was photographed hethged (Nissl-stained cells) and
green [YFP-positive (YFP+) cells] fluorescent filmibes to identify neurons containing
a nucleus with a visible nucleolus and to determwhether such neurons were YFP
positive. Image segments were collected at 200xifiagtion and combined to form a
montage. Using ImageJ software (National Institofddealth), the cell area of all
neurons containing a nucleus with a visible nucledtom each chosen section was
measured. We counted a minimum of 200 neuronsaeglign. If this number was not
reached in the three sections chosen, a fourtiosestis counted, also in its entirety.
However, because identification and counting cargtheven after the minimum of 200
neurons were obtained, we always counted >200-s{asied neurons per DRG (mean
218 + 6 Nissl cells measured/DRG, 4.3% of the measwere YFP+). Histograms
representing the cross-sectional area of all Neastt YFP-labeled DRG neurons
measured were compiled to compare the distribudfahe YFP-labeled cells with the

total cell populations.

Antibodies for Immunohistochemistry
The primary, cell-type-specific antibodies includedi-glial fibrillary acidic

protein (GFAP, mouse monoclonal, 1:1000, Millip&iescience Research Reagents,
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Millipore) to label astrocytes, anti-myelin oligatérocyte glycoprotein (MOG, goat
polyclonal, 1:200, R&D Systems) for labeling oligodirocytes and anti-SC/2E (mouse
monoclonal, 1:1000, Cosmo Bio), or laminin-1 (raimoclonal, 1:200, Abcam) to label
Schwann cells. Mouse monoclonal antibodies to aptyn vesicle protein, SV2 (1:10,
Developmental Studies Hybridoma Bank), or to syoiggmin 2 (znp-1, 1:2000,
Zebrafish International Resource Center) were tsdéabel synaptic vesicles. To learn
more about the phenotype of YFP+ DRG neurons, elesections from L5 DRGs were
labeled with one or more of the following methoNgurons containing phosphorylated
epitopes of high-molecular-weight neurofilament evetentified using the SMI 312
antibody (mouse monoclonal antibody, 1:1000 dilutiGovance). The population of
small primary afferent neurons that expressesrk#erieurotrophin receptor was labeled
using an antibody to calcitonin gene-related payjole (CGRP, rabbit polyclonal
antibody to rat CGRP, 1:2000, Bachem). The popatatif small DRG neurons that does
not express the trkA neurotrophin receptor waslé&basing Griffonia simplicifolia 1B4
lectin (biotin conjugate, 5g/ml, Sigma-Aldrich). Secondary antibodies usedenr&iexa
647-conjugated donkey anti-mouse 1:200, Invitrogatgxa-Fluor 568-conjugated goat
anti-mouse 1gG1 (1:200, Invitrogen), Alexa-Fluor7égbnjugated donkey anti-rabbit 1IgG
(1:200, Invitrogen), and rhodamine-red-conjugatdubit anti-goat IgG (Jackson

ImmunoResearch Laboratories).

Electron Microscopy of the DREZ
The mice were perfused transcardially (with hepaeith Tyrode's solution

followed by 2% paraformaldehyde and 2.5% glutataydie in 0.1 M Na-cacodylate
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buffer. The spinal cord segments L3-L6 were themoneed as one piece and rinsed in
0.1 M Na-cacodylate buffer, mounted on an agarappat, and placed in the vibratome
well containing chilled buffer. The most superfid@ngitudinal slice containing the
DREZ (<250 m thickness) was cut and further processed fotreleenicroscopy. To
target our electron microscopic analysis to the@ avkere axons had stalled, we applied
fiducial markers to the surface of the spinal cglrde. The spinal cord sections were
flattened with insect pins in Sylgard silicone &baser-lined 35 mm Petri dishes. A 1.0%
solution of 1,1 -dioctadecyl-3,3,33 -tetramethylindodicarbocyanine-5disulfonic acid
(Dil, Invitrogen) was dissolved in dichloromethyéeand loaded into a micropipette
(resistance of 5-10 M). Crystals of Dil were iontophoretically appliemthe surface of
the spinal cord slice in an area of the DREZ witlbktipped axons (e.g., see Figure 4-11
A). To render the Dil crystal electron dense, weitex the Dil crystals near their
excitation wavelength in the presence of-8ljaminobenzidine (DAB, 5.0 mg/ml,
Sigma-Aldrich) until the Dil crystal was replacedthwa dark red/brown DAB precipitate

(120 min). After photoconversion, spinal cord slige=e trimmed to contain the area of

interest using the electron-dense fiducial marksrseference points. Tissue blocks were
stained with 1.0% osmium tetroxide reduced in 1@assium ferrocyanide for 45 min,
then dehydrated in an ascending ethanol serigkratéd with Araldite 502 Embed 812
resin, and polymerized at 60°C for 48 h. Polymaetitiesue blocks were sectioned (0.5
m) with a glass knife on a Leica Ultracut R micraw(Leica) until the fiducial markers
were located. Serial ultrathin sections (60—70 wene cut and mounted on pioloform-
coated slot grids. Sections were counterstaineld 2v@% aqueous uranyl acetate and

Reynold's lead citrate. Sections were viewed &W5n a Hitachi H-600 transmission
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electron microscope. Serial electron micrographewaptured at 6000x and scanned at

a resolution of 1000 dpi.

Results

Optimizing Monitoring and Imaging Regenerating DR AxonsIn Vivo

To optimize imaging regenerating DR axons usimgDIREZ as a model system
to test the feasibility and utility of applying vivo imaging to spinal cord regeneration,
we obtained several lines of Thyl-YFP mice, whigpress high levels of yellow
fluorescence protein (YFP) in subsets of neurar@duding sensory neurons in the
DRGs, and vary in number of fluorescently labeledrons (Feng et al., 2000), from Dr.
Josh Sanes. We have initially and extensively tisedH line of Thyl-YFP mice, in
which distinct YFP+ axons are superficially posigal, which allows several axons to be
monitored simultaneously (see Chapter 2 for a etalescription of methodology
utilizing Thyl-YFPH -16, -H, and —M lines, whichffdir in the number of fluorescently
labeled neurons and impact the ability to imagéviddal axons in the living spinal
cord).
YFP-labeled DRG neurons

Although performed prior to this author’s involvemén this project, briefly,
characterization of YFP-labeled neurons in DRGadflt Thyl-YFPH mice (Figure
3-1) revealed that YFP+ neurons are large (gresmrage size 1244.7 um "2, n=66),
neurofilament positive (purple), CGRP negative éhJiand 1B4 negative (red), consistent
with earlier characterizations dhyl1YFPM (Feng et al., 2000) making Thyl-YFPH

mice suitable for studying DR axons that do notehaarticularly robust regeneration
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potential. Our experience has taught us that DRigxegenerating from PNS to CNS at
DREZ are better imaged in lumbar than cervical @lptord (see Chapter 2 for

description of imaging methodology).

Bl Niss|
M YFP
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Flgure 3-1. YFP-labeled DRG neurons in Thyl-YFP+ nue are Iarge and
neurofilament positive. A, Size distribution of YFP+ L5 DRG neurons (green)
in Thy:YFPH mice, superimposed on the entire populataireled with a
fluorescent Nissl stain (red, inset). YFP+ neurareslargeB, Superficial layer
of the dorsal horn of &hyX:YFPH mouse, exhibiting little YFP fluorescence in
lamina Il, where CGRP+ and IB4+ innervation is adamt. Yellow dotted lines
denote dorsal root§:, 4-color immunolabeling of a DRG cross section
illustrating expression of neurofilament (magefa) not CGRP (blue), or IB4
(red) in YFP+ DRG neurons (green)Tihyl:YFPH mice. Scale bar, 200 um

in A; 200 pum inB; 50 um inC. (Originally published in Di Maio et al., 2011).

After Cut Injury: YFP+ Axons Fail to Elongate Throu gh a Transection Site and
Turn Around

To optimize imaging regenerating DR axons, we finshitored L5 DR axons
that were transected (medial L5 root was cut) ~3mam fthe DREZ (Figure 3-2).
Previously, analyses of regeneration of DR axortBeasite of root transection (i.e. in the

PNS) has received relatively little attention, yeportantly, root transection models may
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better represent the root avulsions commonly sedimei clinic (Havton & Carlstedt,
2009)

After confirmation of complete transection usingcroscissors, the cut ends were
closely apposed (Figure 3-2, DO after cut). Thenakoesponses were imaged on d 3 (not
shown) and d 7 after injury, no YFP+ axons fromghaximal stump were able to extend
across the injury site (red asterisk), which wlsdiwith a collagenous connective tissue
scar (~500 um, n=4). After sacrifice, confocal inmggconfirmed that even deeper axons
also failed to regenerate across the transectienRather, most proximal YFP+ axons
extended 1-2 sprouts and turned around at theyisjter (white arrow, n>95 axons, 3
mice). Thus, repeated imaging after root transaagwvealed that axons fail to elongate
through, and rather terminate at, a transecti@ aihich was later found to be filled with
~500 pm collagenous tissue scar. In contrast, naotons and peripheral axons of DRG
easily cross such a short transection gap, sensrtge basis for the notion that the DR is
a much weaker regenerator than the peripheral bré@dilinger & Lasek, 1984; Watson,

Griffin, Fittro, & Hoffman, 1989; Wujek & Lasek, B3).
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Day 0 before CUT

[ TV
Day 0 after CUT

D4 (fixedj™~ "

Figure 3-2. DR axons fail to elongate through a transectic
injury. Repeated imaging of L5 DR axons for 7 days after
root transection. Axons in L5 root were cut near tl8 DRG
(red scissors), ~3 mm from the DREZ, and imagedayn0,
day 3 (not shown), and day 7. The area of thetraasection
(red boxes) is magnified in right panel¥1D3). D1, Before
the transection. A few superficial YFP+ axons dsible. D2,
After the transection. The medial portion of therbbt was
completely cut with spring scissors, and the pratiend
distal ends were then closely re-appo$28].7 days after the
transection. The transection site is filled witt085um
collagenous scar tissue. No axons crod34t.A high
maghnification confocal view of the area preparddraf
sacrificing the mouse on day 7. YFP+ axons locdtmper in
the root than those imageuvivo also failed to regenerate
across the transection site (asterisks). Instbag,turned
around (arrows) and extended back along the prdxasans.
Note that all the fluorescence in the stump beybeccut (i.e.
left of the asterisk) is due to fragments of degatieg axons
that retained YFP. (Originally published in Di Magbal.,
2011).
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After Crush Injury: YFP+ Axons Successfully Elongae Through a Crush Injury
with Little Variability

Having successfully imaged the exposed dorsalafiet a severe injury, we next
monitored L5 DR axons that were crushed ~3 mm floenlDREZ (Figure 3-3). The
medial portion of the L5 root (red arrow) was credhwith a fine forceps (DO after
crush). The axonal responses were imaged on d3),@8d 7 after injury. The day after
injury, dying-back degeneration of proximal stunxpms could be seen, along with
fragmentation/ degeneration of the same axonsl dgsthe crush, confirming that these
axons had been damaged. Almost all YFP+ axons fhenproximal stump that were
imagedin vivo grew through the site of injury by 3 days aftarstr (data not shown,
n>25 axons, 5 mice). After sacrifice, confocal inmagon d 7 after crush confirmed that
even deeper axons that could not be visualizetlo also grew through the crush site
(Figure 3-3 A5, fixed, n=136). Thus, most, and meagh YFP+ DR axons, which are
mostly large and known to have a weak regeneratipacity, can nevertheless
regenerate across a crush injury, which is a legsre injury that does not interrupt root

continuity.
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Figure 3-3. Axons can elongate through a crush injy with little
variability. A, Repeated imaging of L5 DR axons for 7 days afiet
crush. The medial portion of the L5 root was cruswih a fine forceps
(red arrowhead) and imaged on Days 0, 3, 5, arftki7the crush. The
area of the crush is magnified in the right pagals-A4). A1,
Immediately after crush. Four injured YFP+ axoresstrown (colored
arrows).A2, 3 days after the crush. All four axons could &identified.
Each axon extends a single neurite that crossestéhef crushA3,A4, 5
and 7 days after crush. Neurites remain stabldlaré is no additional
growth from these or other proximal axons. Axon lings are
occasionally observed (e.@\4; axon marked by blue arrow#)5, High
magnification confocal view of the area preparddragacrificing the
mouse on day 7. YFP+ axons located deeper in thteatso regenerate
across the crush site (Originally published in CdiMet al., 2011).
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After Crossing the Crush Site, YFP+ Axons Grow > B mm/d Along the Root

Having accomplished imaging DR axon elongationugtothe crush injury site,
we were also able to assess how quickly sensonysapegenerate along the root after
crossing the crush site (Figure 3-4). Although fn@gts of degenerating axons in H line
of Thyl-YFP retrain fluorescence for 7-10 days, aad often obscure the leading tips of
regenerating YFP+ axons, we tried to minimize tamber of damaged axons by
crushing (red arrow) only 1-2 medial positioned ¥F&ons ~3 mm away from the
DREZ (blue and green arrows) and follow their resgation by imaging daily with little
residual YFP fluorescence. The day after crush (driaxon was identified that had
been damaged and degenerated (green arrow) faft2rdnjury, and then extended a
short neurite, which by d 4, had grown ~3 mm aldrggttajectory of fluorescent
fragments of degenerating axons and arrived aDREZ. Thus YFP+ axons elongated
at a rate of >1.5 mm/d along their original trapegt These observations demonstrate that
large-diameter axons grow well along the dorsat,nadh little variability, at a rate that

is faster than previous estimates based on stadilyses (Ramer, McMahon, et al., 2001).
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Figure 3-4. DR axons elongate >1.5 m/d after crossing the site of crushA, Repeated
imaging of an identified axon for 4 days after ronish. OrDay 0, aThyl:YFPH mouse

with only a few superficial YFP+ axons underwentstr of the most medial portion of the
root (red arrowheads) to minimize the number of alged axonsAl, Magnified view of the
crush site immediately after injury. Two superfi@aons are shown; the axon marked by a
blue arrow (blue axon) was stretched but survivedinjury, whereas the axon marked by a
green arrow (green axon) was damagedD@y 2, degeneration of both proximal and distal
tips confirmed apparent damage of the green axdhdygrushA2, Magnified view of the
crush site. Yellow arrow denotes dying-back degatian of the green axon. Note that no
neurite has yet been formed by the green axorD@m, the green axon has extended
approximately 3 mm, and its tip has reached the DR, Magnified view of the green
axon near the DREZ, illustrating its growth alohg fluorescent fragments of degenerating
distal axons (yellow arrowheads: i.e., endonetuié trajectory)B, Examples of newly
formed neurites on proximal stump axons imagedy2 dfter injury.Day 0, magnified view
of the crush site immediately after injury showtiag crushed axons (pink arrowfay 2,
both axons extended short neurites (green arrdashteve not yet reached the distal stump
axons (e.g., yellow arrowhead). These neurites Bereler growing tips (green arrow,
inset).Day 3, both neurites extended through the degeneratitgl dixons. Red circles

in A1 andA2 indicate a node of Ranvier on the blue axon teates as a landmark. Blood
vessels served as a landmariBirRed arrowheads indicate the site of crush. (Gaigy
published in Di Maio et al., 2011).
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YFP+ DR Axons are Rapidly Immobilized Upon Enteringthe DREZ

To address questions about the behavior of axowistest the feasibility of
imaging axons at DREZ as they approach and artitteeaDREZin vivo, we continued
imaging axons beyond 4 d after L5 root crush, wihety typically arrive at the DREZ,
and resumed imaging on d 6 or d 7 (n=>40 axomsic&), and relocate them again in
subsequent imaging sessions for almost 2 weeksaitteh. In several mice with L5 root
crush, (Figure 3-5, red arrowhead; DO) we were #abldentify a number of YFP+ axons
as they grew out from the proximal stump, alongrtdat, and arrival at the DREZ by 4-5
days after injury (data not shown). Because mararéiscent fragments of degenerating
axons disappeared over the next few days, the propd of the regenerating axons were
more easily recognized on Day 7 (color arrows).dfeeatedly imaged these axons and
their tips every two or three days for two more kge&urprisingly, the leading tips of
these axons did not grow forward, retract or tuouad and seemed to be completely
immobile; they remained in the same location armdr thppearance did not change except

that swellings formed on the tips or shafts of s@xens (Figure 3-5, white arrows).
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Figure 3-5. YFP+ DR axons are rapidly immobilized pon
entering the DREZ. Regenerating axons are rapidly immobilized
at the DREZ. Repeated imaging of axon tips at tRED 6 to 13
days after root crush. On day 0 (data not showe)Lb root was
crushed at the usual site, about 3 mm away fronDREZ.
Onday 6, tips of five regenerating axons are observetet t
DREZ (colored arrows). DC, dorsal column; DR, dbreat.
Magenta asterisks denote fluorescent debris ofrdergéing old
axons that served as landmarks. Note that theidocat an axon
tip relative to other axon tips and landmarks reradiunchanged
in subsequent imaging sessionsDays § 10, and13, indicating
that the axons were immobilized after enteringDiREZ. A1-A4,
Magnified view of the area outlined by magenta sosteowing
tips of four axons. They did not grow, retractfunn around and
remained in the same location in subsequent imaggsgions.
Their appearance also was unchanged except folirsygethat
developed on the tips or shafts of some axons (eltgte arrows
in A2—A4). (Originally published in Di Maio et al., 2011).
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We occasionally observed short neuritic sprougixtgnding from (Figure 3-6
A5), and then being reabsorbed by (Figure 3-6 ABdn tips that remained stationary
and developed swollen endings over time (FigureAZ+6A6, pink arrows). On the last
day of imaging, after sacrifice, we analyzed thmsa@xon endings with confocal
microscopy and confirmed that no growth tip stroesuhad been missed due to the poor
resolution of our live imaging setup (data not shpycompare Figure 3-2, day 20).
Therefore, the apparent mobility of these axorte@DREZ was due to fruitless

sprouting of immobilized axon tips.
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Figure 3-6. Immobilized axon endings at the DREZ fruitlesslyextend and
retract a sprout. Continued imaging of the mouse shown in Figure 3-t
11 days after L5 root crush. @ay 7, the tip of the green axon (magenta
arrows) is at the same location as on day 4 (guréi 34). The blue axon th
was stretched on day 0 has degenerated. Red kstedscate axon debris, a
landmark that remained stable during the imagirsgises. Note that the
relative distance between the tip of the green axon andéhris remained t
same on subsequent imaging sessiorBays 9and1l. A4, Magnified view
of the axon tip on day 7. A fine neurite extendsrfrthe slightly swollen tip
(magenta arrow)A5, Two days ater on day 9, the neurite has elongated ¢
50 um; the axon tip remains at the same locatichimmore swollenA6,
Two days later on day 11, the neurite appearsye hhsorbed into the tip
which remains immobilized at the same location. S line apparent mobility
of this axon at the DREZ was due to fruitless spnguof a stabilized axon
tip. Originally published in Di Maio et al., 2011).

Chronic immobilization of axon endings at the DREZ

We also observed the long-term response of DRagtwpped at the DREZ in
mice whose L5 root had been crushed 4 months prshigFigure 3-7)1f = 15 axons, 2
mice). When we initiated imaging at 128 d after ¢hesh, we observed several
superficially positioned YFP+ axons and their ipshe DREZ (Figure 3-7 A), colored

arrows). In subsequent imaging sessions at daysd@140 after crush, these axons
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were not motile but remained in the same placel@okkd unchanged, demonstrating
chronic immobilization or stability. We also anadgiza mouse whose L5 root had been
crushed 4 months previously but had not been dualith in vivoimaging (Figure

3-7 B)B). Confocal analysis revealed axon profiles atDREZ that appeared similar to
those observed within the first week after crusin(pare Figure 3-B2): almost none of
the YFP+ axons turned around; instead, almostf &lean terminated as single processes
at a similar location at the DREZ. Axon swellingsnilar in appearance to synaptic
varicosities, were also frequently observed on astaafts (Figure 3-B, yellow
arrowheads). These observations show that axogklgummobilized on entering the
DREZ remained completely immobile and stable foiglperiods despite the absence of

target innervation.
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Day 140 (fixed)

Figure 3-7. Axons are chronically immobilized at the DREZA, Repeated imaging of axons
crushed 4 months previously. L5 root of a Thyl-YRmRbluse was crushed (red arrow) and imaged
on days 1, 128, 131, and 140 following injury. Gayd, the root crush is indicated by degener:

of proximal and distal axon stumps at the injutg.sDn day 128, several axons are located at the
DREZ outlined by a magenta box. A1, Magnified vielthe DREZ area showing at least five
axons and their tips (colored arrows). A2, Maguifigew of the yellow boxed area in Al, show

an axon and its tip marked by red arrows. The lonand appearance of these axons and their tips
remained unchanged on subsequent imaging sessiatesye 131 and 140. A3, Magnified view of
the axon in A2 on day 131, illustrating its chrostability. The day 140 image is a confocal view
of the area prepared in a fixed whole mount. B,fGcal analysis of a different mouse that was not
imagedin viva. Top, L5 root was crushed at the usual locatied @rrowhead) and, 4 months later,
the spinal cord was analyzed in a whole-mount pegjma. White dotted line, Location of axon

tips at the DREZ. Asterisks, Intact axons that werimjured because of their location lateral to the
crush site. Bottom panel, Magnified view of the maig-boxed area. Almost no axons turned
around, and their tips (white arrows) were found ktcation similar to those in mice imagad
vivoon day 140 (cf. Figure 3-7 A) and on day 4 (cufe 3-3 B2) after root crush, further
evidence of the chronic stability of axons at tHRHZ. Yellow arrowheads, Swellings formed on
axon shafts. (Originally published in Di Maio et &011).

Rapid Immobilization of Axons at the DREZ Even Afta a Conditioning Lesion

Next, we asked whether axons became motile at RieZXollowing a
conditioning lesion of peripheral processes thaiaees the growth potential of DRG
neurons (Chong et al., 1999). To this end, we @dstiatic nerves in the ipsilateral leg
10 d before crushing the L5 root at the usual iooatFigure 3-8) (n = 6 mice). We then

imaged these mida vivoevery 2 or 3 d over 3 weeks, and monitored regeioer of
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identified axons at the crush site, along the rant at the DREZ. We found that most
YFP+ axons had already extended through the ciites sl after crush (Figure 3-8, day
2) (95%, n = 15), 1 d faster than nonconditioneanax In addition, axons frequently
extended more than one neurite, further illustoatire enhanced growth within the root
due to a conditioning lesion. However, we obsemve@xons that had regenerated
through the DREZ at 4 d after crush (Figure 3-§,4)a(n > 85 axon tips located at the
DREZ). Instead, like nonconditioned axons at 4tdrafrush (compare Figures 3-3 B, 3-
4), these conditioned axons did not turn arounchuigraving at the DREZ but terminated
as single processes at a similar location at thEDR subsequent imaging sessions
over the next 3 weeks, they did not grow forwardedract but remained immobile
(Figure 3-8). The only noticeable change was thellswg of the tips and shafts of some
axons (Figure 3-8, yellow arrowheads). Thus, everditioned axons with enhanced

peripheral growth were quickly immobilized or sia®d at the DREZ.
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Figure 3-8. Axons are rapidly immobilized at the DREZ even after
conditioning lesion.Repeated imaging of conditioning lesioned DR
axons over 20 d after L5 root crush. Day 10, A sofatic drawing
illustrating a conditioning lesion of the ipsilaaésciatic nerve 10 d
before DR crush. Day 0, Immediately after the rash, 10 d after
conditioning lesion. L5 root was crushed at thealitacation (red
arrowhead). Three crushed axons are shown itatge yellow inset bc
that magnifies the superficial site of crush (sryallow box). Day 2, A
three axons have already extended neurites atressush site,
illustrating enhanced growth within the root duetoonditioning lesiol
Magenta box, Ararea of the DREZ where several axons were moni
in subsequent imaging sessions, presented in nedniews in the
right panels. Day 4, No axons regenerated thronghlbREZ (data not
shown). The tips of these axons remain in the daoation and have a
similar appearance in subsequent imaging sessiodays 7, 9, 13, 15,
and 20. Positions of an axon tip relative to otizern tips and landmar
were used to determine axon motility between imgg@ssions. Yellow
arrowhead denotes the tip of an axwith a particularly large increase
size over time. These axons were found again giftemouse was kille
and high-resolution confocal microscopy confirmiee focation and
appearance of the axon tips [day 20 (fixed)]. (Dady published in Di
Maio et al., 2011).

1



Targeted Analyses of Superficial Glial Cells at thé©REZ

After observing the unexpectedly rapid and longhgsimmobilization of DR
axons at DREZ in repeated live imaging, by targgtire area where DR axons became
immobilizedin vivo, we hoped to gather information about the gliahposition of
where they terminate. Following DR injury, it isdwin that astrocytes proliferate and
hypertrophy, occupy the DREZ, and are the firsisaghcountered by axons regenerating
from the periphery (Bignami et al., 1984; Frahealet2002). Compared to prior studies
of immunolabeled spinal cords in cross-sectiordemtify axons and glial cells at the
DREZ, which have limited spatial resolution thatk@siit extremely difficult to ascertain
the position of the leading tips of injured DR agar the exact location of the glial
interface at the DREZ, here, after L5 DR crush (m#@e) and monitoring axons 2 weeks
in vivo, and confirmed that most axons terminated at sialdocation at the DREZ 4
day after crush (Figure 3-9), we used our wholenh@umunostaining protocol, which
permits antibodies to penetrate into the surfatie oéspinal cords in wholemount,
thereby permitting identification of axons that ineagedin vivo, as well as
simultaneously label glial cells that are nearioeatly associated with axons at the
DREZ to fluorescently label oligodendrocytes (MO€d), astrocytes (GFAP, blue) that
delineate the PNS/ CNS boundary at DREZ, and waddehether axons become
immobilized as they encounter astrocytes. As exgue@fraher, 1999; Fraher et al.,
2002), astrocytes invaded the PNS and caused thderomarked by astrocytes to be
located further peripherally than the border maragadligodendrocytes (data not

shown). However, we found that most axon growth (yghite arrows) crossed the border
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marked by oligodendrocyte labeling, and immediatetyninated deeper in the CNS

territory containing degenerating oligodendrocyte35%,n = 46 axon, 2 mice).

intact |

crush

Figure 3-9. Axons terminate in CNS territory contaning oligodendrocytes A—
A”, Low magnification confocal view of the glial imtace at the DREZ in an
intact Thyl:YFPH animal. Oligodendrocytes (red) and astrocyte#, blue) were
labeled with MOG and GFAP antibodies, respectivielyg wholemount preparatiol
Note that astrocytes extend further into the peniplthan oligodendrocytes even
intact, noninjured DREZA"). Axons (green) were omitteB—B”, Confocal view of
the glial interface at the injured DREZ. The L5tra@s crushed 2 weeks previously.
Oligodendrocytes are degeneratiig {ed) whereas astrocytes invade further intc
PNS (data not shown; cf.,Figure 3-8 A”",B”). AxoifB’, YFP) do not stop when
they encounter astrocytic processes in the interfdata not shown) but terminate
deeper in CNS territory containing oligodendrocy&s, white arrows). (Originally
published in Di Maio et al., 2011).

Presynaptic Differentiation of Axons at the DREZ

The rapid immobilization and subsequent swellinfjsroformed on axon shafts
and tips resembled the synaptogenic process amapped us to test whether DR axons
form synapses as they enter the CNS territory®@DIREZ. We first immunolabeled
cryostat sections of the DREZ where many stallexhaxvere observed (Figure 3-10 B—

B ), with synapse markers such as SV2 or synaptotggogether with a GFAP
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antibody to mark CNS territory. Whereas no SV2ymraptotagmin immunoreactivity
existed at the DREZ of uninjured mice (Figure 3AL) numerous, intense
immunopositive profiles were observed in the CN#ttey of the DREZ of injured mice
(Figure 3-10 B, asterisk), and they colocalized with tips or adj# shafts of stalled
YFP+ axons (Figure 3-10, inset). We also observed many additional synapses

associated with YFP-negative, CGRP-positive smaltr@ter axons.

GFAP ] [ | [

overlay

YFP + SV2

s NI

Figure 3-10. Intense immunoreactivity of synapse mikers associated with axon tips
and shafts at the DREZ.Cross sections of the cervical roots of int@#ctA”™” ) and
crushedB-B”” ) ThyX:YFP16 mice were immunolabeled with antibodies iasfabV?2
(red) and GFAP (blue). The cervical roots (C3—05he injured mouse were crushed
peripherally 20 days previousl, In the intacfThyl-YFP16 mouse, all of the large-
diameter DR axons were labeled. DR, dorsal root; @disal hornA’, SV2
immunoreactivity is not observed along the DR ahatDREZA” , GFAP-labeled
astrocytes denote the glial interface at the DR&FO(v). No SV2 A’) or synaptotagmin
(data not shown) immunoreactivity is present in@NS territory of the DREZA™” —

A" ). Insets magnify an area of the DREZ.In the injured mouse, numerous
regenerating axons stop at the DREZ. The insetnagnified view of an area of the DR
showing two axons and their tips. Yellow arrowhéaticates debris of degenerating
YFP+ axonsB’, Intense SV2 immunoreactivity is present at theeElARvhere axons
terminate. The inset illustrates intense SV2 immaactivity associated with the two axon
tips and shaftB”, Astrocytes invade further into the peripherytia thjured mouse. Note
that SV2 immunoreactivity associated with the atips and shafts is present in the CNS
territory as marked by GFAP-labeled astrocy®s (B”” ). (Originally published in Di
Maio et al., 2011).
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We next performed an ultrastructural analysis arexthat had stopped at the
DREZ (Figure 3-11). To target our analysis to ti¢SCerritory of the DREZ where
axons had stopped (Figure 3-11 B, yellow arrowhgads placed Dil crystals (Figure 3-
11 A, white arrows) at the completioniafvivoimaging at 13 d after the L5 root crush.
Dil crystals were then photoconverted and usearmdnharks to relocate the area with
electron microscopy. This strategy allowed us teepbe abundant axonal profiles at the
DREZ, embedded in non-neuronal profiles such asv8ch cells and astrocytes (Figure
3-11 C). These axonal profiles were filled with @cthondria and ~40 nm vesicles but
lacked the vacuoles and disorganized microtubuiasare typical of dystrophic endings
(Figure 3-11 D-E) (Erturk et al., 2007). Moreoveesicles and mitochondria were
differentially distributed within the nerve-termirie profiles so that vesicles were
highly clustered onto one side of electron-densmbranes that resembled active zones,
and mitochondria were distributed toward the o#ee (Figure 3-11 D, E). Although
features of presynaptic differentiation were apptine these axonal profiles, no
indications of differentiation such as postsynageasities were observed
postsynaptically (Figure 3-11 D1, E1, red-pseudo@), excluding the possibility that
postsynaptic cells are adjacent axons. Togethesgtbbservations indicate that axons
became immobilized at the DREZ by forming presyitagndings on non-neuronal

cellular elements as they entered the CNS territbtire DREZ.
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Figure 3-11. Ultrastructural analysis of DR axons ®pped at the DREZ, revealing
presynaptic differentiation. The L5 root of a’hy:YFPH mouse was crushed 13 days
previously.A, Low-magnification, transmitted-light view, sup@posed on fluorescence
image, of the DREZ in a vibratome slice. PhotocotageDil crystals (white arrows) were
placed in an area where axons were stopped, arade¢hdoetween the two crystals was
examined in the transmission electron microsco oY arrowheads point to two axon
tips. The asterisk indicates axon debris and nidwksame spot iB. B, Magnified
fluorescent view of the boxed areafinAxons stopped at the usual location in the DREZ,
showing axonal debris (asterisk) and stalled ajymn(yellow arrowheadsy, An electron
micrograph of the targeted area of the DREZ showmnal profiles (pseudocolored
green) embedded within non-neuronal cellular preeed, Magnified view of a boxed
area inC, revealing a nerve-terminal-like profile in corttagth a non-neuronal cellular
process (pseudocolored red). Note that the presignapfile is filled with differentially
distributed mitochondria and abundant ~40 nm vesiblt lacks vacuoles and
disorganized microtubuleBl, an enlarged area of synaptic contaddirVesicles are
highly clustered and docked at an electron-densabrene that resembles an active zone
(white arrows). No postsynaptic densities are priese the non-neuronal cell proceks.
Magnified view of another area @, revealing a nerve-terminal-like profile of an acgnt
axon.E1, an enlarged area of synaptic contadt.ifNote that this axon also shows
presynaptic differentiation in contact with a finen-neuronal cellular process
(pseudocolored red) that does not exhibit postajmdpnsities. SC, Schwann cell; As,
astrocyte. Scale bars, 250 unAN100 um inB; 1um inC; 250 nm inD; 200 nm inE.
(Originally published in Di Maio et al., 2011).
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Discussion

Historically, earlier studies using electron maxopic investigations have
provided evidence that in adult animals, astrocgfgsear to restrict the elongation of
axons (Liuzzi & Lasek, 1987). After dorsal rootrtsaction, regenerating axons in the
dorsal root are surrounded by a substrate thaasmSchwann cells and their basal
laminae, which supports the active elongation géreerating axons, which grow until
they reach the DREZ. After injury, the axon tipshet DREZ encounter a substrate that
consists almost entirely of reactive astrocyticgesses, some of which extend into the
bands of Biingner within the dorsal roots (Reiaalgt1983; Chong et al., 1999). Some of
reported that regenerating dorsal root axons tftat @mong the reactive astrocytes
cease elongation, and sometimes form stationany tetaninals that remain in place for a
year or more (Liuzzi & Lasek, 1987). Because injudersal root axons mostly do not
grow back into the spinal cord, it was widely bedid they are prevented from doing so
by reactive astrocytes or factors produced by them.

The current generally accepted explanation forégeneration failure at the
DREZ is the combination of growth-inhibitory molées and limited intrinsic growth
potential (Figure 1-3). However, growth inhibitdhst transiently collapse growth cones
cannot account for the unexpectedly rapid and lasting immobilization of YFP+
axons that we observeéal vivo even after a conditioning lesion. Furthermorey tfazely
turned around at the DREZ and exhibited obvioutifea of presynaptic terminal
endings. We propose that regeneration fails aDfREZ at least in part because axons
are rapidly and chronically stabilized by induct@inpresynaptic differentiation (Figure

3-11).
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Dorsal root regeneration in vivo

The present study is the first to applyivoimaging to monitor DR regeneration
directly in living animals. Because we were coneerabout the potential confounding
effects of artifacts due to phototoxicity and nplkiinvasive surgical/anesthetic
procedures, we performed extensive control experisn@ith mice that did not receive
repetitive imaging or surgery. Several observatmsvinced us of the reliability of our
techniques. First, our estimated axon elongatite (Fal.5 mm/d) was not slower (rather,
it was slightly faster) than previous estimatesbasn conventional methods (Ramer,
McMahon, et al., 2001) (1 mm/d). Second, consisietit an earlier study (Ylera et al.,
2009), we observed that conditioning lesions catisednjured dorsal roots to begin to
grow earlier and to extend more neurites than a&ffary alone. Third, we observed little
variability among YFP+ axons in initiation of grdwtelongation along the root, or
behavior at the DREZ.

Our observation that YFP+ axons fail to regeneaatess the DREZ following a
conditioning lesion is consistent with results frprevious studies in rats, in which only
minor effects were reported (Chong et al., 1999d(&g et al., 1999; Zhang et al., 2001,
Zhang et al., 2007). It conflicts, however, withegent report of significant regeneration
in mice, which the authors attributed to speciéfednces (Quaglia, Beggah,
Seidenbecher, & Zurn, 2008). It is possible thatdapacity for growth varies greatly
among different populations of DRG neurons in n@nd that the latter study
emphasized a different subpopulation, possibly kthaimeter axons, which were not
examined in the presemt vivoimaging studies. Incomplete lesions or labelirngaats

may also be responsible (cf. Steward, Zheng, Balatd’ge, 2007). A clear advantage
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of in vivoimaging was that it permitted us to evaluate imiaiedly the extent of damage

and to ascertain whether the lesion was completgcomplete.

Axons are immobilized, rather than repelled, atEHEZ: Rapid versus slow arrest

Our observation that a conditioning lesion did pmote growth into the spinal
cord agrees with the notion that the failure igljkdue to growth-inhibitory molecules
(Golding et al., 1999; Ramer, Duraisingam, et20Q1), such as CSPGs synthesized by
astrocytes (Rhodes & Fawcett, 2004; Silver & Mill2004), Nogo, MAG, and OMgp
present in myelin debris (Oertle & Schwab, 2003; &iHe, 2006), and semaphorins
expressed by fibroblasts (Fawcett & Asher, 199@weler, these inhibitors act as
repulsive cues that cause brief growth cone opdithal collapse and allow axons to turn
and grow away without a significant pause or loagr immobilization (Raper &
Kapfhammer, 1990; Snow, Lemmon, Carrino, Caplasil&er, 1990; Drescher et al.,
1995; Li et al., 1996). Moreover, DRG axons extdedpite growth cone collapse (Marsh
& Letourneau, 1984; Jones et al., 2006; Jin e2@DY9). Some growing axons appeared
to be trapped, forming dystrophic endings when sgddo a gradient of proteoglycans,
but these axon endings remained extremely motiben(TSteinmetz, Miller, Doller, &
Silver, 2004). Last, axons entering the DREXivo are accompanied by Schwann cells,
which would provide an alternative growth pathwefy Adcock et al., 2004) or constrain
migration of axons into CNS territory (Grimpe et 2005). We therefore anticipated that
axons entering the DREZ would be mobile and dynafrequently turning back to the

PNS.
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However, we found that YFP+ DR axons rarely turagzlind at the DREZ but
terminated abruptly and remained completely imnebit our injury paradigm, axons
arrived at the DREZ 4 d after root crush. We ofessumed imaging 6 or 7 d after crush
due to residual fluorescence that obscured leaahiog tips. It is unlikely, however, that
we failed to observe local motility of axons thaght be particularly substantial soon
after arrival (i.e., 4—7 d after crush). Conditiogiilesions led to earlier clearing of
residual fluorescence (unpublished observation)¢hvpermitted us to monitor axon tips
4-7 d after injury. These axon tips remained imnsoai the same location during this
period, without turning, retracting, or growingeard (Di Maio et al., 2011). The large-
diameter DR axons that we monitoliedvivo are, therefore, unexpectedly and quickly
immobilized as they enter the DREZ. Consistent within vivo results, neurites
cultured on cryosections of the DREZ rarely turaesund and did not collapse or

retract, but became permanently immobile withim#if (Golding et al., 1999).

Presynaptic differentiation at the DREZ

In vivoimaging enabled us to target our ultrastructunalysis specifically to the
region of the DREZ where recently arrived axon tifgse abundant. We were able to
identify numerous axonal profiles within a few sews. They often looked “synapse-
like” (data not shown), exhibiting abundant mitondoa and membranous vesicles, and
resembled the structures called “synaptoids” (@edlts 1985; Liuzzi & Lasek, 1987).
However, these previously described “synapse-lgkefiles lacked the characteristic
features of synaptic differentiation. It is alsmkm that mitochondria and vesicles are

abundant even in nonsynaptic, dystrophic endingsi(Eet al., 2007).
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Earlier ultrastructural studies (Duce & Keen, 1p&gamined the changes in the
cut ends of axons in the vicinity of a cut injungi 20 hours after dorsal root transection
in rats. They reported proliferation of free noneliyated sprouts as extensions of
myelinated axons, that formed, in cut dorsal roips, that they believed analogous to
pre-synaptic terminals, which they described temdsle in appearance, in that they
contained accumulation of mitochondria, tubulo-gekir smooth endoplasmic
reticulum, and large and small dense-core vesitfled 50 nm in diameter,
neurofilaments and microtubules approximately 50Qemind the axon tip, and in areas
of intense accumulation, the non-myelinated filveese grossly swollen. They describe
that some of the smaller free sprouts were simmlaize to non-myelinated axons (1-3
pum), but they were unable to ascertain whethesiha&ll sprouts originated in non-
myelinating axons (Duce & Keen, 1976).

By contrast, the “synaptic” profiles that we enctarad at the DREZ exhibited
obvious features of presynaptic differentiatiortluding active zones, differential
distribution of mitochondria and synaptic vesiclasd absence of microtubules and
vacuoles. Moreover, they were intensely immunolkadbély synapse markers. These
synaptic profiles were relatively small and did seem to belong to the large, club-
shaped bulbous endings that developed in some atdhe DREZ (e.g., Figure 3-8,
yellow arrowheads). They more likely represent ¢hason endings that did not increase
in size or varicosities that we often observed xwonashafts near the tips (e.g., Figure 3-9
B).

Earlier ultrastructural studies were performedtrekly long after dorsal root

injury: 6-9 months (Carlstedt, 1985) and 3 week3 tonths (Liuzzi & Lasek, 1987).
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These studies therefore could not determine whetkan endings became “synapse-like”
as they entered the DREZ or whether they occadjoeshibited a synapse-like
appearance after chronic remodeling. Thus, ouliestyatovide novel and compelling
evidence that axons become differentiated intoymagstic terminal endings immediately

after entering the DREZ.

What causes presynaptic differentiation?

Synaptoids were speculated to be triggered by aiplogical stop signal
associated with reactive astrocytes (Liuzzi & Las€¥87). We also observed that
portions of the axons exhibiting presynaptic pesilvere in contact with filament-rich
astrocytes (cf. Figure 3-11.D, E). Importantly, lewer, we did not observe abundant
intermediate filaments in the postsynaptic cel thiere in direct apposition to
presynaptic profiles. This observation raises th&sbility that nonastrocytic cell types,
such as NG2+ cells, may provide the stabilizingvagtor induce the presynaptic
differentiation of regenerating axons at the DREZsupport of this notion, (1) the
postsynaptic cells did not exhibit postsynapticgies, excluding that these profiles are
axon—axon synapses (Bernstein & Bernstein, 192] gXons did not stop when they
encountered astrocytes at the CNS—PNS border fonin@ted deeper in the CNS
territory; and (3) presynaptic active zones wenertér than at neuron—neuron synapses
and resembled those reported at neuron—-NG2+ aadipses (Bergles, Roberts, Somogyi,
& Jahr, 2000; Lin & Bergles, 2004). Importantly, R&cells are present at the DREZ
(Zhang et al., 2001; Beggah et al., 2005) and Istaldorsal column axons that

macrophages cause to retract at the lesion sitec(Bet al., 2010).
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The role of NG2+ cells is speculative, however, #mnslpossible that reactive
astrocytes are involved in the process. Recentestudvealed that astrocytes are capable
of inducing and promoting synapse formation, presoignby releasing thrombospondins
(Ullian et al., 2004; Allen & Barres, 2009; WangBbrdey, 2008; Eroglu et al., 2009).

An intriguing possibility, which we are currentlgdting, is that astrocytes prevent
regeneration at the DREZ by mediating presynaptieréntiation between axons and
NG2+ cells. Heparin sulfate proteoglycans may aksavolved, since they trigger
presynaptic assembly in the absence of specifgetaecognition (Lee, Chow, et al.,

2010; Lucido et al., 2009).
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CHAPTER 4

APPLICATION OF HIGH RESOLUTION MULTIPHOTON
MICROSCOPY, VIRAL TRANSDUCTION, ARRAY
TOMOGRAPHY AND CLARITY FOR HIGH
RESOLUTION LIVE IMAGING OF REGENERATING
DORSAL ROOT AXONS

This chapter is based on manuscripts in
Skuba, A, Manire, MA., Kim, H., Han, SB., and Son, YJ. (20 Time-lapse in vivo
imaging of dorsal root nerve regeneration in miMethods Mol Bigl1162: 219-32

Ramirez, S., Hasko,,JSSkuba, A, Fan, S., McCormick, R., Dykstra, H., Reichenhach
N., Krizbali, I., Mahadevan, A., Zhang, M., Son, ,YOuma, R., and Persidsky, Y. (2012)
Activation of cannabioid receptor 2 attenuates teyke-endothelial interactions and
blood-brain barrier dysfunction under inflammateonditions.Journal of Neuroscience
32(12):4004-16.
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Abstract

We previously provided the first study of dorsabtr@DR) regeneration directly in
living mice (Chapter 3), in which we demonstratied teasibility and usefulness of
applyingin vivoimaging using wide-field fluorescence microscopytudy sensory axon
regeneration. It provided us with valuable experéeem live animal imaging and helped
to reveal novel mechanisms involved in regenerdadare that previous static analyses
could not have discovered (Chapter 4). To furthleretbp ouiin vivoimaging studies,
we have tested the application of highly innovatiuéting-edge experimental tools and
approaches, including two-photonvivoimaging, for high spatio-temporal resolution
vivo imaging, Near-InfraRed Branding to apply fiduaiadrks to relocate axons and their
endings in post-mortem analyses, Array Tomograplprocess fixed spinal cord tissue
containing failed axon endings into ultrathin reesmbedded sections that permit
repeated immunostaining for various markers falglhd synaptic elements, and finally,
optical clearing techniques to render intact unseet spinal cord tissue more optically
transparent, thereby permitting us to image demperfixed spinal cord, and to improve
visualization and image acquisition of deeper paséd axon endings at the DREZ for
analyses. In addition to demonstrating the feagrahd usefulness of these techniques, |
demonstrate how using combinations of these metimoaisvel ways can be used to
correlatein vivo, light and ultrastructural analyses, which hasatiditional potential to

establish a new experimental paradigm for studgergsory nerve regeneration.
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Introduction

Two-photon Microscopy for High-resolution In Vivo Imaging

Here, | introduce our application of two-photorcrascopy for imaging DR
axons in the living spinal cord of mice at high tspaemporal resolution. | begin with
reviewing the major advantages of two-photon micopy forin vivoimaging, and then
describe optimization of a two-photon microscopeséor high resolution imaging of
DR axons in the living spinal cord in time-lapsee demonstrate the feasibility of
applying two-photon imaging of DR axons in thenigispinal cord and illustrate its
usefulness, in that it both confirms our earrevivoimaging studies using wide-field
microcopy (Chapter 3), in addition to providing@amprecedented tool for studying
dynamics of axon regeneration with unparallelediapand temporal resolution
compared to traditional microscopy techniques.

Two-photon microscopy, especially, in addition they nonlinear optical
microscopy techniques, has several important adgastover linear optical microscopy,
or single-photon microscopy techniques, includindeafield fluorescence microscopy,

and even confocal microscopy (Helmchen & Denk, 2005

Light scattering and traditional fluorescence miscopy

Most biological tissues, including live or fixedisal cord, strongly scatter light,
making high-resolution deep imaging increasingRidilt or impossible to image at any
appreciable depth using traditional fluorescenceroscopy techniques. These
techniques, which use linear absorption processgsrierate contrast, are capable of

high-resolution imaging only at the tissue surféacE00 um), while at greater depths,
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suffer from strong light scattering, resulting imfbed images. Confocal microscopy,
especially, which achieves three-dimensional résmiland optical sectioning with a
pinhole that rejects light that appears to notioate from the focal plane, still suffers

from the light scattering issue.

Two-photon microscopy is capable of deeper tissune{pation

Two-photon-excited fluorescence microscopy overcohght scattering
limitations, lending to its first major advantagepgermitting large depth penetration. In
two-photon microscopy, two photons arrive almostidtaneously (within just ~0.5 fs of
each other) at a molecule, combine their energidgpeomote the molecule to the excited
state, which then proceeds along fluorescence-emnisghavior. For most commonly
used fluorophores, the longer-wavelength (neaarefit) light used for excitation can
penetrate much deeper into the tissue, from 50@quy000 um. Therefore, two-photon
excitation is less sensitive to light scattering amay allow imaging several hundred
microns deep in various organs of living animalsislTadvantage has already been
demonstrated in diverse specimens, including lyrtiploagans, kidney, heart, skin, and
more recently, brain. However, there are relevantdions that must be met for
attaining such large imaging depths in intact sthat are discussed here (Helmchen &

Denk, 2005).

Two-photon microscopy benefits from more efficédasiorption and is less phototoxic
In two-photon microscopy, the spatial and tempdrstiribution of the excitation

light lends to a second major advantage, whichgl bfficiency absorption (Helmchen
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& Denk, 2005). In order to generate sufficient silgithe excitation light has to be
concentrated in both space and time. For concéontrat time, two-photon microscopy
uses lasers that emit extremely short pulses bf (igl ps) with high peak intensities (i.e.
100 fs pulses at ~100 MHz). For most fluorescenkearar absorption occurs in the near-
infrared wavelength range, and because the phgemsrated have higher energies than
the excitation light, emission light is ‘bluer’, @arring in the visible spectral range. This
property also lends to two-photon microscopy bejegerally less phototoxic, with much
less endogenous (one-photon) absorption in mastess This is a crucial factor for long-

term imaging experiments.

Two-photon microscopy has improved optical seatigni

For two-photon microscopy, to generate sufficieghal, the excitation light must
also be concentrated in the spatial domain. Spagiasity is often generated by focusing
the laser beam through a high numerical apertufg @¥jective. As a consequence,
multiphoton absorption is spatially confined to peifocal region. Out-of-focus planes
are absent of multiphoton absorption (unlike infoeal microscopy), which further
reduces photodamage and the risk of phototoxiaitych is crucial for long-term
imaging. Additionally, since all fluorescence phware known to originate from near
the focus, they can provide useful signal. Thestofa lend to improved optical

sectioning with excitation-based three-dimensioaablution with no need for a pinhole.
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Materials and Methods

Mice

For a complete description ®hyLYFP- lines and methodology please refer to
Chapter 2. Briefly, we used adult mice (2—4 momthage) of either sex from transgenic
strainsThyX:YFP -M line (Thyl-YFPM), which express yellow fltgscent protein
(YFP) under the control of the neuron-specific Tlhgromoter (Feng et al., 2000).
Additionally here, adult mice (2-4 months of agégither sex from C57BI6 strains,
wild-type, were used for AAV2-GFP DR axon labeliexperiments. All experiments
were performed in accordance with DUCOM's and TUSMstitutional Animal Care

and Use Committee and National Institutes of Hegltidlelines.

Surgical and Post-operative Procedures
Please refer to Chapter 2 for complete and detailegical and post-operative
methodology. Animals were anesthetized and moulst@dstereotaxic holder as

described in Chapter 2.

In Vivo Imaging and Image Acquisition Using Two-famMicroscopy
Additionally, here, are detailed proceduresifovivoimaging with a two-

photon microscope.

Materials and preparation for imaging

1. Our multiphoton imaging setup consists of a &6i€S SP5 Il microscope optimized
for both confocal and multiphoton imaging contrdlley Leica LAS AF software (Leica
Microsystems) (Figure 4.1.).
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2. At least one hour prior to imaging, the micrqgese@and tunable IR laser (Mai-Tai HP,
SpectraPhysics) are warmed up for imaging. Stathecquisition software for
multiphoton image acquisition and activate the nesee scanner if equipped.

3. The animal is kept on the heating pad set t6°82.and, if available, properly
positioned (mounted to the stereotaxic holder)henldéwered microscope stage.

4. We use a 20X compact dipping objective, optimhitae confocal and 2-P applications,
with high numerical aperture (N.A.) 1.00, largeefngorking distance (FWD) 2.0 mm,
(HCX APO L 20x/1.0 W, N.A. 1.00, WD 2.00 mm, 115001, Leica Microsystems).

5. A well is created to encompass the exposed asaay Kwik-Sil (World Precision
Instruments, Inc.) as a barrier; apply severalrapé elastomer and allow them to dry for
at least 10 minutes. Fill this well with warmedrg&eRinger’s solution and lower the
objective into focus (Figure 4-1 A’).

6. Using low-intensity fluorescence excitation,aapropriate filter, and the eyepieces,
adjust the focus knob (z-position) so that the YR@Rens are clearly in focus.

7. Move the stage in either an X or Y directiortisat the axon ending is properly in the
field of view. At this point, slight adjustmentstite animal’s orientation may be

necessary to reproduce the field of view from the/jpus imaging session.

Two-photon image acquisition
1. In XYZ scanning mode, set the format of the imémat least 512x512 format.
2. If not equipped with a resonance scanner ispgd@a scanning speed (in Hz) that

balances faster scanning speed without adding essacy noise.
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3. Tune the IR laser to the appropriate wavelerfgbin thy1l-YFP-H mice, it is suitable to
use ~890 nm to ~950 nm wavelength of laser excitdaomisualization, and may differ
among individual setups. Laser power (or intenstyuld be kept low to avoid
photobleaching or phototoxicity.
4. Activate non-descanned detectors (NDDs) or gpate detectors for YFP.
5. While minimizing the duration of scans, adjust gain and offset appropriately.
Adjust the laser intensity if necessary.
6. For image acquisition, set up a z-stack (z-sgtleat contains the axon ending of
interest (~20-50 pum). Set the step-size torilor less (depth between image planes).
Adjust the format of the image to at least 1024x.88d acquire a z-stack with line
average (from 1-4) to reduce noise (Figure 4-2).
7. Finally, image acquisition can be repeated waithincreased digital zoom (1-3) or at
higher magnification if available.
Image processing and analyses

After z-stacks have been acquired, some z-serigscorgain out-of-focus optical
sections that distort the maximum-projection. Intsaases, we found it useful to apply
imaging software (AutoAligner, Bitplane) post-prasang to manually align out-of-focus

optical sections.

AAV2-GFP Labeling of Regenerating DR Axons
Adult mice (2-4 months of age) of either sex fro®/8l6 strains, wild-type,
were used for AAV2-GFP DR axon labeling experimeA&sVvV2-GFP/ PBS (0.2 pl

volume X 2 injections) (provided by Dr. George Snis injected into the L5 DRG five
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days before DR injury. After 5 days, L5 DR crusip&formed, and repeated imaging is
performed almost daily up to 14 d after injury. A2ZMGFP is used to attempt to label
only the regenerating DR axons approaching andiagrat the DREZ, but not the distal

fragments from axon degeneration.

Near InfraRed Branding (NIRB) Identification of Iged Axons for Targeted Light and
Ultrastructural Analyses

In order to correlata vivo, light, and ultrastructural analyses, the “NedrdRed
Branding” (NIRB) technique, developed by Dr. Deriishop, can be used (see Bishop
et al., 2011) for EM fixation and detailed method4#g¢re, briefly:
Whole mount preparation
1. Afterin vivoimaging, sacrifice the animal with i.p. injectiohEuthasol.
2. For wholemount preparation, transcardially psefwith ice-cold 0.9% saline followed
by 4% paraformaldehyde/phosphate buffered saline.
3. Carefully dissect the area of the spinal cotte @rea can be perfused and dissected in
the presence of the fixative. Carefully remove aogumulated scar tissue using a bent
syringe needle, and remove any remaining duratifbee can be postfixed for at least
an hour or overnight at 4°C. The tissue shouldibeqa to prevent curving and should
never be allowed to dry out.
4. Once fixed, rinse carefully with PBS (5x 10 ntegsieach) and store in buffer at 4°C.
5. Next, longitudinally section the spinal cordatthickness of ~250 um, either by

carefully filleting with microscissors, or usingzédoratome.
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6. If a vibratome is used, prepare some PBS icestdput in the vibratome boat a day
or so in advance.
7. Prepare 5% agar/PBS blocks to form a suppothisspinal cord tissue when cutting.
8. Mount an agar block that is roughly the samgliteas the spinal cord onto the slicing
stage using superglue.
9. Mount the spinal cord just in front of the ab#ock, ventral surface superglued to the
slicing stage.
10. Set the vibratome thickness to ~500 um. Invlaig, the first slice should contain the
region of interest, usually ~250 pm of the dorsahalpcord, with attached dorsal roots.
11. Collect the slice carefully with a paint bruahd do not allow it to bend or twist.
12. A notch can be cut into the corner of the sieckelp with orientation.
13. Mount the slice dorsal side facing up witha trops of PBS. A coverslip can be
placed onto the surface, and edges sealed witlpolgsh.
14. At this point, the slice can be imaged withfoeal or two-photon imaging with
appropriate settings for exciting and detecting Y&#eled axons and endings at the
desired magnification.
NIRB generation of fiducial marks

To destroy the fixed tissue and generate a burk thare are several basic
settings that can be manipulated, but will depemthe system used, and should be
tested in an expendable area of the tissue beftemgting to target axons or endings of
interest.
1. We tuned the IR laser to 800 nm, the peak ittengavelength which corresponds to

the full unattenuated power of the IR laser used.
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2. A high magnification, high NA objective should bsed. We used a 20X water
dipping objective, NA 1.00. A higher magnificatidnigher NA objective will have a
higher power density and will make burning easier.

3. Other settings that can assist in introducingksiare format (we used 1024X215 or
higher), scanning speed (100Hz), and line scar @ierage may also help).

4. Ideally, pixel dwell time between 2-10 us/pigabuld be used.

5. Overlapping regions of interest (ROIs) can bedus create a larger box of 250 um X
75 um around the tissue, which may require up tmash as 250 line scans.

6. Smaller boxes, or the sides of a larger boxallisvequire less line scans for a thinner
burn mark. Here, it is important to note that thenber of scans determines the width
and depth of the NIRB markings, as fewer scans rttakeer burn lines.

7. Collect a new series of “post-NIRB” images, a®lime containing the area of
interest now with the addition of the new autofiesrent NIRB marks for reidentifying

the axon or ending of interest later.

Array Tomography

Procedures were followed exactly as described tailda (Micheva et al., 2010a,
2010b, 2010c, 2010d, 2010e, 2010f; Micheva & Sn#)7). We have used several
antibodies for immunostaining including: SV2 synapesicle protein (mouse- a-SV2/
10H, DSHB), SC2E (mouse a-Schwann Cell/Peripheyalim Cosmo Bio Co.), MOG
(goat a-mouse oligodendrocyte, R&D Systems), GFABuUse a-GFAP, Millipore, or
rabbit polyclonal a-GFAP, Dako), commercially aghile NG2+ (rabbit a-NG2 CSPG,

Millipore), Olig2 (NG2+ cells), and PDGFRalpha (N&2ells).
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THF/ BABB Optical Clearing

1) Perfuse the animal transcardially with ice-cdl8% saline and then 4%
paraformaldehyde in PBS.

2) Dissect out the spinal cord and remove the dura.

3) Post-fix the tissue in 4% paraformaldehyde irsRBernight at 4°C.

4) Trim the tissue (fillet) containing the arearmtkrest including the dorsal spinal cord
and attached dorsal roots.

5) Rinse the tissue in PBS for 4 h.

6) Treat the tissue with 4 mL 50% tetrahydrofur@HIft, 186562) in peroxidase-free
water with gentle shaking at room temperature aeplshielded from light for 20 min.
7) Treat the tissue with 4 mL 80% THF in peroxidase water with gentle shaking at
room temperature and keep shielded from light tonin.

8) Treat the tissue with 4 mL 100% THF with gersit@king at room temperature and
keep shielded from light for 20 min.

9) Transfer tissue to fresh 4 mL 100% THF with ¢eehaking at room temperature and
keep shielded from light for 20 min.

10) Finally, treat with 4 mL benzyl alcohol (3051%igma): benzyl benzoate (B6630,
Sigma) (BABB) with gentle shaking at room temperatand keep shielded from light
for 20 min.

11) Image the tissue using wide-field fluorescemeeroscope or confocal microscope

for acquiring images of YFP labeled structures.
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CLARITY Optical Clearing

To determine the feasibility of using the CLARIDytical clearing technique for
our experiments, we tested clearing of spinal ¢dled (<1mm) from Thyl-YFP H-line
mice processed 13 days after L5 DR crush (n=2héo-ETC processing, in addition to
spinal cord from a non-injured animal (n=1) forl fGLARITY processing (including
ETC active lipid removal).
1) Fresh hydrogel monomer solution was prepareflyw% acrylamide (Bio-Rad,
#161-0140), 0.25% azo-initiator (Wako, #VA-044),RBS (Invitrogen, #70011-044),
4% Paraformaldehyde (Electron Microscopy Scieng&S714-S).
2) The animal is sacrificed with Euthasol, trandety perfused with 20mL ice-cold
PBS (~5mL/min), then 20mL ice-cold hydrogel monomaution.
3) Adult mouse spinal cord is harvested, duransawed, and trimmed into fillet of the
dorsal surface with attached dorsal roots usingaaassors to <1mm thickness. Now,
the tissue was imaged after fixation (i.e. befdeagng) using wide-field microscopy.
4) Tissue is then placed into 20mL ice-cold hydtagenomer solution for post-fixation
for 1 day at 4C (to allow infiltration of monomeard initiator throughout the tissue).
5) Samples were moved to 10mL fresh hydrogel mom@wi@tion in 50mL conical tube
(Teflon-tape was applied to the threadings to pneges leaks).
6) The tube is placed in a desiccation chamber kdtlghtly closed, and vacuum is
applied for 10 minutes to remove air from the tube.
7) The chamber is then filled with nitrogen gasdplace the oxygen.

8) Quickly seal the tube by tightening the cap.
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9) Gently shake the samples at 37C for 2 hr fotéhgperature to trigger radical
initiation by the azo-initiator.

Non-ETC-processed Tissue Clearing

10) Fresh Clearing Solution was prepared; 20mMuithhydroxide monohydrate
(Sigma-Aldrich, #254274), 200mM SDS (Sigma-Aldri¢th,3771), and boric acid
(Sigma-Aldrich, #B7901) to adjust pH to 8.5.

11) Wash samples in 50mL Clearing Solution at 331C# hr with gentle shaking. This
process is repeated 2-3 more times, or up to 7 fdayke spinal cords from animals
receiving L5 DR crush (n=2), replacing with fresle&ing Solution each time. Tissue
was imaged with wide-field microscopy after 7 daysreatment with Clearing Buffer,
and then subsequently with confocal (Leica SPbdi¢ca Microsystems).

Active lipid removal — ETC clearing

12) A CLARITY electrophoretic tissue clearing (ET€&@)amber was fabricated as per
instructions found at http://clarityresourcecertay/

13) The tissue from un-injured mouse spinal cordljrwas placed inside a cell strainer
and placed inside the ETC chamber.

14) The assembled system is filled with Clearintuan, ~2 L

15) The electrodes are connected to the lead cabttthe power supply is started.
16) 10-40V is recommended, in order to keep ti$sara becoming too hot, which can
guench fluorescence signal or damage the tissue.

17) For imaging, the tissue is washed twice wittSPBor 24 hr.

18) The tissue can be treated with either Focus@Cée® below) or 85% glycerol (both

R.l. ~1.45) for 1 day, and repeated once more.
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19) An imaging chamber is constructed from a stechdacroscope slide, Blu-Tack
reusable adhesive (Blu-Tack) to create a well,@wtred with a Willco-Dish (Ted
Pella, #14032-120). Kwik-Sil (World Precision Ingtments, #KWIK-SIL) is used to seal
remaining openings.

20) Confocal z-series were obtained (Leica SPBdica Microsystems), with 20x water
immersion objective (HCX APO L 20x/1.0 W, N.A. 0,0/D 2.00 mm, 11 507 701,

Leica Microsystems), at 0.25 um step size.

FocusClear Optical Clearing

FocusClear (CelExplorer Labs Co., FC-101) is kepda temperature (4°C) until used.
1) Perfuse the animal transcardially with ice-cdl8% saline and then 4%
paraformaldehyde in PBS.

2) Dissect out the spinal cord and remove the dura.

3) Post-fix the tissue in 4% paraformaldehyde irsR& 2 hr at 4°C.

4) Trim the tissue (into <1mm thick fillet) contaag the area of interest including the
dorsal spinal cord and attached dorsal roots.

5) Transfer the tissue from fixative into the Fo@lear solution, or drip FocusClear onto
the fixed tissue mounted to a glass microscope slid

6) Image the tissue with lower intensity illumir@atito prevent photobleaching.
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Results

Optimizing Two-photon Microscope for In Vivo Imaging of Regenerating DR Axons

Our two-photon microscopy setup (Figure 4-1) inelsidan upright microscope
optimized for confocal and two-photamvivoimaging (TCS SP5 I, Leica
Microsystems), a tunable infrared (IR) laser (Mai-HP, SpectraPhysics) is used for
two-photon excitation of YFP-labeled DR axons (€&apter 2, 3 for additional
methodology). The animal is positioned on a higicigion motorized stage optimized
for imaging placement and can be further adaptedfmduction of other experimental
paradigms, including electrophysiology (see Chap}esignal is collected by external
non-descanned detectors with changeable filter tab€FP (Leica Microsystems). The
microscope is controlled by a computer runningtdigmaging software (LAS AF
Advanced Fluorescence Suite, Leica Microsystentss Joftware offers full control
over the microscope hardware, in addition to miaing the need for user interaction
through automation, e.g. by opening and closingtsraiaccording to the selected
contrasting method or by moving matching prisme the light path for the objective

used.

Feasibility of using a high magnification, high nemeal aperture dipping objective
Forin vivoimaging, we used (Figure 4-1 A’) a 20X compacipilig objective,
optimized for two-photoim vivo applications, with high numerical aperture (NA)1090
and a large free working distance (FWD) of 2.0 ni@X APO L 20x/1.0 W, N.A.
1.00, WD 2.00 mm, 11 507 701, Leica Microsysterrsaddition to providing more

efficient light absorption and 20x magnificationitoage axons, we tested the feasibility
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of using this large free working distance objectnith live animal. A general concern
was whether the animal could be positioned appatgdsi under the objective, while still
permitting full range of focal depth as well as ntibpin the X- or Y- dimension. From
experience, we found it necessary to create awelhg a silicon elastomer (Kwik-Sil,
World Precision Instruments, Inc.) to encompasgétmacted skin in order to maintain
an appropriate volume of warmed sterile Ringerlsitsan for our immersion objective to
dip into.

Reducing or eliminating respiration-induced movemen

The anesthetized animal is mounted to (Figure 4-BBa mouse stereotaxic
holder (SR-AM and STS-A, Narishige) (see Chaptfarletails) and carefully
positioned on the high precision motorized stageepooduce the orientation in previous
imaging sessions. We tested the usefulness o$tiisotaxic holder in isolating the
animal’s movement due to respiration in order ttuge or eliminate imaging artifact as a
result of the animal’s rhythmic breathing. Impottgnat higher magnifications, this
movement can be greatly exaggerated and pose Epraespite fast image acquisition.
If we found that imaging artifacts from this movarnstill occur, we tested post-
processing using computer software (AutoAlignetpBine) to manually align out-of-
frame optical sections.

These optimizations are in addition to severaksgjias that we previously
employed to improve imaging of living spinal costé Chapter 2). Briefly, (Figure 4-1
C) a temperature controller (ATC 1000, World Precidnstruments, Inc.) and (Figure
4-1 C’) attached heating pad maintain the animaddy temperature through the

experiment. For prolonged (>1 hr) sessions, contisunhalation anesthesia is
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consistently delivered via (Figure 4-1 D) a laborgtanimal anesthesia system (V-1
LAAS, VetEquip) through (Figure 4-1 D’) an attachsaksecone. A custom curtain is

used to block external light from reaching the msoope.

upright microscope optimized for confocal and nuittonin vivoimaging (TCS SP5 I, Leica
Microsystems), controlled by imaging software (LAB, Leica Microsystems) with (A’) a 20X
dipping objective (20X water immersion, 11 507 7Ddica Microsystems). The animal
mounted to (B, B’) the mouse stereotaxic holder-f8Rand STS-A, Narishige) is carefully
positioned to reproduce the orientation in previmuasging sessions. A Kwik-Sil (World
Precision Instruments, Inc.) ‘well’ encompassing é&xposed area is filled with warmed sterile
Ringer’s solution. (C) A temperature controller (31000, World Precision Instruments, Inc.)
and (C’) attached heating pad maintain the anintaddy temperature through the experiment.
For prolonged (>1 hr) sessions, continuous inhataginesthesia is consistently delivered vie
a laboratory animal anesthesia system (V-1 LAASPdaip) through (D’) an attached
nosecone. A custom curtain is used to block extdigid from reaching the microscope.

Imaging DR Axons at High-resolution Two-photon Microscopy: Confirmation of
Rapid Immobilization of Axons at the DREZ

To monitor regenerating YFP labeled DR axons imgunice using two-photon
microscopy, we first performed the usual L5 DR brugury in ThyLYFP-M line mice,
which express yellow fluorescent protein (YFP) @arywfew superficial DR axons. This
allowed us to, first, using wide-field microscopyentify individual YFP labeled DR
axons approaching and arriving at the DREZ (ChapteB). However, because wide-

field microscopy has limited resolution, we theraged rapidly immobilized axons at the
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DREZ using two-photon microscopy (Figure 4-2). Tplweton imaging of volumes (z-
series) acquired from repeated time-lapse of aivishaal axon ending (yellow arrow)
that was rapidly immobilized at the DREZ, over doairse of 5 h of imaging, revealed
that the axon ending remained unchanged, withdubéing even fine movements
during this time course. This observation confilwas earlier wide-field imaging studies
(Chapter 3). Further, the axon ending did not eXteor did it retract, but remained the

same distance from other axons (Figure 4-2, bhe li
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Figure 4-2. High spatio-temporal resolution
imaging with two-photon microscopy

confirms that axons arriving at the DREZ

are rapidly immobilized

without exhibiting even fine movements.
Maximum-projections of two-photon imaging
z-series acquired from repeated time-lapse
scanning of an individual axon ending that was
rapidly immobilized at the DREZ, over the
course of 5 hr of imaging. The axon ending
(yellow arrow) remains unchanged, without
exhibiting even fine movements from 1 hto 5
h. Further, the axon ending does not extend
does it retract, but remains the same distance
from other axons (blue line) confirming our
earlier wide-field imaging studies. Imaging
software (AutoAligner, Bitplane) was used to
manually align out-of-focus optical sections.
(see Figure 4-13).
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Importantly, our optimized two-photon imaging ge{see Figure 4-1.), in
addition to applying several strategies that makesield microscopy feasible (see
Chapter 2, stereotaxic holder, heating pad, gastla@sia), included a specialized
objective optimized for two-photon imaging. The edijve used in these experiments
(HCX APO L 20x/1.0 W, N.A. 1.00, WD 2.00 mm, 115001, Leica Microsystems)
permitted a feasible level of magnification to ireaxon endings, although we found
using a digital zoom of 1-3 useful for imaging Diba endings, which are thinner and
dimmer than spared or intact axons. We found thafree working distance of this
objective, 2.00 mm, provided sufficient amount aimauverability and positioning of the
animal under the objective, without compromisingpei depth of imaging (z-axis), nor
did the wide diameter of the objective hinder thaity to maneuver in the X- or Y-axis
(Figure 4-1 A’). We found the use of the silicoagtbmer ‘well’ to be crucial for both
maintaining the appropriate volume of warmed stdRinger’s solution for the objective
to dip into, as well as assisting in preventingelkiposed tissue from drying out in

prolonged imaging sessions (see below).

Suggested Parameters to Minimize Photobleaching arféhototoxicity

In performing repeated time-lapse imaging using-ploton microscopy of
rapidly immobilized axons at the DREZ over sevé@lrs, we have identified several
acquisition parameters that must be carefully laddro ensure reliable repeated
imaging without photodamaging the living tissueg{ie 4-3). In an example, more
frequent repeated time-lapse imaging (every 30 mmsin)g two-photon microscopy of a
rapidly immobilized axon at the DREZ over 4.5 hthwiut photodamaging the living

tissue was made possible by taking several coratidas into practice. The first
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parameter that must be considered is the IR lasgepitself. To excite YFP, we have
found that an IR wavelength range of ~890-950 nmbeansed to excite YFP. An
important consideration is that the power outpanges with the wavelength of
excitation used, which must be measured at thecbbgewith a power meter. In addition
to balancing IR laser power with excitation andedébn, a second parameter is scanning
speed. The ability to scan quickly not only makeage acquisition faster, but reduces
the time the fluorophores are exposed to the eimitdlumination. Our setup is
equipped with a resonance scanner, which enabdessiy speed at a default 8000 Hz.
Although faster scanning is considered ideal ferrasons just discussed, it also
introduces unwanted noise into the images. Detessositivity, which can be improved
by using more sensitive detectors, determinesrimuat of useable light gathered, with
some minimal additional scattered light, or no&e.averaging function can be used to
minimize or in some cases eliminate noise, howewae averaging increases the

number of times a particular region is scannedrasddiminishing returns.
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Figure 4-3. Optimized two-photon settings can be sl to image an individual axon
repeatedly without photodamaging living tissueExample of more frequent repeated
time-lapse imaging (every 30 min) using two-phataicroscopy of a rapidly immobilized
axon at the DREZ over 4.5 hr. By carefully balagdiR laser power with acquisition
parameters, including: high scanning speed (8000dpropriate gain and offset, minir
line averaging and confining the scanned volumanty the portion of the tissue
containing the axon of interest, it is possiblatguire images at shorter time intervals
without causing photodamage or photobleaching.

Two-Photon In Vivo Imaging of Brain Vasculature

Our optimized setup fan vivo two-photon microscopy and, in part, the
methodology (provided below), can be applied talgtother dynamic processes that
occur elsewhere in the nervous system, further dstrating the validity and reliability
of two-photon microscopy for live animal imagingidies. While performing
experiments for this thesis work, | had the oppatiuto apply our two-photon imaging
setup and expertise to live imaging of mouse bvastulature. Since the brain
vasculature differs depending on neuroanatomiacation, and because wide-field
fluorescence microscopy is limited with respeatiépth of imaging, two-photon
microscopy was the logical choice for visualizieghocyte adhesion in brain

parenchymal vessels much deeper below the surfabegssels (Figure 4-4 A). In this
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preparation, in which the dura is often removed aiedanial window inserted onto the
exposed mouse brain, we were able to image dowAQ@qum below the surface of the
cortex on postcapillary venules (20-30 um in dianeBoth leukocytes and vasculature
were concomitantly imaged with rhodamine 6G andhimgplecular-weight FITC-
dextrans. Z-series of ascending venules were redder3D and later analyzed for the
number of attached leukocytes. In this way, theraxtion of leukocytes inside the
vessels was analyzed before and after treatmeguirg-4-4 B). These imaging
experiments, in addition to imaging regeneratingd@ns in living adult spinal cord
(below), demonstrate that under appropriate camubtitwo-photon microscopy can be
used to monitor dynamic events that occur beyoadgtssible imaging depth of other

light microscopy techniques.
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Figure 4-4. Example of two-photon imaging of leukogies inside deep brain
vasculature. For deep-tissue imaging, we used a Leica TCS BMP Imultiphoton
microscope configured with a tunable femtosecordguliMai Tai Ti:Sapphire laser
(Spectra Physics), a resonant scanner (allowingisitign of 29 frames per second),
and NDD detectors. Dental cement was used arowndrémial window to create a
well in which distilled water was placed to perthieé use of the 20x dipping objective
(NA, 1.00). (A) Representative images of 3-D re¢arddions of z-stacks taken by
multicolor two-photon intravital microscopy usingianals with the indicted
experimental conditions. The intraparenchymal miaszulature of the brain cortex
(down to 800 microns below the cortex surface) atined by i.v injection of 70
kDa FITC-conjugated dextrans (green). Leukocyteevilaorescently labeled by i.v.
injection of Rhodamine 6G (red). Leukocyte adhesioents were identified in
ascending postcapillary venules ranging from 20xBfyons in diameter. In untreated
control animals only moving leukocytes were appe(sineaking cells; asterisks).
Animals where LPS (6mg/kg) was administered shosiguificant leukocyte
adhesion (arrows). Corner insert shows max prajeatomposites providing a top
view of the z-stack. The scale bars = 40 microB¥s The results of particle counting,
providing a measure of the number of attached leytks per vessel surface area
(assuming cylindrical dimensions and using 100 amisrof vessel length). The results
are shown as the mean adhesion + SEM (n=3). (*tdsra difference d? < 0.001
between the groups compared (bracket) (Adopted Ramirez et al., 2012).

Near-InfraRed Branding (NIRB)

Traditional approaches to correlate light and EMIgsis require creating electron
dense markers (e.g. peroxidase antibodies, lipaptiye photoconversion, etc.) within
the cells of interest that ultimately may obscuteastructural analyses. To overcome this
technical challenge, Dr. Derron Bishop developéecanique called “Near-InfraRed
Branding” (NIRB) (Bishop et al., 2011), which exp#oa two-photon microscope’s
ability to focus high intensity femtosecond-pulsegr-infrared light to destroy fixed
tissue and generate a burn mark that follows theriacan pattern. Points or lines can be
introduced at arbitrary positions or angles. Thesephoton fiducial marks are
autofluorescent and, additionally, have a charestieispectral signature that can drive
the photo-oxidation of diaminobenzidine to servama®lectron dense fiducial marks that

surrounds an area of interest in precisely idesttiX, Y, and Z coordinates in serial EM
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sections. Here, aftém vivoimaging and identification of an axon or endingraérest,
and performing NIRB on the dissected tissue, eitiigat, fluorescence, or two-photon
microscopy can be used to detect the red autofigeree, and thereby allow us to
reidentify an axon or ending of interest in wholeunt preparation, which can later be
immunostained for further interrogation of the nuolkar and cellular environment of the
area where axons stop at DREZ.

We tested the feasibility and usefulness of NIRBr&ocating an identified DR
axon that we monitoreith vivo after sacrifice in our whole mount preparationteif
performingin vivoimaging and following a regenerating DR axon thas rapidly
immobilized at the DREZ, the animal was sacrifieed the spinal cord was processed
into a thin fillet (~250 pm) and whole mounted oatslide. First, the IR laser was tuned
to the appropriate wavelength and a z-series oitingobilized axon and its ending were
acquired using two-photon imaging (Figure 4-5 MeTlightly swollen axon ending, as
well as slight swellings along the axon shaft wafrenterest. Then, with the IR laser
tuned to 800 nm (peak intensity and correspondifigithattenuated power of the IR
laser), several parameters were adjusted to inteddiducial box in the area around the

axon and ending of interest (Figure 4-5 B).
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Figure 4-5. “NIRB” technique to mark an axon at theDREZ.
After following a regenerating DR axam vivo that was rapidly
immobilized at the DREZ and scanning with tpleeton microscop
in z-series (A), using the modecked IR laser, NIRB was perform
(B) to insert a fiducial box in the area surroungdihe axon, as well
as a small fiducial marker (white arrow) adjacentwellings along
the axon shaft. Overlay shown in (C).

We have found that several parameters ultimatetgrchine the width and depth
of the NIRB markings: a high magnification, high N#jective should be used for high
power density, higher formats and slower scannpsged will increase the amount of
time the laser is focused on a particular aredeEiline scans or regions of interest
(ROIs) can be used to arbitrarily dictate the shafgbe fiducial mark surrounding the
axon, with significantly more line scans requirédoaver magnifications for larger
boxes, while fewer line scans are needed at higlagmnifications for thinner lines or
individual points. Several attempts may be needexthieve the desired effect, and

therefore a dispensable region of the spinal cbadilsl be used for adjusting parameters
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before attempting to perform NIRB on the regionnvérest. Other considerations
include: fiducial marks should not be made too €lwsthe structure of interest as it
destroys tissue, further, scanning with peak wangtletoo close to the structure of
interest with such parameters risks directly phig@athing the structure of interest, and
significantly more power is needed to burn fiducradrks the deeper into the tissue the
structure is located. After performing NIRB, a zigs or ‘after’ set of images are
acquired, and can detect the red autofluorescareget! by the burnt fixed tissue (Figure
4-5 B). In addition to generation of visible magtsle to be detected with light,
fluorescence, or two-photon imaging, ultimatelysstenarks are useful for relocating

axons and endings of interest in ultrastructuralyses (data not shown).

Array Tomography

After following regeneration of an identified DRan within vivoimaging and
marking the axons of interest using NIRB post-muortéhe spinal cord tissue can be
processed into ultrathin sections for Array Tomagsa Now a well-established
technique (Oberti, Kirschmann, & Hahnloser, 201@ 2. Micheva, O'Rourke, Busse, &
Smith, 2010a, 2010b, 2010c, 2010d, 2010e, 2010zaSReilly & Commons, 2011),
Array Tomography is in principle based on embeddisgue in an acrylic resin, LR
White, which can then be fluorescently immunolabelenportantly, when processed
into ultrathin sections, the technique permits iovyed penetration of antibodies, and
after imaging, to be efficiently eluted, permittititge same sections to be repeatedly
immunostained with a large number of probes. Heeetested a number of neuronal,

glial, and synaptic markers on ultrathin crossisast(200nm) of adult mouse spinal
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cord. Although not further pursued, another adwga@f this technique, is that following
high-resolution fluorescence microscopy (e.g. usimigfocal), the same sections can be
subsequently stained with heavy metals and imaggdarscanning EM for
ultrastructural analysis.

We have performed Array Tomography following theqadures outlined in
Figure 4-6 A inThyX:YFPH mice (described in complete detail in (Micaeat al., 2010a,
2010b, 2010c, 2010d, 2010e, 2010f; Micheva & Sn#€Q7). Production of ultrathin
sections is tedious and time-consuming, howevepneessed several tissues into
ultrathin sections (Figure 4-6 B) in a ‘ribbon’, mmunostained, and analyzed the labeling

using a fluorescent microscope.
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Figure 4-6. Array Tomography production of tissuesembedded in acrylic resin into
ultrathin sections. (A) Schematic flow-diagram illustrating the majtess of Array
Tomography technique. (B) Production of a ‘ribba€rial ultrathin sections on a glass
coverslip prior to immunostaining. YFP is ofteng#eved as depicted (images slightly
overexposed to show outline of resin sections ameiship).

Although occasionally processing of the tissue @hnvolves a series of ethanol
dehydrations) quenched some of the YFP fluores¢ceeo®ndary antibodies against YFP
or markers for astrocytes (GFAP) were used to inotabel array sections (Figure 4-7).
After elution, we were able to again immunostaithwnarkers for oligodendrocytes
(MOG), and Schwann cells (SC2E). Again, after elutwe used markers for SV2
(synaptic vesicle protein) and several antibodidalbel NG2+ cells (proteoglycan NG2-

121



expressing oligodendrocyte progenitors).

Figure 4-7. Array Tomography ultrathin sections allow antibody to be efficiently eluted anc
the same sections immunostained repeatedly and che submitted for SEM. Array
Tomography sequential staining on an individuahyasection of dorsal spinal cord Diiy1-

YFPH mouse. Antibodies against YFP were used toongvisualization of YFP-labeled DR
axons, which are may be sometimes quenched betmaicessing. In addition, a marker for
astrocytes (GFAP) was used to simultaneously imialstrocytes. After elution, markers for
oligodendrocytes (MOG) and Schwann cells (SC2Epwsed, and later eluted to immunostain
against SV2 (synaptic vesicle protein) and NG2tgwglycan NG2-expressing oligodendrocyte
progenitors). Appreciable staining was not accosigd with several commercially available
markers for NG2+ cells.

However, we did not observe characteristic NG2liagen this preparation. It is
possible that antibodies that label extracellidagets, including the antibodies against
NG2+ cells used, have difficulty in labeling targét the tissue after processing in this
preparation. Therefore, we were unable to pursisaeishnique to fully realize its
feasibility in quantification studies, in which weould count the number of
presynaptically differentiated axons in postsyraptintact with NG2 cells (or other

elements), and characterize the synapses withaaiéib for different postsynaptic
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receptors or cell adhesion molecules, before cmnfig further presynaptic and

postsynaptic features ultrastructurally.

Optical clearing of biological tissue

Until relatively recently, assessing regeneratiodamaged or diseased nervous
tissue and methods to explore the detailed stralctund molecular information in whole
dissected tissue, including brain and spinal coad,remained a challenge. Traditional
methods rely on physical sectioning and then retcocison, a tedious process, or are
incompatible with desired molecular labeling tecjuas, or often both. Moreover, these
previous techniques suffer from several technigatdtions, including axon
fragmentation and loss of 3D information as a ttesiuphysical sectioning. To overcome
such technical limitations and to preserve spatiarmation, several strategies for
imaging whole tissue have been developed overaitedecade. However, the ability to
image whole tissue is impaired by sample opaaityhat primarily, light scattering limits
the depth of imaging inside the tissue. Light sraig occurs when the refractive index
(R.1.) of scatter differs from the medium, genedabg the solution the tissue is imaged
in, or irregularities within the tissue itself, looth. For example, the refractive index of
fixed tissues are much higher (~1.5 RI) compareddter (1.33 RI). In spinal cord,
insulating white matter is found superficially dorag the outside of the tissue. The white
matter is made up primarily of axon tracts, wrapped fatty layer (myelin), and the type
of fat in myelin makes the tissue appear an opaqute.

Generally, to address this issue, and to improsealization of fluorescent

protein labeled structures in intact tissue, sé\ayacal clearing agents have been
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developed that share the goal of transforming whséeie into an optically transparent
specimen that preserves both the structural andaular composition of the original
tissue for whole tissue imaging. In principle, mamyical clearing agents are high-index
solvents that reduce light scattering in a fixeshgle by index-matching. In other words,
optical clearing agents aim to increase tissuesprarency, by means of achieving
refractive uniformity throughout the sample. Altlgbuseveral clearing agents have been
developed, they differ in their chemical compositamd have crucial considerations
associated with their use to render tissue traespafFor example, several methods
including 100% glycerol and 80% (v/v) 2,2’-thiochanol (TDE) have been reported to
guench fluorescent proteins (Ke, Fujimoto, & In#0,13), making time-consuming high-
resolution imaging more difficult.

Therefore, we have tested several optical cleaaalgniques to: 1) determine the
feasibility of individually using these techniquéy, determining their ability to optically
clear fixed fillet of spinal cord with attached dat root (intact or injured L5 DR), by
determining whether it is possible to image de@pénese cleared tissues; and 2)
determine their usefulness, whether they can pempitoved visualization and image
acquisition of failed regenerated axon endingd@tDREZ in unsectioned tissue, to
provide more information about their morphology adition. We tested: 1) the organic
solvent, tetrahydrofuran (THF) to dehydrate tissuas benzyl alcohol/ benzyl benzoate
(BABB) for optical clearing, a technique that ha&eb used to clear mouse nervous tissue
relatively quickly while preserving tissue integrifor use in tracking regenerating axons
in whole injured spinal cord and imaging of fluarestly labeled cells; 2) CLARITY, a

novel optical clearing technique that first prosadehydrogel mesh framework of

124



polymer (acrylamide) that binds and retains biorowles, including genetically labeled
YFP+ DR axons, but not light scattering lipids the¢ then uniquely actively removed
via an electrophoretic process, and involves arinédiate step of processing that can
render thin (<1mm) pieces of tissue (e.qg. filleadtlt spinal cord with attached dorsal
root) optically transparent by repeated treatmeuits a clearing solution (200mM SDS
in ddH20) for several days; and finally, 3) Focuese'™, a commercially available
product (CelExplorer Labs) that is a water-soluidsed agent for refractive index

matching of fixed tissue.

THF/ BABB

Optical clearing with BABB (Figure 4-8) renderalliet (<1mm thick) of adult
YFP-H-line mouse more transparent, as many deepBrl¥beled structures become
detectable with wide-field microscopy, however, WP fluorescence signal was
noticeably diminished, particularly in the supe#ilty positioned axons in the L5 DR and
are barely distinguishable from signal coming frdeeper in the tissue. Imaging with
confocal microscopy (Figure 4-9) also required kiglaser intensity, which can be
damaging to tissue, or further quench YFP fluoreseeBecause regenerating YFP-
labeled DR axons are thinner, and dimmer, tharcimd® axons, this technique might
better be suited for visualizing structures locatedp in spinal cord gray matter, but
hinders imaging DR axons. Further, tissue cleasethis technique becomes fragile, and
in some instances can fall apart while being mdated for imaging. Imaging must be
performed immediately after BABB treatment, asftherescence quenching occurs

rapidly as the tissue is stored in BABB.
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Figure 4-8. THF/BABB optical clearing of spinal cord fillet. THF/BABB optical clearing o
adult mouse spinal cord fillet (<1 mm thick), afdve and after THF/BABB treatment, b,
larger view of L5 DR and DREZ before clearing, ptical sections (~15 um step size) from
the dorsal surface (left) focusing into the tis@ioethe right). The brightly labeled intact L5 |
axons before clearing in (b) are noticeably quedcheleftmost), although many deeper YFP-
labeled structures, possibly interneurons in tleg gnatter, are now visible with wide-field
microscopy. DR, dorsal root; DC, dorsal column axon
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Figure 4-9. THF/BABB imaging with confocal microscopy. Confocal (1p) imaging of
THF/BABB processed adult spinal cord fillet (1<mimick). Higher laser intensity was
required to image even superficially positionedDi axons and the L5 DREZ in this un-
injured tissue. Deeper positioned YFP-labeled sires are clearly visible at a depth
beyond the normal imaging depth of confocal micopsc Although imaging depth beyond
400 um was possible with BABB treatment, imagingstrhe performed immediately to
prevent rapid quenching of YFP fluorescence (3@mstruction viewed from the midline,
optical sections taken at various depths insideiégo illustrate resolution and imaging
depth, step size 0.25 pm).

CLARITY

Optical clearing using the CLARITY technique isaure in that it first introduces
a hydrogel mesh framework into the tissue thainmstaiomolecules (proteins, nucleic
acids, etc.) and genetically labeled fluorescerag GFP, YFP) remain robust
throughout the clearing process. We first triechgsion-ETC-processing, an
intermediate step of CLARITY in which, the tissadter fixation and formation of the
hydrogel mesh, is treated repeatedly with a buff&BS clearing solution at 37°C. This

passive process, called passive refractive-indexhiray of non-ETC-processed tissue
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provides noticeable clearing in thin (<1 mm thigksues. For this experiment, we
processed spinal cords from adult Thyl-YFP-H-lineenthat received L5 DR crush 13
days after injury into <1mm thick fillet. Wide-fi@lmicroscopy images were taken before
clearing (Figure 4-10 a) revealed several DR aatitbe DREZ. After treating with
buffered SDS clearing solution for 7 days (replgaiith fresh solution each day),
imaging the same area (yellow box) with wide-fisltccroscopy revealed several axon
endings at the DREZ (Figure 4-10 b, white arrow$)s area was imaged with a
confocal microscope, revealing several axon endadgise DREZ in maximum

projection of z-series (Figure 4-10 d). A 3D redondtion of the volume rotated to
visualize from the midline (Figure 4-10 c) illuda an improved imaging depth of >600
pum, compared to traditional confocal image depthxafd tissue (~100 um). Further,
optical sections (Figure 4-10 c) were used to tla¢ endings of the same axons imaged
previously. While one or two axons (Figure 4-1blae and yellow arrowheads) at first
appeared to be located very superficially, it isgble that some axons, such as these
few, had become detached from the spinal cord thegpntle shaking with clearing
solution, creating artifact erroneously depictimgaxon with apparent tortuous growth.
Another axon (green arrowhead), which has a dykteelgke ending, was located
relatively close to the spinal cord surface. Intcast, at least one axon (red arrowhead)
appeared to stop >20 um deeper in the spinal wotld,a slender ending and slight

swellings along the axon shatft.
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Figure 4-10. CLARITY optical clearing by passive réractive index-matching of adult

spinal cord. An adult Thyl-YFP-H-line adult mouse received L5 DiRsh and was processed
13 days after injury for CLARITY passive refractivelex-matching. a, before clearing, low
(left) and high magnification (right) of severagemerating DR axons that had stopped at the
DREZ, imaged with wide-field microscopy. b, Afteeating tissue with buffered SDS clearing
solution (37°C, pH 8.5) for 7 days (passive refrecindex-matching), the same area in (a) was
imaged again with wide-field microscopy at incregsmagnification (of area in yellow box), to
illustrate that several axons and their endingsare clearly visible (white arrows). d, maxim
projection of confocal z-series (volume 662 pumpsize 0.25 um) of the same axons. ¢, the
volume was rendered as a 3D reconstruction viewsd the midline to illustrate depth of
imaging beyond 600 um, much further than traditi@amfocal depth of fixed tissue, (right)
optical sections corresponding to each of the aratings to illustrate relative depth of each
axon ending. Blue and yellow arrow heads correspomélatively very superficial axon endin
that likely belong to an axon that has become teghérom the spinal cord as a result of
repeated treatments with clearing solution, degptgle shakingand represents an artifact fri
tissue processing. Green arrow head denotes anezxtimg that has a dystrophic-like ending,
while the red arrow head denotes an axon that stbpjith a much slender ending with swedk
along the shaft (as in d).

The full CLARITY processing involves active lipidmoval by an electrophoretic
process, in which the tissue is placed into a &albed electrophoretic tissue clearing
(ETC) chamber, and an electric field is appliedbasrthe sample in SDS detergent to
actively transport micelles into, and lipids outissue. We tested this further treatment
on uninjured spinal cord fillet from an adult ThYEP-H-line mouse (n=1) (Figure 4-
11). Applying 20V and running non-consecutively #dr5 hours, no noticeable
additional clearing was detected using confocalosicopy comparison of z-series

acquired before ETC-processing and after (n=1).
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Figure 4-11. CLARITY Non-ETC-Processed vs. ETC actie lipid removal in whole intact
spinal cord. Full CLARITY processing using ETC active lipid rewad, a, 3D reconstruction
viewed from the midline of a z-series of filletwhinjured adult Thyl-YFP-Hine mouse that we
processed CLARITY passive refractive index-matcHorg3 days, with optical sections (at right)
taken throughout the depth of the tissue to ilatstdepth of imaging up to 4Q0n, beyond

normal confocal dpth of fixed tissue. b, the same tissue was pseckim an ETC chamber at 2
for ~15hrs, and subsequent confocal imaging oktime area (3D reconstruction viewed from
midline) did not provide remarkably improved depfhimaging or improved resolution of deeper
structures.

Therefore, we found that CLARITY passive refraetimdex-matching treatment
of spinal cord fillet for 3-4 days in buffered SBaring solution (37°C, pH 8.5) is
optimal for achieving noticeable tissue transpayemibile retaining YFP fluorescence
signal. While longer treatments (up to 7 days)l@adng solution is possible, no
noticeable improvement in transparency was deteatatl may cause slight dimming of

the fluorescence signal, particularly in regenaatixons, which are thinner and dimmer
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than intact axons. Overall, confocal imaging in plassively processed tissue up to nearly
700 um was achieved, making deeper positionedtatess axon trajectories detectable.
Thus, passive refractive index-matching using CLRRIs a viable approach to spinal
cord tissue clearing and further development mayide a valuable approach to gather

more information about failed regenerated axonsthed endings in unsectioned tissue.

FocusClear

After testing FocusClear, we found that the levidlssue clearing by refractive
index-matching was minimal (Figure 4-12). Althouble spinal cord tissue became
clearer, the tissue did not completely become parent. The manufacturer describes
that to achieve complete transparency, the tissedsito be well fixed and penetrated.
An additional concern is that in cleared tissuamination should be more efficient and
therefore faster bleaching becomes a concern. &vienver intensity illumination, it was
possible to see more fluorescence from out-of-fqtases as well. Although not tested,
the use of confocal microscopy, which allows the oka smaller pinhole to filter out-of-

focus signals, may improve imaging after or witlcésClear.
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Figure 4-12. FocusClear optical clearing techniqueTop row, low magnification (6.3x) wide-field
images of fillet of un-injured cervical spinal cqrehht C5) containing DREZ and C5 dorsal root, i&,m
before treatment with FocusClear. A small drop eafésClear was applied and repeated images over
30min demonstrate, particularly in the much thinmert, refractive index matching, allowing deeper
positioned YFP+ structures, including many bifuingDR axons to become visible from the dorsal
surface. After 2hr, little difference is seen congabto 30min, and after overnight treatment (15mgh
magnification (16x) wide-field images, bottom rastnow only slightly improved image of a deeper
positioned bifurcating axon.

Discussion and Troubleshooting

In this chapter, | introduced the application obtphoton microscopy for
imaging DR axons in the living spinal cord of mi¥de began these experiments with the
major advantages of two-photon microscopy in mifjdwo-photon excitation is less
affected by light scattering compared to otheragbtmicroscopy techniques, including
confocal microscopy, 2) two-photon excitation, npiples and design, is therefore
capable of deeper illumination penetration andiésdfore capable of imaging deeper in
some (see below) biological tissues, 3) two-phataeging is less photodamaging and is
ideal for long-term imaging experiments or continsioeal-time monitoring of
fluorescently labeled structures in living tissaed 4) two-photon detection results in
improved optical sectioning, factors that colleetivlead to high spatio-temporal
resolution (particularly along the z-axis) imagwoigfluorescently labeled structures in

live animal. In performing our imaging experimem& have identified several key
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challenges associated with imaging fluorescentiglied structures in living spinal cord
at high magnification and high resolution and depeltl several strategies to overcome

these issues.

Challenges, Troubleshooting, and Optimization of Tw-photon Microscopy for
Studying DR Regeneration

We optimized our two-photon microscope setup taesklthe key challenges of
imaging fluorescently labeled structures in livegnal cord at high spatio-temporal
resolution. We have determined from experienceliiag spinal cord is particularly
strong at creating light scattering, which negayiadfects the depth at which we were
able to image YFP labeled DR axons, limiting ouledgon to only ~150 um depth from
the dorsal surface (data not shown). Several ctaarsiics — some biological, others
technical — are likely individually or collectivehgsponsible for limiting depth of
imaging using two-photon excitation. For one, spauad differs from brain tissue in that
white matter surrounds the spinal cord gray mattlich is opposite in the case of brain.
White matter contains lipid-rich myelin that mayter light as it enters the tissue.
Another possibility is that the orientation of myelrapped axons creates a diffusion
barrier for excitation illumination. Further yetnse the spinal cord is generally
cylindrical-shaped, increasing along the z-axis imayg out-of-focus structures into
focus, which may be mistaken for imaging deepeatied structures. Regardless, without
surgical or optical manipulation, imaging of livisginal cord appears limited with two-
photon microscopy, however, far greater depthsaehnévable when compared to

traditional fluorescence microscopy (see Chapter 2)
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Several additional factors may limit the effectdepth of two-photon imaging in
living spinal cord. In oum vivoimaging experiments, after exposing the spinall coea
of interest (L5 DREZ and L5 DR), or after performib5 DR crush, we take great care to
not disrupt, damage, or otherwise remove the duparéicial to the spinal cord or dorsal
root. Although protective of the underlying spicakd tissue, after repeated exposure of
the spinal cord foin vivoimaging, a dense scar tissue accumulates on tfeeswof the
spinal cord. Although two-photon microscopy camsiegly penetrate undisrupted dura,
and to some extent light accumulation of scar égslata not shown), we have found
from experience that disrupted dura and/or headlyumulated scar tissue containing
numerous small blood vessels is both extremelytexdio surgically remove and risks
damage to the underlying tissue, and can causé@udilight scattering that makes two-
photon imaging of even superficially positionedustures difficult or impossible. In
addition, although great care may be taken througblxposing the spinal cord for
imaging, even despite skillful surgery, some blagdnto the exposed area is inevitable.
It is seemingly possible that blood may mix witle tolume of sterile Ringer’s solution
that — in addition to maintaining the moisturelod Exposed area — also provides a
medium for the dipping objective to immerse in, mifiag the refractive index (R.l.) of
the immersion medium, leading to light scatterifgr this reason, we found it necessary
to not only constantly maintain the volume of wadnséerile Ringer’s solution, but also
stop any bleeding immediately and keep the expaseal frequently perfused with fresh
warmed sterile Ringer’s solution.

Although we used a stereotaxic holder (SR-AM an&-&T Narishige) to reduce

animal movement due to respiration, it never cotepjesliminated this rhythmic
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movement, which still allowed some imaging artiactto our image acquisition. As
expected, imaging artifacts posed more of a conatien acquiring images at higher
format (1024X1024) and digital zoom (2-3) (Figur& 3l yellow circles). In such cases,
we found it useful to apply imaging software (Autier, Bitplane) post-processing to
manually align out-of-focus optical sections. Socit-of-focus optical sections can give
the false impression that regions of the imagedaR&h have undergone translational
movement either during an individual z-series gdalnr, 2 hr, etc.) or over the total
duration of the imaging session (up to 5 hr), wimereality this movement is due to
respiration-induced movement. Alignment of all optisections of the volume accurately

depicts the axon or ending (Figure 4-2).
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Figure 4-13. Imaging artifact due to respiration-
induced movementUnaligned maximum-projections of
two-photon imaging z-series acquired from repetitad-
lapse scanning of an individual axon ending thag wa
rapidly immobilized at the DREZ, over the coursédf
of imaging. Despite using the stereotaxic holder,
respiration-induced movement of the animal hasyred
imaging artifacts (yellow circles), which provideetfalse
impression that regions of the DR axon have shigider
during an individual z-series scan (1 h, 2 h, eicdver
the total duration of the imaging session (up t9.8Jsing
imaging software for post-processing manual aligmnoé
out-of-focus optical sections accurately depicesdkon
ending in time-lapse (Figure 4-2).
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To improve our ability to image individual DR axoinslive animal, we applied
an alternative strategy to label few regeneratiRye@ons. In Thyl-YFP mice, as
mentioned previously, regenerating neurites foltbe/trajectory of the original axon
after injury, elongating along the root and extémugh the brightly labeled fluorescent
fragments of its degenerating distal axon. Althotiggse fragments disappear over 6 or 7
d after L5 DR crush, they still may obscure a tkiimp regenerating axon that is
elongating through them, or can be mistaken faaam ending. Therefore, to improve
visualization of regenerating L5 DR axons, withialteling fragments of degeneration,
which may obscure visualization and imaging ofrégenerating neurite, we tested the
feasibility of using AAV2-GFP (Figure 4-14) (prowd by Dr. George Smith) injected
labeling of the L5 DRG 5 days prior to L5 DR crush,that only regenerating DR axons
are fluorescently labeled. To this end, we were &blimage regenerating axons in the
absence of fluorescently labeled fragments duegeeration in repeated daily imaging

up to 2 weeks.

139



Figure 4-14. Labeling of L5 DRG with AAV2-GFP to label regenerating

DR axons.Adult mice (2-4 months of age) of either sex froBi78l6 strains,
wild-type, were used for AAV2-GFP DR axon labelixperiments. AAV2-
GFP/ PBS (0.2 pl volume X 2 injections) (providgdllr. George Smith) is
injected into the L5 DRG five days before DR injuffter 5 days, L5 DR cru
is performed, and repeated imaging using wide-fimickoscopy is performed
almost daily up to 14 d after injury. AAV2-GFP isad to attempt to label only
the regenerating DR axons approaching and arrainige DREZ, but not the
distal fragments from axon degeneration.

After AAV2-GFP injected labeling of L5 DRG (Figrad-11), we waited 5 days
after injection before L5 DR crush (Day 0, data stedwn). During repeated daily
imaging on Day 7 through Day 10, we identified t@generating axons (color arrows)
that have arrived at the DREZ previously. Despitieeding a neuritic process as in the

previous study, the slightly swollen endings ofsétn@xons remained in the same position
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with respect to each other and with the branchimigtp of the midline blood vessels used
as landmarks (asterisks). Our visualization antitabo reidentify these axons were

improved in the absence of fluorescently labeledritents from degeneration.

Figure 4-15.Repeated imaging of AAV2-GFP labeled
regenerating L5 DR axons After AAV2-GFP labeling of
L5 DRG, we waited 5 days after injection before®
crush (Day 0, data not shown). During repeated/dalil
imaging with wide-field microscopy on Day 7 throuDay
10, we identified two regenerating axons (colooas) that
have arrived at the DREZ previously. Despite exiemnd
neuritic process as in the previous study, théglig
swollen endings of these axons remained in the same
position with respect to each other and with thenbhing
points of the midline blood vessels used as lankisnar
(asterisks).
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CHAPTER 5

SUMMARY AND FUTURE DIRECTIONS

The work presented in my thesis was aimed at frirthehe application of novel
in vivo imaging techniques to study sensory axon regapardirectly in the living spinal
cord. Important questions that were addressedsrthisis work were 1) Are wide-field
and two-photon microscopw vivoimaging techniques both feasible and useful for
analyzing sensory axon regeneration in the livipiga cord and 2) Can the ability to
monitor regenerating sensory axan¥ivo correlate with several novel, targeted post-
mortem analyses, to perhaps provide unexpectet@ral insights into regeneration
failure? Findings from the current studies havaisicantly contributed to our experience
and ability to applyn vivoimaging techniques, as well as our understandirsgasory

axon regeneration failure at the entrance to thét aginal cord.

Wide-field and Two-photon Microscopy are Both Felesand Useful for Studying
Dorsal Root Axon Regeneration

Prior to these series of experiments, no prevebudy had appliedh vivo
imaging to study sensory axon regeneration faitithe DREZ in living mice. Rather,
many earlier regeneration studies relied on statalyses or snap-shot observations
collected from multiple time points and animalsatheir sacrifice (Misgeld &
Kerschensteiner, 2006) and have been responsibpgdueiding conflicting or
inconclusive observations in studies of spinal aordoot injuries (Steward et al., 2003).

Nevertheless, the prevailing view in the fieldgkelly derived fromn vitro and statidn
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vivo studies, infer that regeneration is continuoushybited at the DREZ, primarily by
growth-inhibitory cues abundant in the spinal c@dlding et al., 1999; Oertle &
Schwab, 2003; Ramer, Duraisingam, et al., 2001dR&& Fawcett, 2004; Silver &
Miller, 2004; Yiu & He, 2006). Moreover, these sieslleft several fundamental
guestions unanswered, including: 1) Do growth catisnpt to turn around at the DREZ
or do they collapse abruptly? 2) Do growth con@eatedly retract from and grow back
toward the DREZ? 3) Do growth cones become immudidliwithin the DREZ or do they
remain motile? 4) Are growth tips consistently gatr motile, or does their mobility
change over time? Findings from the present stutheshich we useth vivoimaging to
answer these questions, indicate thativoimaging is both feasible and useful for
studying sensory axon regeneration failure, andtiaddlly has the potential to provide
fundamental new insights into why sensory axoriddaiegenerate into spinal cord.
First, we found that it is possible to image thaal cord and the same identified
regenerating dorsal root axons following injuryeefedly in living mice— which
addresses the key issues that arise from live amnaging — andrhy:YFP transgenic
mice (Skuba et al., 2011). Second, our wide-fieidrascopyin vivoimaging studies
showed that greater than 95% of YFP-labeled axapislly stopped and became
completely and permanently immobilized at the DR&#n after conditioning lesions
that enhanced their growth potential (Di Maio et 2011). Notably, very few axons
detoured back into PNS, and that they did so imatelji after encountering the border
between CNS and PNS (Di Maio et al., 2011; Hanrsd.£2011; Skuba et al., 2011). We
have found that surprisingly few stalled axons faeate in large swollen tips and that

most end as slender tips that persist, and remmahanged, without even subtle motility.
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Third, we found that our subsequent high-resolusitiradies with two-photon microscopy
confirmed that axons arriving at the DREZ are rbpiichmobilized without exhibiting
even fine movements (Skuba et al., 2014). Thesknigs suggest that immobilized
endings neither extend, retract, nor do they toonred during time-lapse imaging
performed over the course of several hours. Foligitt, microscopic analyses targeted
specifically to axon tips monitorad vivo subsequently demonstrated that almost all
axons stopped at the CNS territory of the DREZNJaio et al., 2011), and that axon tips
and adjacent shafts were intensely immunolabeldd syinapse markers such as SV2
and synaptophysin (Di Maio et al., 2011). Findifrgsn these studies lead us to
speculate that most, if not all, dorsal root axbesome arrested as they enter the CNS
territory of the DREZ by forming presynaptic terrais on non-neuronal cellular
elements. In support of this concept, ultrastradtanalysis targeted to axon tips
monitoredin vivo subsequently revealed numerous axonal profilesodstrated
characteristic features of pre- but not postsyeagtdings (Di Maio et al., 2011); these
axonal profiles were filled with mitochondria andG-nm vesicles but lacked the
vacuoles and disorganized microtubules that aneaypf dystrophic endings.
Postsynaptically, no indications of differentiatisuch as postsynaptic densities were
observed.

When taken together, we conclude from these fgslthat most, if not all, dorsal
root axons fail to reenter the adult mouse spionad because their regeneration is halted
prematurely as they approach and arrive at the DRE&hich axon endings become

rapidly immobilized.
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Application of Targeted EM, Array Tomography, andating Techniques in
Combination with In Vivo Imaging

| was subsequently interested in determining dasibility and usefulness of
several recently developed techniques in combinatiith in vivoimaging. First, | found
that Near-InfraRed Branding (NIRB) effectively inttuces fiducial marks as a means of
relocating the same axons monitonedivoin subsequent wholemount preparation of
fixed spinal cord tissue. The findings suggest Mi&B fiducial marks are useful as
permanent landmarks that can be used to latercegd@xons of interest in post-mortem
analyses. Second, | have found that Array Tomograph reveal additional details
about the cellular and molecular environment ofREZ, and has been useful for
labeling a variety of known glial cell types thaé gresent, however, it is limited in
labeling some glial cells, such as NG2+ cells, tatspeculate may be involved in
regeneration failure, although further explorings thossibility is outside the scope of this
work. Third, | have found that amongst several@gtclearing techniques that | tested to
improve visualization and imaging of failed regeated axon endings, | found the
CLARITY clearing technique to have a beneficialarlag effect on our fillet
preparation, while still maintaining the fluorescersignal of labeled intact and failed
regenerated dorsal root axons, permitting deepagiimg, and particularly, improving
acquisition of z-series for analyzing failed axowi@gs. Findings from these studies
suggest that dystrophic-like endings tend to batkedt in the very superficial part of the
tissue, while immobilized endings with slender @pgpear to be located near to the spinal
cord surface, or slightly deeper in the tissuehdligh not a positive or negative result,
these findings have provided additional informatitrout the appearance of failed axon

endings, and are in support of our other findirngg suggest that most, if not all, axons
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fail to regenerate at the DREZ and form slendes, tigther than the dystrophic growth
cones that Cajal described almost a century ago.

Taken together, results from the present studasyavith evidence from prior
studies indicate thah vivoimaging correlated to the same axons relocat@d st
mortem analyses can provide further insight inerglason(s) for regeneration failure at
the DREZ. Our major conclusion taken from theseesef experiments implicates that
differences across the three-dimensional struaifitee DREZ, or changes that occur
after injury, such as formation of a collagenouar smay explain why many axons are
rapidly immobilized with slender endings while fethers form dystrophic-like endings.

As with other regeneration studies, there may lmeems with the ability to
distinguish regenerating sensory axons from ird&ons that have been spared from
injury. Indeed, axon sparing has been responsiblednflicting or inconclusive
observations in previous studies of spinal cortbot injuries. Howevetin vivo imaging,
as we have demonstrated, enables us to distingetsteen spared and regenerating
axons. We can make this distinction becdansgvoimaging allows us to observe the
spatio-temporal responses of both regeneratingpad>stump axons and of the same
axons degenerating distal to the crush (Skuba,&2@l1). Several features of crushed
axonsin vivowere very useful in differentiating regenerating@mas from axons that had
not been crushed or had recovered from crush.

Another limitation to the current studies involtbe examination of other dorsal
root ganglion neuron subtypes’ response to injmg fate at the DREZ. We used
transgenic mice to label large diameter sensorypsxout in these mice, YFP does not

label other populations of DRG neurons. While wenid that synaptic element markers
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localized to the endings of large diameter senagons that were arrested at the DREZ,
we also found additional synaptic element labethreg was not localized to labeled YFP
sensory axons. Also, in our ultrastructural analyse cannot be certain that the nerve
terminal-like structures were formed by regenerpiR axons. It is not possible to
conclude from the current findings whether all sgpsxons have the same fate at the
DREZ, or whether rapid immobilization affects oslybpopulations of regenerating DR
axons.

While the present studies conflict with the prewgllview that axons stop at the
DREZ because they form swollen dystrophic endiftggon y Cajal, 1928), as we have
found, in contrast, that surprisingly few stallegbas terminate in large swollen tips, and
that most end as slender tips that persist (Di Maial., 2011), the exact mechanisms
regulating these different axon responses assdaorth failure at the DREZ cannot be
determined from the current findings, these nopgr@aches open many interesting
avenues to pursue in an effort to better underssandory axon regeneration failure at
the DREZ.

Future studies that attempt to identify the callind molecular mechanism(s) of
these regenerating sensory axon responses wilidagveater insight into how
regeneration is prevented at the transition froemRNS to the CNS. Previous efforts to
overcome regeneration failure at the DREZ haveugtetl enhancing the regeneration
capacity of sensory axons with neurotrophic factod neutralizing growth inhibitors
(Cafferty et al., 2010; Ramer et al., 2002; Steitmet al., 2005; Wang et al., 2008;
Andrews et al., 2009; Harvey et al., 2009; Harvegle 2010; Ma et al., 2010). The

effectiveness of these efforts may have been ldrbecause they did not treat the
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stabilizing activity at the DREZ. Conversely, eveaxons are prevented from being
stabilized at the DREZ, growth inhibitors might eetheless inhibit regeneration into and
across the DREZ. It is therefore reasonable to@xpe best outcome from
combinatorial strategies targeting both stabilizamgl inhibitory activities. It is, however,
worth pointing out that axons can regenerate attegenerating white matter (Jicha et
al., 1999; Kerschensteiner et al., 2005) and tinatlsaneous elimination of multiple
inhibitory molecules alone did not promote intraspiregeneration (Lee, Chow, et al.,
2010; Lee, Geoffroy, et al., 2010) (but see Caffettal., 2010). Although it is outside
the scope of these studies, it is tempting to dpéstherefore, that preventing
presynaptic differentiation alone, particularly ithgrthe early stage of injury before full
deposition of nonpermissive cues (Ramer, Duraismga al., 2001), might lead to
significant regeneration after spinal root injultywill also be important to determine
whether such stabilizing activity restricts regexti®n and/or anatomical plasticity
elsewhere in the injured CNS.

The usefulness of thegevivoimaging techniques can be even further
complemented by including additional live animalheiques performed alongside these
studies. Using these imaging techniques to direntinitor a regenerating axon of
interest, additional anatomical and functional gs@$ can be used to evaluate the extent
of intraspinal regeneration and recovery of senfiamgtion after providing some
treatment, and compared to non-treated animalsdeitbal root injury. For example,
electrophysiological recordings corresponding tgeresrating axons identified with
vivo observations could be used to test their functiooanectivity. Another possibility

is to include functional and behavioral analyseddmonstrate the expected loss of
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function after DR injury, corresponding to faileebenerated axons, and later used to
measure the extent of functional recovery afteviging some treatment if it permits

axons to regenerate to their appropriate targets.

Conclusions

These series of experiments have met the godilssathesis: to determine
whetherin vivoimaging proves both feasible and useful for stugy@ansory axon
regeneration failure in living mice. Important igists into the dynamic events that occur
leading up to sensory axon regeneration failureyelbas visible changes in morphology
that accompany their failure, and the potentialaforew experimental paradigm for
studying axon regeneration have been gained frencuirent findings. In addition,
information learned from these findings offer numes potential avenues to assess
regeneration of sensory axons associated withyirgnd diseases that affect spinal cord

or dorsal roots.
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