Distribution, interacting partners, and function of polysialic

acid in the brainstem and spinal cord of adult rodents

Shila Shahbazian (PharmD, MBiotech)

Faculty of Medicine and Health Sciences

Macquarie University

A thesis submitted to Macquarie University in fulfilment of the requirements for the degree of

Doctor of Philosophy

Principle Supervisor: Associate Professor Ann K Goodchild
Associate Supervisor: Professor Nicolle H Packer

2017






Contents

N o111 = Tod PRSP PRTRRR I
Declaration of OFIgINAIITY .........cccviiiie et reenne e iii
Declaration of CONTIDULION .......coiiiiiiieie e 1\
Publications arising during Candidature ............cooiiiriiere e v
Ta o] 0 L= Ui o o IS PRRSTRSN v
(070] 011101 0T 0= U1 o] 1 < TP USSP PP %
Awards arising during CaNAIAALUIE ...........ccueiiiuiiiiiiie e Vi
ACKNOWIEAGMENTS ...t st e st e e e e st e e te e b e sseesreeneanaesneenteas vii
S A 10 U PSS PSSRRSRON viii
S 0 7= ] RSP Xi
F 0] o] =3V T 1A ] S SO xii
(@8 T Vo) 1 A 1] (0o 04 o o OSSR SRPSN 1
L. GIYCANS. .ttt E bttt bbb 2
S T Lol Uod o PO 5
1.3. Major brain glycoconjugates and sialoglycans ............c.cccvoveiieiiiie e 8
1.4, POIYSIAHC CHH ...ttt b bbb 9
I I O 1 < 1 11 Y USSP S PP P VPP PRPRO 9
1.4.2. Anatomy of polySiainthe adult CNS ..........ccccoi e 22
1.4.3. Roles and mechanisms of polySia functions in the CNS...........ccccoiviiiiiinie 30

1.5. Anatomy and general functions of the dorsal horn of the spinal cord ............ccccoevevnnennee. 37
1.5.1. Organization of the dorsal RO ............ccvoi i 37
1.5.2. INput t0 the dOrsal NOIM ..o s 39
1.5.3. Neurons of the dorsal NOM..........ccooeiiiii e 40
1.5.4. Plasticity of the dorsal RO ...........ccooiiiiiii e 41
1.5.5. PolySia in the dorsal NOM ..o 42

1.6. The trigeminal ganglion and spinal trigeminal NUCIEUS .............ccccoviiiiiiiiiiie s 43
1.6.1. PolySia in the trigeminal ganglion and spinal trigeminal nucleus...............c.ccccocouee.nn. 46

1.7. The rostral ventrolateral Medulla...........ccoovevviieiieii s 46
1.7.1. THE RVLIM NEUIONS ....cvveiieeiectiesie ettt te et stee st ae et see s esteenaesnaenteeneesseeseeneenneenes 47
1.7.2. The RVLM and blood pressure Control .............ccceivviiieiie s 48
1.7.3. The RVLM and NYPOXIA ....ceiuieiiiiiiieieiiesie sttt 48

1.7.4. Synaptic iNPUL t0 the RVLIM ......coiiiiiiiii e 49



1.7.5. Axonal projection of RVLM NEUIONS..........ccooiiiiiiiiicieieceee e 50

1.7.6. POlySia in the RVLIM .....coiiiiice ettt 50
1.8. AIMS OF thiS TNESIS ...eveveeieice e 50
Chapter 2 : Polysialic acid distribution within the spinal cord, brainstem, and trigeminal ganglion
....................................................................................................................................................... 53
N o1 - Tod ST SRPRP PSRRI 54
220 I 1 (T 11 ot A o o USROS 55
2.2. Materials and METhOUS .........coiiiiie e 57
2.2.0 ANIMAIS ..ttt re et e re et e 57
F R N 41| oo To TSRS 57
2.2.3. Tissue collection for western BIOtHING..........ccoveviiieiice e 57
2.2.4. Tissue homogenization and western BIOttiNG .........ccoovviiiiiiiiic e, 60
2.2.5. IMMUNONISTOCNEMISTIY ...t 60
2.2.6. EIECIION MICIOSCOPY .. vviviiiieitieie et steeste et ste e te ettt re e te e be et esae e reeneenreenreans 62
2.3, RESUITS ...ttt ettt Re e r R be e nre e teeneenreene e 64
2.3.1. PolySia distribution within the adult rat CNS using mAb 735 antibody..................... 64
2.3.2. PolySia distribution within the adult rat trigeminal ganglion using mAb 735 antibody
............................................................................................................................................... 82
2.3.3. Investigating the specificity of mAb 735 and mAb 5324 antibodies against polySia. 84
2.3.4. PolySia expression in the rat vs. mouse brainstem and spinal cord ...............c.c.......... 85
2.3.5. Comparison of polySia distribution pattern in two most widely used polySia
antibodies—mAD 735 and MAD 5324 ........ooiiiiieee e 88
p o B 1 ol F (XS] o] o OSSPSR 91
2.4.1. Distribution of polySia in the adult rat.............cccooeiiiiiiii e, 91
2.4.2. Comparison of polySia distribution in the adult rat and mouse ..........cccccceevevveeveenen, 95
2.4.3. Comparison of MADb 735 and MAD 5324 ...........ccoiiiiiiie e, 96
28 T o] o] 131 [ ] o OSSPSR 96
Chapter 3 : Identification of polysialic acid interacting partners in the dorsal horn of rat and mouse
and the trigeminal NUCIBUS OF FAL .......c.oouiiiiiiii s 99
N 0111 - Tod SR 100
KT8 I 14 (T (1 ot A o o F PRSPPSO 102
3.2. Materials and MethOUS .........coviiiiieice e esre e enes 104
B0t R N o 1T USSR 104
3.2.2. ANTIDOMIES ...t ettt nes 104

3.2.3. Tissue collection for western blotting and immunoprecipitation analysis ................ 104



3.2.4. Tissue homogenization, western blotting, and immunoprecipitation ........................ 106
3.2.5 Protein identification by trypsin in-gel digestion followed by label-free liquid

chromatography tandem mass spectrometry (LC-MS/MS) analysis ..........ccccovevviienennne 107
3.2.6. Reverse Co-ImmUNOPIECIPITALIONS. .......ccviiviriiriiriiciei e 109
3.2.7. Slide mounted immuNONIStOChEMISIIY........ccoiieiiciee e 110
313 RESUILS ...ttt ettt n e bR b et ene e nreebeeneenreenneas 111
3.3.1. Identification of polySia binding proteins in the dorsal horn of the spinal cord ....... 111
3.3.2. Reverse co-immunoprecipitation verified the association of polySia with REEP5,
GNAOL, ATPL1A2, ATPLAS, @Nd CLTC ..ooiiiicieiecieeeeeeee e 115
3.3.3. Colocalization of ATP1A2, GNAOL, and REEP5 with polySia in the rat dorsal horn
and dorsolateral fUNICUIUS ..........cviiiiiicc e e 117
3.3.4. PolySia colocalized/interacted with the same binding partners in the IML and Sp5C as
IN TN AOISAl NOMN.....c.eiiii e bbb 122
3.3.5. Binding partners identified in the rat dorsal horn were similar in the mouse dorsal horn
.............................................................................................................................................. 125
3.3.6. NCAM partially colocalized with GNAO1, ATP1A2, and REEPS ..........ccccovevvenee 127
KB I T 1ot U 11 o] o ST ORRUSTRN 129
3.4.1. Identification of 13 putative binding partners of polySia ........c.cccccecvvveiiiiviiicieenne 129
3.4.2. Are interacting proteins region or Species SPECIfiC? ........cccovvvveiiieiie i i 134
3.4.3. Protein-protein or carbohydrate-protein interaction?............cccccoeveviviievieenesieseennnns 136
3.4.4. Limitations of the StUAY ........ccoveiiiieece e 137
K TS T O] 1 Tod 111 (o] o USSP PRPRPR 138
Chapter 4 : Viral vector induced expression of polysialic acid in the rostral ventrolateral medulla:
expression pattern and cardiorespiratory effectS.........cccooviiiicii i 141
N 01 1 - o SRR 142
g I 1 0o [ o4 1 o] o SR 144
4.2. Materials and MELNOAS .........coviiiiiieie e e 147
O N g 4 USSR 147
Y T (] £ PR 147
4.2.3. Stereotaxic microinjection Of VECIOIS .........coceiiiiiiiiiic e 147
4.2.4. Electrophysiological reCordings...........cocuiiiiiiiiiiiiese s 148
4.2.5. Perfusion, tissue collection, and immunohistochemistry..........cccocvoveveiieiveieseene. 150
4.2.6. Criteria for selecting animals for further analysis...........ccccooevveiiiie i, 151
4.2.7. DAtA ANAIYSIS ...ttt bbb 151
4.2.8. COUNTING CL NEUIONS ...ttt sttt ettt sttt bbb bbb s 152

A3 RESUILS ...t e e e e e 153



4.3.1. The injection of LV/PST did not result in mCherry or GFP expression in the NTS. 153
4.3.2. Induced expression of polySia in the RVLM after viral delivery of PST cDNAs

UNTTAEEIAHTY ...ttt bbbttt 153
4.3.3. Little polySia-ir in the RVLM was associated with GFAP-ir in astrocytes .............. 159
4.3.4. Bilateral injections of LV/PST and LV/GFP for physiology studies ..............c.c....... 159
4.3.5. C1 neurons: how many in the RVLM are transfected with LV/PST?.......c..cccoeone.. 163
4.3.6. PRYSIOIOQY FESUILS .....eeviiieie ittt 164
O I [T o1F 5] o] o (OSSP UR PSPPSR 172
4.4.1. LImitations OF the STUAY ......coooviiiiiiiiiiee e 172
4.4.2. Little expression of the reporter genes in the NTS of the LV/PST transduced group173
4.4.3. Induced expression of polySia in the RVLM ... 173
4.4.4. Did injury contribute to the induced polySia expression?...........cccocevevvrenisneneenen, 174
4.4.5. PolySia overexpression did not alter cardiovascular and respiratory responses evoked
by chemoreceptor and baroreceptor StIMUli ...........cccoevviieiieii e, 175
4.4.6. PolySia and functions of the RVLIM .........ccccoiiiiiiiiiiee e 178
T O] o [1 5] o] SO UR PRSP 179
Chapter 5 : Synthesis and future direCHIONS ..........ccovviiiiieiece e 181
R =T =] 0TSSP 191

F N 0] 0 1=] Lo [ ot L TSRO U TR ORORPPPP 232



Abstract

Glycans, a major class of biomolecules, are expressed on every cells surface and play an important
role in maintaining health with their perturbation causing disease. Polysialic acid (polySia) is a
large cell surface glycan widely expressed in the developing brain with an essential role in brain
development. Mice deficient in polysialyltransferases ST8Siall and ST8SialV, enzymes required
for polySia synthesis, show severe developmental deficits in their nervous system with mostly
dying within a month. In adult brain, however, polySia exhibits a discrete expression pattern which
in the higher brain regions is often associated with plasticity. The expression and function of
polySia in the brainstem and spinal cord is poorly understood.

We investigated the distribution and cellular localization of polySia in the adult rat brainstem,
spinal cord, and trigeminal ganglion resulting in the identification of novel polySia positive regions
including the spinal trigeminal nucleus caudalis (Sp5C) and the intermediolateral cell column
(IML). PolySia was associated with neurons and fine astrocytic processes, confirmed by
ultrastructural analyses. Within the superficial laminae of the dorsal horn, some association of
polySia with inhibitory neurons was found. The sugar also coated some neurons, satellite glial cells,
and fibres in the trigeminal ganglia, which provides input to Sp5C. Comparing the expression
pattern of polySia in rats and mice showed mostly common patterns of labelling although areas
such as the spinal cord dorsal horn differed between species. Moreover, comparison of the pattern
of polySia immunolabelling using the two most common antibodies, mAb 735 and mAb 5324,

demonstrated similar patterns of expression.

Next, in order to understand the function of polySia in the spinal cord and the biological processes
it regulates, binding partners of polySia in the dorsal horn were investigated using co-
immunoprecipitation (IP) followed by label-free liquid chromatography tandem mass
spectrometry. Thirteen potential protein partners were identified, with more than half associated
with signalling. Five proteins (receptor expression-enhancing protein 5, guanine nucleotide-
binding protein G(0) subunit alpha, sodium/potassium-transporting ATPase subunits alpha-2 and
alpha-3, and clathrin heavy chain) were further validated using co-IP/reverse co-IP followed by
western blotting and confocal microscopy. The interaction with validated candidates was also
demonstrated in the Sp5C and IML of adult rats as well as in the dorsal horn of adult mice,

indicating that the interactions were neither region nor species specific.



Recently our laboratory found that polySia is required for the normal transmission of information
through the nucleus of solitary tract (NTS). Information from the NTS is conveyed to the rostral
ventrolateral medulla (RVLM), which generates vasomotor tone and integrates a range of
cardiorespiratory reflexes. We used a viral vector that drives the expression of polysialyltransferase
ST8SialV in the RVLM where polySia expression is normally low. We determined the
consequences of increasing polySia expression in basal cardiorespiratory and reflex function.
Induced expression of polySia was demonstrated but did not change baseline cardiorespiratory
function or alter four reflexes tested (Bezold-Jarisch reflex, responses to hypercapnia, hypoxia, and
acute intermittent hypoxia). The lower plateau of sympathetic baroreceptor reflex curve was
elevated, possibly due to increased non-barosensitive sympathetic activity; however, total activity
was unchanged. Due to substantial variability it remains unclear whether polySia did not alter
neurotransmission in the RVLM or its expression, particularly in cardiorespiratory neurons was not

enough to alter its function.

These data greatly expand the lists of polySia positive regions and potential binding partners in
the brainstem and spinal cord that will help in delineating the function and mechanisms of action,

particularly with respect to signalling, of polySia in these regions.
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Chapter 1 : Introduction



1.1. Glycans

Every living cell has a dense and complex coat of an array of sugars (carbohydrate; glycan). Cell
surface sugars appear to be as crucial for life as having DNA, RNAs, the vast collection of proteins,
and lipid-based membranes that regulate cellular activity (Varki, 2011). In the 1960s and 1970s,
during the initial phase of the molecular biology revolution, the understanding and investigation of
glycans was far behind comparable studies of three other building blocks of life (DNA, RNAs, and
proteins). This slow progress was due largely to the structural complexity of glycans and the
resultant difficulty in identifying their sequences, due largely to the fact that sugar biosynthesis is
not template-driven (see below). In the 1980s, development of new technologies specialized for the
structural and functional examination of glycans led to a much greater understanding of the cellular
and molecular biology of glycans. The term glycobiology was coined in the late 80s to recognize
the joining together of the traditional disciplines of carbohydrate chemistry and biochemistry with

a modern understanding of the cell and molecular biology of glycans (Varki and Sharon, 2009).

Glycans are made from any form of mono-, oligo-, or poly-saccharide, either free or covalently
bound to another molecule. Monosaccharides are linked together in either linear or branched forms
using glycosidic linkages to form glycans (Varki and Sharon, 2009). Glycosylation refers to the
enzymatic process that produces glycosidic linkages of saccharides to other saccharides, proteins
or lipids (Pinho and Reis, 2015). In eukaryotes, glycans are mainly present as glycoconjugates,
molecules composed of glycans covalently attached to a non-carbohydrate moiety (Figure 1.1)
(Varki and Sharon 2009, Hart and Copeland 2010, Taylor and Drickamer 2011). Glycoconjugates
are usually found as membrane-bound (for instance, in the glycocalyx) or secreted molecules and
can become integral parts of the extracellular matrix (Fuster and Esko, 2005). The main classes of
glycoconjugates are proteoglycans, glycolipids, and glycoproteins (Schnaar et al., 2014).

Proteoglycans are macromolecules consisting of a protein core with one or more covalently
attached glycosaminoglycan chain(s) (Kjellén and Lindahl, 1991). The glycosaminoglycans
(Figure 1.1) are linear glycans present as free polysaccharides (such as hyaluronic acid) or as part
of proteoglycans (such as heparan sulphate and chondroitin sulphate) (Fuster and Esko, 2005).

Glycolipids come in several forms. Glycosphingolipids (Figure 1.1) are one form consisting of a
glycan attached to ceramide that is composed of sphingosine and a fatty acid. Glycosphingolipids

are present in the cell membranes of organisms ranging from bacteria to humans (Schnaar et al.,
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2009). Conventionally, all sialylated glycosphingolipids are known as gangliosides that are found
at the highest concentration in the grey matter of the brain (Rapport, 1981, Schnaar et al., 2009).
Glycosylphosphatidylinositols (GPIs) are glycolipids covalently bound to the carboxyl terminus of
proteins and act as membrane anchors (Schnaar et al., 2009).

Glycoproteins, one of which is the focus in this thesis, are a class of glycoconjugates in which one
or more glycans are covalently attached to polypeptide side-chains of a protein carrier (Varki and
Sharon, 2009). Glycoproteins have a broad phylogenetic distribution ranging from eubacteria and
archaea to eukaryotes (Kornfeld and Kornfeld, 1980, Spiro, 2002). Eukaryotic protein
glycosylation usually occurs via N or O linkages (Guzman-Aranguez and Argueso, 2010). An N-
glycan is formed when a sugar chain covalently binds to an asparagine residue of a polypeptide
chain followed by any amino acid (except proline) ending with serine or threonine (Figure 1.1)
(Varki and Sharon, 2009, Aebi et al., 2010). An O-glycan is mainly linked to the polypeptide via
N-acetylgalactosamine to a hydroxyl group of a serine or threonine amino acid residue (Figure 1.1)
(Varki and Sharon, 2009, Strous and Dekker, 1992) and predominates on secreted and membrane
bound mucins (Pinho and Reis, 2015). Currently, 13 different monosaccharides and 8 amino acids
have been found to be involved in glycoprotein linkages resulting in at least 41 linkages (Spiro,

2002). Glycans bound to proteins can have extremely complex structures which together with
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Figure 1.1. Schematic representation of major classes of glycoconjugates in vertebrate cells. Asn,
asparagine; Fuc, fucose; Gal, galactose; GalNAc, N-acetylgalactosamine; Glc, glucose; GlcA, glucuronic
acid; GIcN, glucosamine; GIcNAc, N-acetylglucosamine; GPI, Glycosylphosphatidylinositols; IdoA, I-
iduronic acid; Man, mannose; Ser, serine; Thr, threonine; Xyl, xylose. From (Pinho and Reis, 2015)



various glycosidic linkages means that there is much more structural diversity than that found for

linear nucleic acid or polypeptide structures (Moremen et al., 2012).

Until the second half of 20th century, glycans were mainly regarded as an energy source or as
structural components and were assumed not to have other biological activities (Varki and Sharon,
2009). However, it is now recognized that glycans are involved in a diverse range of functions such
as protein quality control (Moremen and Molinari, 2006), adhesion, motility (Brown et al., 2007,
Todeschini and Hakomori, 2008, Paszek et al., 2014), cell signalling (Yen et al., 2015, Fernandez-
Valdivia et al., 2011, Coskun et al., 2011), endocytosis (Weigel and Yik, 2002, Christianson and
Belting, 2014), and the response to immunity (Marth and Grewal, 2008, Garner et al., 2015, Park
etal., 2016a).

Protein glycosylation is the most common and most complex posttranslational modification with
more than 50% of human proteins estimated to be glycosylated, most of which contain N-glycan
structures (Apweiler et al., 1999, Wong, 2005). Glycosylation changes physiochemical and
biological properties of the underlying protein. Glycans can alter solubility, electrical charge, mass,
size, and viscosity of their carrier proteins in solution. Glycans can control folding and stabilize
conformation (three dimensional folding) of their bearing proteins and they can also confer
proteins’ thermal stability and protect them against proteolysis. Biological actions of glycans on
their carrier proteins include, but are not limited to, mediating intracellular traffic and localization
of glycoproteins, changing the lifetime of glycoproteins, modifying immunological properties,
regulating the activity of enzymes and hormones, acting as cell surface receptors for molecules
such as lectins, antibodies and toxins, and participating in cell-cell interactions (Lis and Sharon,
1993, Varki, 1993, Varki, 2017). Changes in glycosylation states in the central nervous system
(CNS) is commonly associated with disease states (for review see (Abou-Abbass et al., 2016)). For
example, the glycosylation status of acetylcholinesterase is shown to be altered in brain and
cerebrospinal fluid of patients with Creutzfeldt-Jakob disease (Silveyra et al., 2006) and
Alzheimer's disease (Saez-Valero et al., 1999, Saez-Valero et al., 2000). The glycome of
amyotrophic lateral sclerosis patients’ sera was found to have high levels of sialylated glycans
versus low levels of core fucosylated glycans compared to that of healthy volunteers (Edri-Brami
etal., 2012). In addition, manipulating the level of some glycans have been implicated in alleviating
some brain diseases (for review see (Abou-Abbass et al., 2016)). For instance, increasing O-linked

-N-acetylglucosamine (O-GIcNACc) has been reported to slow neurodegeneration and stabilize tau,
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an important protein in Alzheimer's disease, protecting against aggregation (Borghgraef et al.,
2013, Yuzwa et al., 2012).

The functional specificity of glycans is often dominated by sugars at the outermost ends of glycan
chains. In mammals, a large number of glycans on cell surface glycoproteins or glycolipids are

terminated with sialic acids (Schnaar et al., 2014).
1.2. Sialic acid

Sialic acid (Sia) is a derivative of nine carbon neuraminic acid with a carboxylic acid, a glycerol
side chain, and an N-acyl group (Figure 1.2A) and is usually found terminating N-glycans, O-
glycans, glycosphingolipids and occasionally capping side chains of GPI anchors (Figure 1.2B)
(Varki and Schauer, 2009). Sias are added enzymatically to the terminal non-reducing positions of
glycan chains via the C-2 carbon of the Sia, mainly in one of five linkages: 02,3- or 02,6-linked to
galactose, a2,6-linked to N-acetylgalactosamine or N-acetylglucosamine, or a2,8-linked to another

sialic acid (Harduin-Lepers et al., 2005).

Sias typically exist in N-acetylneuraminic acid (Neu5Ac), N-glycolylneuraminic acid (Neu5Gc),
or 2-keto-3-deoxy-nonulosonic acid (KDN) forms (Figure 1.2.A) (Schnaar et al., 2014, Varki and
Schauer, 2009). Most vertebrate tissues (except for those of healthy humans which do not express
Neu5Gc) express large amounts of Neu5Gc as well as NeuSAc. However, in the brains of non-
human animals the level of Neu5Gc is always very low or absent, regardless of its level in other
organs of the body (Chou et al., 2002, Varki, 2007). Sias show a great diversity with more than 50
structurally distinct types of Sia so far described (Angata and Varki, 2002). This diversity is not
only due to the different Sia backbone components, but also derives from the different a-glycosidic
linkages between carbon 2 of Sias, their underlying sugars as well as from Sia modifications such
as O-lactylation, O-acetylation, and O-sulphation (Varki and Schauer, 2009). Sias are found
predominantly in animals of the deuterostome lineage (vertebrates and some higher invertebrates),
from echinoderms (sea urchins and starfish) to the great apes (Schauer, 2000, Varki and Schauer,
2009). In other lineages including bacteria, archaea, fungi, protozoa, and protostomes, Sia
expression is seen in only a small minority of species (Vimr et al., 2004, Varki and Schauer, 2009).
Compared to other sugars, Sias are distinct as they can bind covalently together to form disialic



Figure 1.2. Sialic acids and schematic representation of sialoglycans. (A) Major sialic acid (Sia)
backbones in mammals. Sias of animals are based on neuraminic acid (Neu), which is most often found in
its N-acetyl (Neu5Ac), N-glycolyl (Neu5Gc), or on 2-keto-3-deoxy-nonulosonic acid (Kdn) forms. (B)
Schematic representation of sialoglycans demonstrating the identity and arrangement of Sia underlying
sugars, main linkages of Sia to its underlying sugars, and its glycan classes. Asn, asparagine; Fuc, fucose;
Gal, galactose; GalNAc, N-acetylgalactosamine; Glc, glucose; GIcNAc, N-acetylglucosamine; Man,
mannose; Sia, sialic acid; Ser, serine; Thr, threonine. Adapted from (Schnaar et al., 2014).

acid (diSia), oligosialic acid (oligoSia), and polysialic acid (polySia) structures, varying according
to their degree of polymerization (DP) and conformation of their structures (Sato and Kitajima
2013). DiSias (DP=2) are present in both glycolipids (Merat and Dickerson, 1973) and



glycoproteins (Finne et al., 1977a). DiSia structures are abundant on brain glycolipids accounting
for 16.6% of the total Sia in gangliosides of adult rat brain (Finne et al., 1977b). A large number of
glycoproteins in mammals are also modified with diSia and oligoSia (DP=3-7) (Sato et al., 2000,
Sato and Kitajima, 2013a, Inoko et al., 2010). Using a method based on the quantitation of the
amount of 8-O-substituted neuraminic acid by methylation analysis and mass fragmentographic
detection with two different m/e values, Finne et al. (1977) found that glycoproteins of brain, liver,
diaphragmatic muscle, and small intestinal mucosa contain diSia (with the brain having the highest
concentration, 8.5% diSia in 100% total glycopeptide bound Sia), whereas those of kidney, gastric
mucosa, erythrocytes and plasma proteins were devoid of diSia. Within the rat brain, cerebral
glycopeptides show a slightly higher concentration of diSia (8.8%) compared to cerebellar (7.5%)
and brainstem glycopeptides (6.8%) (Finne et al., 1977b). The presence of diSia and oligoSia has
also been reported in adult mouse brain by immunoprecipitation using an anti-neural cell adhesion
molecule (NCAM) antibody followed by Fluorometric C7/C9 analysis. Although some oligoSia
were detected on NCAM, most oligoSia residues were found located on glycoproteins other than
NCAM (Sato et al., 2000). PolySia is the glycan of focus in this thesis and will be comprehensively
discussed in Section 1.4 below.

Due to its external position on glycoproteins and gangliosides, located predominantly on the cells
outer membrane, Sia can regulate key processes in cells and tissues through three main broad
mechanisms: altering general physical and chemical characteristics, masking of biological
recognition sites and direct recognition (Tiralongo, 2013). Sias have a relatively strong anionic
charge which contributes to the glycoprotein secondary and tertiary structures and also to the
hydration of glycoproteins (such as mucins) at the cell surface. The negative charge in combination
with a bulky, hydrophilic molecule enables Sia to mask recognition sites on its underlying
glycoproteins and thus prevents them from interacting with enzymes and protein receptors on other
cells, regulating intracellular communication (for review see (Schauer, 1985)). On the contrary,
Sias can allow recognition by a receptor protein (a lectin) and therefore act as a ligand or counter-

receptor for complementary Sia binding proteins (for review see (Kelm and Schauer, 1997)).



1.3. Major brain glycoconjugates and sialoglycans

Glycoconjugates in the CNS are dominated by glycolipids, constituting more than 80% of
glycoconjugates in the brain (Figure 1.3). More than half of the brain’s conjugate saccharides,
accounting for 1.9% of the brain’s total fresh weight, are two major myelin glycolipids:
galactosylceramide and its 3-O-sulphated form sulphatide (Schnaar, 2005, Norton and Poduslo,
1973). The second main class of glycolipids are gangliosides, which are enriched on neurons and
carry about 25% of the glycoconjugates in the brain (Schnaar, 2005, Tettamanti et al., 1973).
Although numerous ganglioside structures have been identified in different tissues and organisms,
adult mammalian brain gangliosides are dominated by just four closely related structures (GM1,
GD1a, GD1b, and GT1b) that altogether account for 94-97% of gangliosides in the adult human
brain and 92% in the adult rat brain (Tettamanti et al., 1973, Svennerholm and Fredman, 1980).
Glycoproteins carry less than 20% of the brain’s total conjugate saccharides, and the majority of
these glycoproteins are N-linked oligosaccharides. The remaining 2% of brain’s glycoconjugates
are proteoglycans (Margolis et al., 1976, Schnaar, 2005).

Gangliosides

N-linked

e

= 35 35
Ry
()
2 30 30
K cny
3
5 B 25
n O .
» T Galactosylceramides
ST 20 20
E Y
c Q
Sg 15 15
> 0
CR= O-linked
-linke
g 10 — 10
G
]
()
©
£
=

Glycolipids  Glycoproteins Proteoglycans

Figure 1.3. Glycan mass in the adult rat brain. The mass of principal monosaccharides (pumol/g fresh
brain wt) for each glycan class and subclass were calculated. 1- Galactosylceramide and sulphatide together
account for 19.4 mg/g brain fresh wt, with galactosylceramide constituting 76% (by weight).
Galactosylceramide represents about 20.3 pmol galactosylceramide and 5.8 pmol sulphatide/g fresh wt. 2-
Ganglioside represent 11.2 pumol monosaccharide/g fresh wt. 3-Glycoproteins represent about 7.8 pmol
monosaccharide/g fresh wt, of which, O-linked glycoproteins represent 0.88 pmol/g fresh wt. 4-
Proteoglycans represent 0.89 umol/g fresh wt. Adapted from (Schnaar, 2005).



Sias in many tissues are most abundant on N-and O-linked glycoproteins, whereas in the vertebrate
brain gangliosides are the primary carriers of Sia containing about 75% of the brain’s Sia (Schnaar
et al., 2014, Schnaar, 2004). However, still a large number of brain glycoproteins are sialylated.
Large-scale proteomic profiling in the adult mouse brain identified at least 140 sialylated
glycoproteins including a large number of synapse-associated proteins (Xie et al., 2016). A major
protein-bound sialoglycan in the brain which is of specific interest here is polysialic acid (Schnaar
etal., 2014).

1.4. Polysialic acid
1.4.1. Chemistry

Polysialic acid (polySia) is a long linear homopolymer of Sias with a DP of 8 or higher (Figure
1.4). Polymerized Sias show structural diversity that originates from differences in the Sia
backbone components (NeubAc, Neu5Gc, or KDN), modifications (acetylation, sulphation,
methylation, lactylation and lactonization), the type of intersialyl linkage (a2,50glycolyl, 02,8,
a2,9 and a2,8/9), and the DP, which varies from 8 to 400 (Sato and Kitajima, 2013a).

PolySia was originally identified as a polysaccharide in gram-negative bacteria (Escherichia coli
K235) and was named colominic acid (Barry and Goebel, 1957). The structure of this bacterial
polySia was reported as 02,8-linked polyNeu5Ac with a DP greater than 200. PolySia has also been
found in capsular polysaccharides of some other gram negative bacteria including Neisseria
meningitides serogroups B and C (a2,8- and a.2,9-linked polyNeu5Ac, respectively), Mannheimia
haemolytica A2 and Moraxella nonliquefaciens (02,8-polyNeu5Ac), and Escherichia coli K92
(02,8- and 02,9-linkages) (Willis and Whitfield, 2013, Bhattacharjee et al., 1975). In addition to
some bacterial strains, polySia is expressed in Echinoderm such as sea urchin egg jelly
(a2,50glycolyl-linked Neu5Gc) and salmonid fish egg (Inoue and Iwasaki, 1978, Kitazume et al.,
1994).

In mammals, polySia was originally identified by Finne in the developing brain in 1982 (Finne,
1982). In vertebrates, the term polySia describes a2,8-linked Sia chains with a DP reaching 90 Sia
residues or higher (Figure 1.4) (Schnaar et al., 2014, Sato and Kitajima, 2013a, Galuska et al.,
2008).



1.4.1.1. Biosynthesis of mammalian polySia

In mammals, polySia is produced in the Golgi formation by polysialyltransferases (polySTs)
ST8Siall and ST8SialV (formerly named STX and PST, respectively) (Eckhardt et al., 1995,
Kojima et al., 1995, Livingston and Paulson, 1993, Nakayama et al., 1995, Scheidegger et al.,
1995). These two enzymes, which are type Il transmembrane glycoproteins, mainly reside in the
trans-Golgi compartment and share about 60% similarity at the amino acid sequence level in mice
(Harduin-Lepers et al., 2001, Harduin-Lepers et al., 2005, Scheidegger et al., 1995). Using cytidine
5’-monophosphate (CMP)-activated sialic acid as a donor (Sellmeier et al., 2015), ST8Siall and
ST8SialV synthesize polySia by the addition of chains of 0.2,8-linked Sia to a2,3- or a2,6-sialylated
complex type at the termini of both acceptor N- and O-linked glycans (Muhlenhoff et al., 1996b,
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Figure 1.4. Schematic representation of polysialic acid (polySia) and polysialylated NCAM. The
extracellular domain of NCAM consists of five 1gG-like domains (Igl to 1g5) and two fibronectin type 11l
repeats (Fnlll-1 and Fnlll-2). NCAM has six N-glycosylation sites (showed by black arrowheads on 1g3,
Ig4, and 1g5), of which only two sites in the 5th IgG like domain can be polysialylated by the addition of a
homopolymer of 02,8-linked sialic acid (Sia) residues to an acceptor N-glycan terminating with Sia in 02,3
or 02,6 linkages. On NCAM, polySia chains form polyanions (negatively charged carboxylate groups are
highlighted with grey spheres) with a large hydrophilic capacity. The large hydration shell (has been shown
with a pink sphere surrounding polySia-NCAM) formed by polySia on its carrier molecules including
NCAM significantly increases the volume of its carrier molecule and therefore decreases its binding abilities.
Asn, asparagine; Fuc, fucose; Gal, galactose; GICNAc, N-acetylglucosamine; Man, mannose. From (Schnaar
etal., 2014).
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Kojima et al., 1996, Sato and Kitajima, 2013a, Liedtke et al., 2001). Remarkably, both polySTs
display substrate preferences. For instance, whereas NCAM can be polysialylated by both ST8Siall
and ST8SialV, neuropilin-2 is exclusively polysialylated by ST8SialV, and the synaptic cell
adhesion molecule 1 is exclusively polysialylated by ST8Siall, at least in the cell types evaluated
so far (Galuska et al., 2010, Rollenhagen et al., 2012, Rollenhagen et al., 2013).

In mice, the expression of both polyST mRNAs is first detected at embryonic day 8 as evaluated
using in situ hybridization (Ong et al., 1998). Prenatally and immediately after birth, the level of
ST8Siall mRNA is significantly higher than that of ST8SialV. Consistent with the reduced polySia
expression from postnatal to adult life, ST8Siall mMRNA level reduces significantly between
postnatal days 5-11, while ST8SialV transcript level only gradually declines, reaching a 5-fold
higher transcript level than ST8Siall at postnatal day 21 and this level persists in the adult brain. In
keeping, the abundant expression of ST8Siall protein in the neonatal mouse brain shifts to a
predominant expression of ST8SialV in adult brain (Ong et al., 1998, Hildebrandt et al., 1998,
Oltmann-Norden et al., 2008). In humans, similar to rodents, there is an age-dependent decrease of
ST8Siall expression from birth to adulthood in the dorsolateral prefrontal cortex, as shown by
microarray and gPCR data. From neonate and infant groups (up to the age of one year) to the age
group of toddlers and children (up to 13 years of age), mMRNA levels decreased by almost 50%.
Like rodents, this marked decline was followed by a gradual decrease from teenagers to adults,

who finally retain only 8% of the neonatal level (McAuley et al., 2012, Schnaar et al., 2014).

The expression of the polySTs is independently regulated at the transcriptional level in a tissue-
specific fashion, with an overlapping expression pattern (Angata et al., 1997, Hildebrandt et al.,
1998, Ong et al., 1998). For instance, in the adult human brain, Nakayama et al. (1995) found
ST8SialV transcripts mainly in thalamus, subthalamic nucleus, substantia nigra, and cerebral
cortex (Nakayama et al., 1995). In another study on the adult brain by Angata et al. (1997),
ST8SialV transcripts were identified mainly in the amygdala, subthalamic nucleus, cerebral cortex,
occipital lobe, and moderately in hippocampus, whereas ST8Siall transcripts were more prominent
in hippocampus, medulla oblongata, and putamen and were moderately present in subthalamic
nucleus, cerebral cortex, amygdala, and cerebellum (Angata et al., 1997). The higher expression of
ST8Siall transcripts found in the medulla oblongata by Angata et al. (1997) contradicts the study
of Eckhardt et al. (2000), in which western blot analysis revealed a striking reduction in polySia

level (almost undetectable) in the medulla oblongata of adult ST8SialV knockout mice (Eckhardt
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et al., 2000). However, this could be due to the species differences (rat vs mouse) or because there
may not be a direct correlation between the level of polyST transcripts and polySia expression.
Despite some differences overall, these studies highlight the fact that expression of polySTs varies

in different brain regions.

Based on in vitro experiments, Angata et al. (2002) suggested that ST8SialV was a more efficient
enzyme than ST8Siall, was able to synthesize longer polySia chains on NCAM, and was able to
extend chains initiated by ST8Siall. ST8Siall, on the other hand, could synthesize shorter polySia
chains but could not extend polySia chains generated by ST8SialV (Angata et al., 2002). In 2006,
in vivo analysis performed on mice (postnatal day 1), differing only in the allelic combinations of
ST8Siall and ST8SialV, showed that only ~50% of the total NCAM pool was polysialylated in
ST8Siall knockout mice, whereas ST8SialV knockout mice showed no differences compared with
wild type animals demonstrating almost complete polysialylation of the NCAM pool (Galuska et
al., 2006). Both enzymes were able individually to synthesise polySia chains of approximately 90
units in length and a reduction in longer polySia chains was detected in the absence of either
enzyme (Galuska et al., 2008). These data demonstrate the dominance of ST8Siall during
development, and confirmed the suggestion by Angata et al. (2002) that the polySTs work
synergistically to produce longer polySia chains. However, as mentioned earlier in this section,
ST8SialV is the main polyST in the adult brain (Ong et al., 1998, Hildebrandt et al., 1998, Oltmann-
Norden et al., 2008).

1.4.1.2. Enzymatic degradation of polySia

Sias are removed from sialoglycans via the enzymatic actions of a group of glycoside hydrolase
enzymes referred to sialidases/neuraminidases (NEU). Four endogenous sialidases have been
identified in mammals, designated as NEU1- NEUA4, differing mainly in their substrate specificity,
subcellular localization, and tissue distribution (for review see (Giacopuzzi et al., 2012, Miyagi and
Yamaguchi, 2012, Monti et al., 2010)).

Although endogenous NEUs remove Sia, whether they have a role in the in vivo cleavage of polySia
is largely unknown. Some recent evidence suggests that NEU1 and NEU4 may be involved in
polySia degradation under physiological conditions (Sumida et al., 2015, Takahashi et al., 2012,
Sajo et al., 2016). NEU1 is primarily found in lysosomes, where it catabolizes sialylated

glycoconjugates (Seyrantepe et al., 2003, Pshezhetsky and Hinek, 2011). However, after
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inflammatory stimuli, such as that induced by T-cell activation or lipopolysaccharide (LPS)
activation, part of NEU1 migrated to the plasma membrane (Nan et al., 2007), a location consistent
with altering expression of polySia. In vitro, endogenous NEU1 was secreted as an exovesicular
component and was probably involved in the rapid clearance of polySia after LPS stimulation of
Ra2 microglial cells or Neuro2A neuroblastoma cells co-cultured with Ra2 cells, supporting the
idea that NEU1 was involved in the polySia degradation (Sumida et al., 2015). In keeping with
this, the shedding of polySia was also rescued by chemical suppression of NEU1 using GSC-649,
a Siaanalogue, or by NEU1 knockdown (Sumida et al., 2015). In addition, the knockdown of NEU1
in newly generated hippocampal granule cells in vivo increased the presence of polySia on these
cells (Sajo et al., 2016).

Murine sialidase NEU4, primarily expressed in the brain, also degraded polySia in sialidase in vitro
assays, on NCAM-Fc chimera (the extracellular domain of mouse NCAM fused to the Fc part of
human immunoglobulin G), on endogenous NCAM in developing mouse brain as well as in
neuroblastoma cells co-transfected with ST8SialV gene (Takahashi et al., 2012). Additionally, in
mouse embryonic hippocampal primary neurons, the expression of endogenous NEU4 decreased
during neuronal differentiation which correlated with a decrease in polySia expression (Takahashi
etal., 2012).

However, studies by Sumida et al. (2015) and Takahashi et al. (2012) have been performed in vitro
using cell culture techniques. Although the study by Sajo et al. (2016) provides some evidence that
NEUL1 plays arole in polySia degradation in vivo, it is still unclear whether NEU1/4 cleaves polySia
in a cell type- and tissue-specific manner or whether these NEUs are the only endogenous

molecules involved in polySia degradation under physiological conditions in vivo.

As the identity of endogenous polySia cleaving enzymes remain mainly unknown, experiments
commonly rely on bacterially or bacteriophage derived exo- and endosialidases. Exosialidases
(neuraminidase, NEU) are hydrolases that chop off Sia from galactose or galactosamine in 02,3 or
a2,6 linkages, or from a2,8-linked to another Sia in a wide range of glycan structures (exo-acting).
In contrast, the endosialidase (endo-N-acetylneuraminidase, endoN) is a bacteriophage-borne
sialidase which only cleaves a2,8-glycosidically linked Sia (NeuSAc or Neu5Gc) polymers. EndoN
cleaves 5-8 Sia residues at a time (Stummeyer et al., 2005, Jakobsson et al., 2012, Taylor, 1996,
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Pelkonen et al., 1989, Sato and Kitajima, 2013a). Due to its substrate specificity towards polySia,

endoN is particularly useful as a tool to investigate the functional role of polySia.
1.4.1.3. Carriers of polySia

Mammalian polysialylation is a highly protein specific glycosylation event (for review see (Bhide
et al., 2016, Colley, 2010, Colley et al., 2014, Bhide and Colley, 2016)) influencing only a select
group of glycoproteins (Table 1.1). The major and best studied carrier of polySia in the vertebrate
is NCAM (Muhlenhoff et al., 2013, Schnaar et al., 2014) as brains of NCAM knockout neonatal
mice were shown to be almost negative for polySia (Cremer et al., 1994). NCAM, a member of the
immunoglobulin (1g) superfamily of adhesion molecules, was described as a cell surface
glycoprotein with cell-cell binding properties about 40 years ago (Rutishauser et al., 1976). A few
years later, remarkable differences in the molecular weight of NCAM (~ 200 to 250 kilodalton
(kDa) in the embryonic form compared to two distinct bands of 150 and 180 kDa in the adult) and
its Sia content were found. After treatment with neuraminidase, these differences were no longer
evident (Rothbard et al., 1982). Concurrently the presence of polySia in glycoproteins of
developing rat brain was described by Finne et al. (Finne, 1982), and about one year later the
occurrence of polySia on NCAM (polySia-NCAM also termed embryonic NCAM) was shown in
mice forebrain using gas liquid chromatography (Finne et al., 1983). At least 20-30 different
NCAM isoforms can be transcribed from a single copy gene by alternative splicing and post-
translational modifications. The three main isoforms of NCAM are NCAM 180, 140, and 120
differing in their molecular mass (hence 180, 140 and 120), intracellular domains (NCAM 180 and
140), and in their means of attachment to the cell membrane (NCAM 120) (Bonfanti and Theodosis,
2009). NCAM 180 and NCAM 120 are expressed mainly in neurons and glia, respectively, while
NCAM-140 is expressed in both cell types (Noble et al., 1985, Nybroe et al., 1985, Korshunova
and Mosevitsky, 2010). NCAM 120 is almost entirely found in lipid raft fractions, while NCAM
140 and NCAM 180 are both raft- and non-raft-associated (Niethammer et al., 2002, Leshchyns'
ka et al., 2003, He and Meiri, 2002). The extracellular domains of these three NCAM isoforms are
identical and contain five N-terminal Ig-homology modules followed by two fibronectin type I11-
like repeats closest to the membrane (Figure 1.4) (Soroka et al., 2010, Nielsen et al., 2010). NCAM
also exists in a secreted form generated by co-expression of a small exon called SEC-exon in the
MRNA. This small exon contains a stop codon and gives rise to a truncated extracellular part of
NCAM with a molecular weight around 115 kD (Gower et al., 1988, Walmod et al., 2004). Soluble
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Table 1.1. Known polySia-containing glycoproteins. Occurrence indicates where these glycoproteins
were found. N- and/or O- linkage shows whether polysialylation was found on N- or O-linked glycan chains.

Career protein Occurrence :\l and/or O- PolySTs involved
inkage
- Neurons and glia in the CNS
- Extraneural tissues during development and . ST8Siall and
NCAM in the adult in cells of the igmmune gystem, N-linked ST8SialV
lung, testis, sperm, placenta and liver.
The voltage- sensitive | - Electrophorus electricus electroplax NJ-Ilnked
Na channel o subunits | - The rat brain (James and Unknown
Agnew, 1987)
SynCAM 1 - Proteoglycan NGZ_ positive cells in the O-linked sTsSiall
neonatal mouse brain
- Human dendritic cells
- Macrophages cultured from peritoneal
exudate . .
NRP-2 - Stem cell- and brain-derived murine O-linked ST8SialV
microglia
- Cultured human THP-1 macrophages
CCRY - Mature DCs (mouse and human) N- and O-linked | ST8SialV
- Stem cell- and brain-derived murine
ESL-1 microglia Unknown ST8SialV
- Human THP-1 macrophages
CD36 - Human and mouse milk O-linked Unknown
PolySTs - _COS—l, QHO, or LecZ_ CHO cells transfected N-linked STSS!aII and
with ST8Siall or ST8SialV cDNA ST8SialV

forms of NCAM also exist (Walmod et al., 2004), which arise by the enzymatic excision of NCAM-
120 from its GPI anchor (He et al., 1986) or by the proteolytic cleavage of the extracellular part of
NCAM (Hinkle et al., 2006). These have been identified in rat brain, cerebrospinal fluid, and
plasma and they can be polysialylated (Olsen et al., 1993, Krog et al., 1992, Piras et al., 2015).

NCAM is extensively glycosylated in the ER and Golgi compartments with N-glycosylation being
the primary modification (Gascon et al., 2007). NCAM has at least six potential N-linked
glycosylation sites (Liedtke et al., 2001, Albach et al., 2004) including one in the Ig3 module, two
in the 1g4 module, and three in the 1g5 module (Figure 1.4) (Liedtke et al., 2001). The unique
feature of NCAM glycosylation compared to other cell adhesion molecules is its potential N-
glycosylation with polySia which attaches exclusively to a highly variable di-, tri-, or tetra-
antennary core glycan at the fifth (Asn 439) and sixth (Asn 468) sites in the 1g5 module (Figure
1.4) (von der Ohe et al., 2002, Nielsen et al., 2010, Kudo et al., 1996, Liedtke et al., 2001). Both
polySTs can synthesize polySia on NCAM (Nelson et al., 1995, Muhlenhoff et al., 1996b, Kojima
etal., 1996, Liedtke et al., 2001).
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Ubiquitously expressed on the cell surface of neurons and glia (Noble et al., 1985), NCAM proteins
interact with each other in cell membranes by cis- or trans-interactions and therefore NCAM was
classified as a key regulator of cell adhesion in the CNS (Rutishauser et al., 1982, Gascon et al.,
2007). In addition, a number of heterophilic extracellular interacting partners of NCAM have been
identified (Nielsen et al., 2010). In the developing CNS, NCAM is involved in numerous processes
such as neurite outgrowth, cell migration, stabilization of cell-cell contacts, and synapse formation,
whereas in higher order brain regions of the adult CNS NCAM appears to contribute to synaptic
plasticity, learning, and memory (for review see (Buttner and Horstkorte, 2010, Maness and
Schachner, 2007, Walmod et al., 2004, Hildebrandt and Dityatev, 2013)). Modification of NCAM
with polySia significantly influences its biophysical properties and therefore its extracellular
homophilic and heterophilic interactions by disrupting the adhesive properties of NCAM
(Hildebrandt et al., 2010), which is discussed in section 1.4.3.1. Appropriate cell adhesion and
communication is crucial for development and nervous system plasticity. Although many cell
adhesion molecules are involved, NCAM is conspicuous due to its developmentally regulated

switch in glycosylation pattern (Hildebrandt et al., 2010).

Although the majority of polySia is attached to NCAM, polySTs also polysialylate some other
proteins. Mild acid hydrolysis and endoN treatment of glycan substituents on the voltage-sensitive
sodium channels from Electrophorus electricus electroplax led to a reduction in molecular weight,
suggesting that these channels carry polySia (James and Agnew, 1987). In fact, the presence of Sia,
diSia, oligoSia, or polySia was later indicated as treatment of sodium channel a subunits in both
the electroplax and rat brain with a neuraminidase which cleaves Sia with a2,3-, 02,6-, and 02,8-
linkages, reduced their apparent molecular mass by 55 and 20 kDa respectively (Gordon et al.,
1988). The presence of polySia on these channels in rat brain was further confirmed by an
immunoprecipitation of polySia with a monoclonal antibody 735 directed against polySia (mAb
735). The blot of immunoprecipitates showed the presence of not only NCAM but also the voltage
sensitive sodium channel a subunit isolated with polySia (Zuber et al., 1992). Removal of Sias with
neuraminidase significantly lessened the conductivity of the channel (Scheuer et al., 1988, Recio-
Pinto et al., 1990), indicating polySia may modulate voltage-dependent gating (Nowycky et al.,
2014).

The synaptic cell adhesion molecule 1 (SynCAM 1), an Ig domain—containing protein with six

potential N-glycosylation and several putative O-glycosylation sites is another polySia bearing
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protein (Biederer et al., 2002). SynCAM 1 plays a role in various intercellular junctions by
mediating Ca?* independent cell adhesion through homo- and heterophilic interactions (Biederer et
al., 2002, Furuno et al., 2005, Shingai et al., 2003, Wakayama et al., 2007). Using affinity
chromatography followed by mass spectrometry, a fraction of SynCAM 1 was identified as a
polySia carrier in the NCAM ™~ neonatal mouse brain. Treatment of isolated PolySia-SynCAM 1
with N-glycosidase F, an enzyme that specifically cleaves N-glycans, followed by MALDI-TOF
mass spectrometry analyses showed that polysialylation occurred at the third N-glycosylation site.
SynCAM 1 polysialylation, which is exclusively mediated by ST8Siall, is cell type specific and
was found limited to proteoglycan NG2 positive cells and only in the developing brain
(Rollenhagen et al., 2012, Galuska et al., 2010). The polysialylation eliminated homophilic binding
of this protein (Galuska et al., 2010).

Another polySia carrier is neuropilin-2 (NRP-2), a transmembrane glycoprotein receptor for
semaphorins and vascular endothelial growth factors associated with axon guidance and
angiogenesis (Pellet-Many et al., 2008). Similar to SynCAM 1, NRP-2 demonstrates a cell type

specific polysialylation and despite the expression of NRP-2 in several tissues including the brain,

lymphatic, blood vessels, several muscle types organs, and diverse tumour cells (Pellet-Many et
al., 2008, Parker et al., 2012), polysialylation has so far only been demonstrated on the surface of
human dendritic cells (DCs) of the immune system (Curreli et al., 2007), on macrophages cultured
from peritoneal exudate (Stamatos et al., 2014), stem cell- and brain-derived murine microglia, and
cultured human THP-1 macrophages (Werneburg et al., 2016). On the surface of human dendritic

cells, NRP-2 was polysialylated on its O-linked glycan chains (Curreli et al., 2007). Removal of

polySia stimulated dendritic cell-induced activation of T lymphocytes (Curreli et al., 2007). In a
recent study, a Golgi-restricted expression of polySia on SynCAM 1 and NRP-2 was observed in
NG2 cells and microglia respectively from glial cultures of wild-type and NCAM~ mice.
Depolarization of NG2 cells and LPS stimulation of microglia led to the translocation of polySia

from the Golgi to the cell surface (Werneburg et al., 2015).

The C-C chemokine receptor type 7 (CCR7) involved in immunity, has also been recently
identified as a second polySia carrier on the surface of mature DCs (Kiermaier et al., 2016). PolySia
was attached to both the N- and O-linked glycans of CCR7, because suppression of either N- or O-
glycosylation did not fully abolish polysialylation of CCR7. To validate that CCR7 is
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polysialylated in mature DCs, cell-surface levels of polySia in CCR7-deficient and control DCs
were analysed using a flow cytometry and reduced polysialylation was seen on CCR7-deficient
cells. Polysialylation of CCRY7 is necessary for the recognition of the CCR7 ligand CCL21 and thus
polySia modulates dendritic cell trafficking controlled by CCR7 (Kiermaier et al., 2016).

E-selectin ligand-1 (ESL-1) is a polysialylated protein identified by co-immunoprecipitation
followed by mass spectrometry analysis. Stem cell- and brain-derived murine microglia, as well as
human THP-1 macrophages, maintain intracellular pools of Golgi-confined polysialylated ESL-1
and NRP-2 which are quickly released in response to proinflammatory activation by LPS
(Werneburg et al., 2016). ESL-1 and NRP-2 are polysialylated by the polysialyltransferase
ST8SialV (Werneburg et al., 2016). The function of polySia on ESL-1 is still unclear.

The CD36 scavenger receptor is a glycoprotein which contains polySia on its O-linked glycan
chain(s) in human and mouse milk. (Yabe et al., 2003). In addition, polySTs themselves, can
undergo autopolysialylation (Close and Colley, 1998, Muhlenhoff et al., 1996a). Although NCAM
is the major polySia carrier, due to the cell specific origin of the polysialylation a range of other

proteins may be polysialylated both in the periphery and in different regions of the CNS.

1.4.1.4. Binding molecules of polySia

Carbohydrate-binding proteins (lectins) (for review see (Gabius et al., 2016)) can influence
neuronal processes through glycan-involving interactions (for review see (Higuero et al., 2016)).
Cell surface localization and selective expression of Sias on the outermost branches of
glycoproteins and glycolipids make them well suited to interact or bind to proteins (Schnaar et al.,
2014). However, currently only a small number of molecules have been reported as binding

partners of polySia (Table 1.2).

Three binding partners appear to have a direct interaction with polySia, demonstrated using in vitro
and ex vivo techniques (Mishra et al., 2010, Theis et al., 2013, Watzlawik et al., 2015). The most
comprehensive studies performed by Mishra et al. (2010) and Theis et al. (2013) identified histone
H1 and myristoylated alanine-rich C kinase substrate (MARCKYS) respectively.
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Table 1.2. Binding partners of polySia. Techniques employed indicates methods used to investigate the

interaction of polySia with each interacting partner.

. . . . Techniques Investigation
Interacting partner Functional consequences of the interaction employed of physical
interaction
Promoted neuritogenesis, process formation, and
Histone H1 proliferation of Schwann cells, as well as
migration of neural precursor cells in vitro. .
- — In vitro and
Myristoylated alanine-rich ex Vivo
C Kkinase substrate Enhanced neurite outgrowth in vitro.
(MARCKS)
Mediated HIgM12 binding and cell attachment in
HigM12 .
a neurite outgrowth assay.
PolySia removal led to a decrease in the CCL21- Yes
Chemokine (C-C motif) directed migration on mature DCs. Enzymatic
ligand 21 (CCL21) removal of polySia also negatively affected
CCL21-mediated ERK activation in DC cultures.
Brain-derived neurotrophic | Following polySia removal, BDNF was released
factor (BDNF) at higher levels than those from non-treated cells
(F';t();rgg;ast growth factor-2. |\ inited FGF2-stimulated cell growth N vitro
Catecholamines such as PolySia on NCAM was involved in the AKT
dopamine (DA) signalling via DA
Heparan sulphate Enhanced the interaction of HSPGs with NCAM
proteoglycans (HSPGs)
a-amino-3-hydroxy-5-
methyl-4-isoxazole Prolonged the open channel time of AMPA
propionate (AMPA) receptors No
receptors
NR2B subunit-containing In vitro and
N-methyl-D-aspartate Inhibited NMDA receptor currents ex Vivo
(NMDA) receptors

Both studies employed affinity chromatography on homogenates of mice brains, followed by mass
spectrometry to identify the binding partner and then used a variety of in vitro and ex vivo (co-
immunoprecipitation using brain homogenates) techniques to confirm the interaction. Functional
studies were also performed. The interaction of histone H1 with polySia promoted neuritogenesis,
process formation, and proliferation of Schwann cells, as well as migration of neural precursor cells
in vitro. Similar to polySia which enhances regeneration after injury of the peripheral nervous
system (Papastefanaki et al., 2007, Marino et al., 2009, Mehanna et al., 2010), in vivo application

of histone H1 improved functional recovery, axon regrowth, and precision of re-innervation of the

motor branch in adult mice having femoral nerve injury (Mishra et al., 2010). However, it is still
unclear whether the observed functions of histone H1 were polySia dependent or not. This issue

could have been addressed by functional study after enzymatic removal of polySia. Regarding the
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interactions between polySia and MARCKS, in vitro application of the effector domain of
MARCKS (MARCKS-ED peptide) enhanced neurite outgrowth from cultured hippocampal
neurons. Such neurite enhancement was abolished after endoN treatment, indicating that the
peptide-triggered neurite outgrowth relies on polySia (Theis et al., 2013). In addition, in a more
recent study, polySia attached to NCAM was found as an antigen for the IgM antibody HigM12
(Watzlawik et al., 2015). Double labelling experiments showed virtually identical patterns of
labelling with HIgM12 and anti-polySia antibodies particularly on glial fibrillary acidic protein
(GFAP)-positive astrocytes but also in a range of cells extracted from forebrain regions. As with
the polySia antibody, HIgM12 was not able to detect any GFAP-positive astrocyte in endoNF
treated cultures or after modification of polySia from the NCAM protein core via acid-catalysed
lactonization, indicating that polySia is crucial for binding of HIgM12 to brain cells including
astrocytes. Interestingly, no interaction was found between mAb HIgM12 antibody and polySia
attached to SynCAM 1 in embryonic or postnatal periods. PolySia-NCAM mediated HIgM12
binding and cell attachment in a neurite outgrowth assay (Watzlawik et al., 2015). As mentioned
earlier these three studies used ex vivo along with in vitro techniques to identify or confirm polySia
interacting partners. In in vitro techniques, an interaction as well as detection of an interaction
between interacting partners occurs outside their normal biological context, whereas, in ex vivo
studies, the detection of an interaction happens in vitro, but the interaction itself takes place in an
in vivo (i.e. living organism) environment (Xing et al., 2016). Therefore, interactions identified
using an ex vivo techniques have a higher possibility of occurring in an in vivo environment

compared to those identified using in vitro techniques.

In a second group of studies, direct binding of polySia and postulated partners including chemokine
(C-C motif) ligand 21 (CCL21), brain-derived neurotrophic factor (BDNF), fibroblast growth
factor-2 (FGF2), and catecholamines such as dopamine (DA) were identified using only in vitro
approaches (Bax et al., 2009, Kanato et al., 2008, Ono et al., 2012, Isomura et al., 2011).

CCL21 is a ligand for CCR7 (a carrier of polySia described in Section 1.4.1.3). Bax et al. (2009)
first suggested that CCL21 may be an interacting partner of polySia as endoN treatment led to a
decrease in the CCL21-directed migration on mature DCs (Bax et al., 2009). It appears that polySia
releases CCL21 from an autoinhibited state by interacting with its C terminus (Kiermaier et al.,

2016). Enzymatic removal of polySia negatively affects CCL21-mediated extracellular signal-
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regulated kinase (ERK) activation in DC cultures (Hjortg et al., 2016); however, whether these

effects are due to protein binding or carrying remains to be determined.

BDNF (Kanato et al., 2008) and FGF2 (Ono et al., 2012) were originally identified as interacting
partners of polySia using biochemical approaches including gel filtration, horizontal native-PAGE,
and surface plasmon resonance methods (Kanato et al., 2008, Ono et al., 2012, Hane et al., 2015).
Recently, Sumida et al. (2015) showed that after exogenous sialidase or endoN treatment of a group
of polySia expressing cells, BDNF was released at higher levels than those from non-treated cells,
indicating that cell-surface polySia chains bind to and hold endogenous BDNF molecules which
are released upon removal of polySia (Sumida et al., 2015). Functional studies on polySia
expressing cells displayed inhibition of FGF2-stimulated cell growth in the presence of polySia
(Ono et al., 2012).

The specific binding between polySia and catecholamine neurotransmitters, including DA, was
demonstrated by frontal affinity chromatography (FAC) analyses (Isomura et al., 2011). The
interaction of polySia and DA was impaired using a mutated ST8Siall (STX(G421A))-derived
polySia-NCAM which has a lower amount of polySia (7.7% compared to 100% in wild type) on
NCAM with a shorter chain length compared to wild type ST8Siall-drived polySia. DA activates
AKT signalling (Tan et al., 2008) and studies in the presence of endoN showed that DA stimulation
led to a reduction in AKT activation (phosphorylation), indicating that polySia on NCAM was
involved in the AKT signalling via DA (Isomura et al., 2011). Although an interaction of polySia
with CCL21, BDNF, FGF2, and DA was confirmed using multiple in vitro approaches, interactions

that occur under in vitro conditions may not occur under physiological conditions in vivo.

Heparan sulphate proteoglycans (HSPGs) (Storms and Rutishauser, 1998), a-amino-3-hydroxy-5-
methyl-4-isoxazole propionate (AMPA) receptors (Vaithianathan et al., 2004), and NR2B subunit-
containing N-methyl-D-aspartate (NMDA) receptors (Hammond et al., 2006) have been suggested
as potential binding partners only because polySia alters the function of the proteins; however,
investigation of physical interaction has not taken place. PolySia enhances the interaction of
HSPGs with NCAM (Storms and Rutishauser, 1998) as reduced adhesion to the HSPGs was
detected when cells expressing polySia-NCAM were pretreated with endoN. However, it remains
unclear whether polySia actually binds to HSPGs or indirectly modulates an NCAM HSPG

interaction.

21



Evidence of polySia interaction with glutamate receptors AMPA (Vaithianathan et al., 2004) or
NMDA receptors (Hammond et al., 2006) are based on evidence obtained from a few
electrophysiological recordings in cultured neurons and single channel recordings of affinity-
purified receptors in reconstituted lipid bilayers. PolySia prolonged the open channel time of
AMPA receptors (Vaithianathan et al., 2004) and inhibited NMDA receptor currents (Hammond
et al., 2006). Enzymatic removal of polySia in both cases inhibited these effects. In agreement,
impaired long-term potentiation ex vivo was associated with elevated transmission through
GIuN2B-NMDARs in the hippocampal CA1l region of adult NCAM-deficient mice
(Kochlamazashvili et al., 2010). The acute elimination of polySia by endoNF in brain slices
consistently enhanced GluN2B-mediated Ca?* transients in CA1 pyramidal neurons, and this could
be reversed by the application of colominic acid (Kochlamazashvili et al., 2010). However, it is
unknown whether the influence of polySia in AMPA and NMDA receptors is due to direct binding
of these receptors with polySia or is due to indirect effects such as the interaction of polySia with
a lipid membrane near these receptors that could modify the configuration of these receptors and,
therefore, indirectly influence ligand binding. Further experiments such as co-
immunoprecipitation/affinity chromatography followed by western blot or ELISA are required to
investigate the potential physical interaction between polySia or polySia-NCAM with these

receptors.

Although the distribution of polySia has been described in specific regions of the CNS, only two
studies (Theis et al., 2013, Mishra et al., 2010) have investigated its interactions in the brain and
both of these have been performed in mouse where much less is known regarding polySia
distribution. The interaction was identified both in the developing brain where polySia is abundant
as well as in the adult brain. However, whether polySia in all CNS regions where its expression is
high in the adult demonstrates the same interactions or even interacting partners is still an open

question.
1.4.2. Anatomy of polySia in the adult CNS

PolySia is expressed in extraneural tissues during development and in the adult in cells of the
immune system (Curreli et al., 2007, Drake et al., 2008, Stamatos et al., 2014), lung (Ulm et al.,
2013), testis (Simon et al., 2013), sperm (Simon et al., 2013), placenta (Hromatka et al., 2013) and
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liver (Tsuchiya et al., 2014). Since the focus of this thesis is the CNS, only the anatomy of polySia
in the CNS will be discussed here.

1.4.2.1. Developmental regulation of polySia in the CNS

In vertebrates, polySia expression is spatio-temporally regulated (Rutishauser, 2008), and polySia
is most widespread in the CNS during the embryonic and early neonatal period (Sato and Kitajima,
2013b, Mihlenhoff et al., 2009). In the mouse embryo, polySia immunoreactivity (ir) was first
detected at embryonic day 9 using immunohistochemistry (Ong et al., 1998) and expression
reached maximal prenatally (Ong et al., 1998, Kurosawa et al., 1997). Quantification of the total
amount of polySia in the mouse brain by DMB-HPLC analysis showed that after birth, the polySia
level remained high during the first postnatal week, before a rapid drop between postnatal days 9—
17 to about 30% of the level at birth and the level of polySia further declined in the adult to almost
10% of the highest level (Figure 1.5) (Oltmann-Norden et al., 2008, Mihlenhoff et al., 2009).

Interestingly, a similar developmental expression pattern of polySia has been described in the
human prefrontal cortex (Cox et al., 2009). PolySia-NCAM was quantified with western blotting
using anti-polySia antibody in human postmortem prefrontal cortex of 42 individuals ranging in
age from fetal (mid-gestation) to early adulthood (25 years old). The expression level was

significantly higher in the fetal samples compared to that of all postnatal samples (P<0.001), ranging
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Figure 1.5. Developmental regulation of polysialylation in the mouse brain after birth. The red and
blue curves indicate postnatal down-regulation of polySia and associated up-regulation of polySia-free
NCAM-140/180, respectively. From (Muhlenhoff et al., 2009).
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from 5-fold higher compared to the 0—12-month group to more than 30-fold higher compared to
the adult group.

In the brain, alImost 95% of NCAM isoforms 140 and 180 are polysialylated at birth (postnatal day
1). After birth the appearance of polySia-free NCAM increases, which is aligned with the reduction
in the polySia level (Figure 1.5). In contrast, the vast majority of NCAM-120 is not polysialylated.
Expression of NCAM-120 starts at postnatal day 5, followed by a huge up-regulation correlated
with the down-regulation of polySia (Oltmann-Norden et al., 2008). It is curious, however, that the
ratio of polySia-free NCAM to total NCAM in many regions of the adult CNS which express

polySia is not yet known.
1.4.2.2. Cell types of the CNS associated with polySia

In the embryonic brain, the vast majority of polySia positive cells are the neuronal lineage (Blass-
Kampmann et al., 1994). In both normal developing and adult nervous system, the largest number
of cell types expressing polySia-NCAM are neurons (Bonfanti, 2006). It appears that most, if not

all, neurons show positive polySia staining at some stage of differentiation (Bonfanti, 2006).

In the adult, ultrastructural and immunolabelling studies demonstrated a strong expression of
polySia in migrating neuroblasts arising from the neurogenic niches of the anterior subventricular
zone (Bonfanti and Theodosis, 1994, Rousselot and Nottebohm, 1995, Kornack and Rakic, 2001,
Ponti et al., 2006) and early postmitotic granular cell precursors in the subgranular zone of the
hippocampal dentate gyrus (Seki and Arai, 1991b, Seki, 2002a, Seri et al., 2004, Seki et al., 2007)

in various mammals including but not limited to mice, rats, rabbits and macaque monkeys.

So far, three specific groups of neurons have been reported to show prominent polySia-ir. These
include immature neurons mostly found in layer 11 of the paleocortex and to a small extent in layers
Il 'and 111 of the mammalian neocortex (Gomez-Climent et al., 2008, Gomez-Climent et al., 2010).
These cells co-express doublecortin, a marker of immature nerve cells, but lack neuronal nuclear
antigen (NeuN), a marker for mature neurons (Nacher et al., 2002, Nacher et al., 2001). Studies in
rodents and cats demonstrated that most of these neurons have been generated during
embryogenesis and preserve their immature neuronal phenotype into adulthood (Goémez-Climent
etal., 2008, Varea et al., 2011). The number of polySia-positive immature neurons decreases
significantly with age (Varea et al., 2009, Abrous et al., 1997).
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The second type are polySia-positive neurons that express NeuN and hence are mature neurons.
Double immunostaining with interneuron markers, principally glutamic acid decarboxylase-67
(GADG67), the GABA biosynthetic enzyme, calbindin, somatostatin, or parvalbumin (depending on
the cortical area under consideration) and anti-polySia antibody (anti-Men B; Clone 2-2B) has
demonstrated that many are inhibitory interneurons. This delineation has only been demonstrated
in higher brain areas, including the amygdala (Gilabert-Juan et al., 2011, Varea et al., 2012), the
prefrontal cortex (Varea et al., 2007, Varea et al., 2005, Gomez-Climent et al., 2011), nongranule
cells of hippocampus, deep layers of paleocortex (Gémez-Climent et al., 2011), the subtriangular
septal zone, and the septum (Foley et al., 2003). In addition, in the adult mouse (Gilabert-Juan et
al., 2011) and human amygdala (Varea et al., 2012), the prefrontal cortex, nongranule cells of
hippocampus, and deep layers of paleocortex (Gomez-Climent et al., 2011), none of the polySia
expressing somata analysed co-expressed Ca?*/calmodulin-dependent protein kinase 11 (CAMKII),
a marker of excitatory neurons, and no polySia expressing puncta expressed in the neuropil showed

vesicular glutamate transporter type 1 (VGLUT-1)-ir (Varea et al., 2012).

In the adult rat and human medial prefrontal cortex (mPFC), virtually all polySia labelled cells
showed NeuN-ir (Varea et al., 2007, Varea et al., 2005). Only rare GFAP immunoreactive
processes showed faint polySia labelling and the labelling was not found on oligodendroglia. About
35% of polySia immunoreactive neurons expressed GAD67 (Varea et al., 2005). PolySia-ir was
also seen in interneuron populations labelled with calbindin, parvalbumin, and somatostatin;
however, there were some differences between rat and human in the percentages of interneurons
labelled with these markers (Varea et al., 2007, Varea et al., 2005). Similarly, all polysialylated
cells in the subtriangular septal zone and the triangular septum expressed NeuN with many co-

expressing GADG67 along with vasoactive intestinal peptide (Foley et al., 2003).

Although these studies identified polysialylated inhibitory neurons in the areas mentioned, we
cannot conclude that polySia is not expressed on excitatory interneurons. The identity of the
neurochemical codes of polysialylated neurons has been explored in very few brain regions that
express polySia. Further studies using multiple markers in different polySia expressing brain
regions would determine whether or not polySia is associated with the same cell type
(neurons/glia), only inhibitory neurons, and/or in neurons with specific neurochemical codes

(which likely define function).
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The third group of polySia positive neurons in the adult brain are mature neurons expressing
polySia only on their processes (Schnaar et al., 2014). These have been found in hippocampus in
mossy fibres of dentate gyrus granule cells (Seki and Arai, 1993a) and on axons and dendrites of
pyramidal cells in the CA1 region (O'Connell et al., 1997, Becker et al., 1996).

Glial cells may also be polysialylated although this expression seems to vary within different brain
areas and under different physiological and pathological/experimental conditions (Bonfanti, 2006,
Schnaar et al., 2014). Astrocytes do not appear to express polySia under normal conditions;
however, polysialylated astrocytes have been found in the adult hypothalamo-neurohypophysial
system (Theodosis et al., 1991, Theodosis et al., 1999, Kiss et al., 1993, Kaur et al., 2002, Shen et
al., 1999). Ultrastructural analysis showed polySia-ir associated with astrocytic cell bodies and in
particular their processes that surround the surface of non-immunoreactive supraoptic neurons
(Theodosis et al., 1991, Theodosis et al., 1999). In addition, ultrastructural observations in the
neurohypophysis (posterior pituitary), a highly polysialylated brain region, demonstrated surface
labelling of all neurosecretory axons as well as pituicytes (neurohypophysial astrocytes) (Theodosis
et al., 1999, Theodosis et al., 1991, Kiss et al., 1993). Unlike the relatively uniform staining on
nerve fibres (Kiss et al., 1993), polySia-ir on glial surfaces was uneven, detected on glial surfaces
facing neuronal elements but not at contact sites between pituicytes (Kiss et al., 1993). Furthermore,
in the adult rat during the proestrous phase, immunofluorescence staining of the gonadotropin-
releasing hormone (GnRH) neurosecretory system, demonstrated that polySia was closely
associated with axon terminals of GnRH neurons as well as glial processes in the median arcuate
nucleus (Kaur et al., 2002, Parkash and Kaur, 2005). Electron microscopy of the adult mouse
suprachiasmatic nucleus showed that polySia-ir was associated with neuronal (in somas, dendrites,
and unmyelinated axons) and glial membranes, particularly on fine astrocytic processes adjacent
to synapses (Shen et al., 1999, Shen et al., 1997). Such a glial association was also seen in the radial
glia-like tanycytes of the ependymal layer of the third ventricular wall, which sends processes into

hypothalamus (Bolborea et al. 2011).

PolySia is expressed on reactive astrocytes, activated as a result of different insults in the brain and
spinal cord (La Salle et al., 1992a, Nomura et al., 2000). An animal model of status epilepticus in
which rats were treated with kainic acid (glutamate agonist) showed a strong polySia expression
associated with glial cells (corresponding approximately to the reactive gliosis identified by a

GFAP marker) in the hippocampus for up to 12 weeks following kainic acid administration (La
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Salle et al., 1992a). Similarly a model of Parkinson’s disease induced by 6-hydroxydopamine
lesion of the substantia nigra induced polySia expression on reactive astrocytes (Nomura et al.,
2000). A range of glia appeared to express polySia in a demyelinating model of adult mouse spinal
cord including on oligodendrocyte precursors, reactive astrocytes and Schwann cells (Oumesmar
et al., 1995). Direct injury of the spinal cord caused expression of polySia in the glial scar and in

the surrounding region (Camand et al., 2004).

Goémez-Climent et al. (2011) used anti-OX42 antibody in the adult cerebral cortex and found that
microglial cells were polySia negative (Gomez-Climent et al., 2011). However, more recently as
discussed in section 1.4.1.3, a Golgi-restricted expression of polySia on SynCAM 1, NRP-2, and
ESL-1 glycoproteins was found in brain-derived murine microglia, obtained from postnatal

cerebral cortices (Werneburg et al., 2016, Werneburg et al., 2015).

Thus, polySia in adult has been demonstrated on distinct populations of neurons throughout the
CNS, in some glia, most commonly in reactive astrocytes associated with both GFAP labelling of
proximal processes but also with fine astrocytic processes, and in Golgi of microglia; however,
polySia has not been found on mature oligodendrocytes although it is expressed by oligodendrocyte
pre-progenitors (Bonfanti, 2006). With respect to oligodendrocyte, labelling experiments using
immunoelectron microscopy have showed that in the hippocampal mossy fibre layer (Seki and
Arai, 1991b), the fimbria (Seki and Arai, 1993a), the superficial layer of dorsal horn (Seki and Arali,
1993a), and the sciatic nerve (Figarella-Branger et al., 1990), polySia was only found in
unmyelinated and not myelinated axons. Additional work is required to investigate whether polySia
has a uniform cellular association within all areas of the CNS in which it is expressed. While
distinct areas of the adult CNS maintain a distinct pattern of polySia expression (Bonfanti, 2006),
exploration of the brainstem and much of the spinal cord which have received little attention may
reveal any consistent patterns of labelling with respect to cell type.

1.4.2.3. Distribution of polySia in the adult CNS

PolySia is widespread in the CNS during brain development (for review see (Hildebrandt and
Dityatev, 2013, Seki and Arai, 1993a, Bonfanti, 2006)); however, its expression in the adult is the
topic of focus here. PolySia expression in the adult CNS is restricted to distinct areas including
those that maintain neurogenic capacity, such as the subventricular zone, the granule cell layer of

the hippocampus, and the olfactory bulb or regions that undergo physiological plasticity, including
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regions of the hypothalamus, the entorhinal-hippocampal complex, regions of the thalamus, the
habenular nuclei, the mesencephalic central grey, the lateral geniculate nucleus, and the dorsal
laminae of the spinal cord (Rutishauser, 2008). The distribution of polySia in the higher brain
regions including but not limited to the olfactory system, cortex, hypothalamus, visual system,
striatum and amygdala have been investigated in several studies (for review see (Seki and Arali,
1993a, Bonfanti, 2006, Bonfanti et al., 1992)). Here we focus on the known distribution of this

sugar in the brainstem and spinal cord.
1.4.2.3.1. Spinal cord

In the adult rat spinal cord, polySia is expressed in the superficial laminae of the dorsal horn (Seki
and Arai, 1993b, Bonfanti et al., 1992), around the central canal associated with cell bodies and
processes of scattered neurons (Seki and Arai, 1993b, Bonfanti et al., 1992), in the lateral spinal
nucleus defined in bundles of fine fibres (Seki and Arai, 1993b), and in the most dorsal part of the
anterior median fissure largely in groups of fine fibres (Seki and Arai, 1993b) or axon bundles
(Stoeckel et al., 2003). The polySia positive bundles of the anterior median fissure also showed
immunolabelling for GABA or GAD, suggesting some at least arose from inhibitory interneurons
(Stoeckel et al., 2003). This polySia expression pattern is maintained from cervical to sacral levels
(Seki and Arai, 1993b, Bonfanti et al., 1992). In addition, some isolated polySia positive cells with
an astrocytic morphology throughout the peripheral white matter were observed (Bonfanti et al.,
1992). PolySia staining was also found on some cerebrospinal fluid-contacting neurons (CSFcNs),
co-expressing GAD (Seki and Arai, 1993b, Stoeckel et al., 2003).

In the adult mouse spinal cord, polySia expression has been found in the superficial laminae of the
dorsal horn (ElI Maarouf et al., 2005, Oumesmar et al., 1995), the most dorsal part of the anterior
median fissure (Oumesmar et al., 1995), around the central canal (El Maarouf et al., 2005), and in
the dorsal funiculus (EI Maarouf et al., 2005) at the thoracic and/or lumbar level but its distribution

is not comprehensively described.
1.4.2.3.2. Brainstem

In the adult rat brainstem, polySia-ir is highly expressed in the dorsal vagal complex, including the
nucleus of the solitary tract (NTS), the area postrema, and the dorsal motor nucleus of the vagus
(Seki and Arai, 1993a, Bonfanti et al., 1992). This expression was found throughout the

rostrocaudal axis of the adult rat (Bouzioukh et al., 2001a). PolySia expression has also been
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reported in a few other regions including in the raphe pallidus nucleus, the pyramidal tract (Seki
and Arai, 1993a), the lateral and medial parts of the parabrachial nucleus (Bonfanti et al., 1992,

Seki and Arai, 1993a), and in mesencephalic trigeminal nucleus (Bonfanti et al., 1992).

Unusually the human brainstem has been more comprehensively investigated with respect to the
distribution of polySia (Quartu et al., 2008, Quartu et al., 2010). Immunohistochemistry on the
postmortem brainstem of adult human showed polySia-ir mainly at the level of the medulla
oblongata and pons but rarely in the mesencephalon (Quartu et al., 2008). PolySia staining was
present in the spinal trigeminal nucleus but was virtually absent in the principal and mesencephalic
nuclei. Moreover, at caudal level of the medulla oblongata, very mild to moderate immunostaining
in central reticular and lateral reticular nuclei was found. More rostrally at the level of the pyramidal
decussation, the gracile, external cuneate, and commissural nuclei displayed a moderate polySia
staining. PolySia labelling was also present in the dorsal vagal complex, the vestibular and cochlear
nuclei, the intercalatus and prepositus hypoglossi, the paramedian reticular, the raphe obscurus, the
gigantocellular, the central reticular, the intermediate reticular, and the lateral reticular nuclei
labelling neuronal cell bodies and processes with mainly a peripheral immunoreactivity suggestive
of membrane labelling. The olivary complex showed a diffuse staining in the neuropil with some
small cell bodies. A diffuse mild staining was found in the locus coeruleus neuropil in between
polySia negative pigmented neurons. The caudal pontine, gigantocellular, parvocellular, reticular
tegmental, and oral pontine reticular nuclei contained sparse neuronal cell bodies with membrane
labelling and rare punctate and filamentous elements. Labelled nerve fibres were observed
throughout the medial longitudinal fasciculus, the medial lemniscus and the lateral lemniscus. The

pontine nuclei showed a dense labelling (Quartu et al., 2008).

In Bonfanti’s description of the distribution of polySia-ir in the adult rat (Bonfanti et al., 1992), no
mention was made of labelling of the spinal trigeminal nucleus; however, curiously described
labelling in the mesencephalic trigeminal nucleus in contrast to this being a polySia negative region
in human (Quartu et al., 2008). A detailed comparison of the distribution across species is needed.
The distribution of polySia in the mouse brainstem or for that matter the brainstem of other animals
has not been described.

The distribution of polySia in the dorsal horn, spinal trigeminal nucleus, and trigeminal ganglion

that will be the focus of this thesis are found in section 1.5.5 and 1.6.1 respectively.
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1.4.3. Roles and mechanisms of polySia functions in the CNS

PolySia in the developing brain is involved in a variety of important neurological functions such
as neurite outgrowth, cell migration, axonal guidance and branching, neuronal pathfinding,
lamination of mossy fibres, and synapse formation as reviewed by several papers (Hildebrandt and
Dityatev, 2013, Bonfanti, 2006, Brusés and Rutishauser, 2001, Schnaar et al., 2014). Despite
multiple functions of polySia in the developing CNS, in adults only neurogenesis and plasticity

have been suggested (Gascon et al., 2007), and these will be discussed in section 1.4.3.2.
1.4.3.1. Mechanisms of action of polySia

Due to the negative charge derived from the carboxyl group of Sia, polySia has a bulky polyanionic

nature leading to an enormous hydration volume (Sato and Kitajima, 2013a, Rutishauser, 2008,

Figure 1.6. Mechanisms of action of polySia. (A) Repulsive effect. Due to the bulky polyanionic nature
of polySia, a large hydration shell (has been shown with a light grey sphere surrounding polySia-NCAM)
is formed on the polysialylated surface resulting in a repulsive field on the cell surface. (B) Reservoir or
retain effect. PolySia on NCAM directly binds to several biologically active molecules such as BDNF. (C)
Regulation of ion transport. PolySia-NCAM interacts with some ion channels, such as AMPA receptors,
and regulates their opening and closing and thus controls ion transport. Adapted from (Sato and Kitajima,
2013b).
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Gascon et al., 2007). As a result of this unusual hydrophilic capacity, polysialylation increases the
size of its carrier molecules and enhances repulsive forces on the polysialylated surface of apposing
polysialylated membranes (Figure 1.6A) (Yang et al., 1992). The removal of polySia in cell culture
caused a significant decrease (25%) in the number of trapped ferritin molecules per micrometre
between apposed membranes of endoN treated cells compared to non-treated ones (Yang et al.,
1992). In addition, the binding of monoclonal antibodies to NCAM was altered by different ion
concentrations indicating the effect of this highly charged sugar on the association of NCAM with
other proteins at the cell surface (YYang et al., 1994). Therefore, polySia works as an anti-adhesive

molecule, weakening cell-cell or/and cell-matrix interactions.

Recently a new mechanism of action has been suggested for polySia, which is based on its attractive
force (Hane et al., 2012, Sato et al., 2010, Sato and Kitajima, 2013a). PolySia can bind and act as
a reservoir for specific bioactive molecules such as BDNF and DA and through this reservoir effect
can either reduce or increase interactions at receptors (Figure 1.6B). For instance, polySia’s
interaction with BDNF (discussed in Section 1.4.1.4) results in a complex formation where both
molecules migrate toward the receptor. The migration is explained by the affinities of BDNF
toward polySia and BDNF receptors. The KD of BDNF to polySia, as calculated by surface
plasmon resonance, is about 10~ ° M (Hane et al., 2012, Sato et al., 2010), whereas the KD to BDNF
receptors (TrkB and p75NTR) is 10”2 and 10~ 1° M, respectively. Therefore, BDNF in BDNF-
polySia complexes would move toward BDNF receptors due to its stronger affinity toward these
receptors compared to polySia. Then, BDNF binds to its receptors and polySia dissociates (Sato
and Kitajima, 2013a). This reservoir effect of polySia is suggested to be an indicator of how this
sugar participates in the regulation of neural function (Sato and Kitajima, 2013a, Sato and Kitajima,
2013b). However, this mechanism is based only on the results of in vitro experiments and so far

there is no evidence to confirm whether this type of interaction occurs in vivo.

PolySia can also regulate the activity of ion channels (Figure 1.6C) (Sato and Kitajima, 2013b).
PolySia on NCAM can modulate the activity of glutamatergic receptors including AMPA and
NMDA receptors (discussed in Section 1.4.1.4 and Section 1.4.3.2.2 of this chapter).
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1.4.3.2. Functions of polySia in the adult CNS
1.4.3.2.1. PolySia and adult neurogenesis

One form of adult plasticity comprises the employment of newly produced neurons into functional
circuits (Gascon et al., 2010). In the mammalian brain, this process of “rejuvenation” of existing
circuits happens in two distinct areas: the subventricular zone of the lateral ventricle (Alvarez-
Buylla et al., 2000) and the subgranular zone of dentate gyrus in the hippocampus (Kempermann
and Gage, 2000). Progenitor cells originate from the subventricular zone of the lateral ventricle and
migrate rostrally to the olfactory bulb using the rostral migratory stream (Luskin et al., 1997), where
they differentiate mainly into interneurons (Zigova et al., 1998). These cells express polySia,
required for efficient migration (Angata et al., 2007, Weinhold et al., 2005), during their rostral
migration (Ono et al., 1994, Hu et al., 1996). However, the functional role of polySia is
incompletely understood (Gascon et al., 2010). Loss of polySia in ST8Siall, ST8SialV double-
knockout mice led to the migration deficit of neuroblasts in the rostral migratory stream as well as
a reduction in size of olfactory bulbs (Angata et al., 2007, Weinhold et al., 2005), and the mutation
of NCAM or removal of polySia also had similar effects (Ono et al., 1994, Cremer et al., 1994,
Tomasiewicz et al., 1993). Furthermore, polySia cleavage by endoN injection into the rostral
migratory stream of adult mice led to premature differentiation, suggesting that polySia removal
stimulates differentiation of newly generated neurons (Petridis et al., 2004). Similar to the
subventricular zone of the lateral ventricle, a conspicuous polySia expression is associated with
neurogenesis of the subgranular zone of dentate gyrus of the adult hippocampus (Seki and Arai,
1993c, Seki and Arai, 1991) and this polySia-positive microenvironment is believed to support the
neurogenic niche (Seki, 2002b). PolySia also appears to play a role in survival of newly generated
neurons in vitro as removal of polySia using endoN in cortical cultures from newborn rats radically

reduces the number of newly generated neurons (Vutskits et al., 2006).
1.4.3.2.2. PolySia and synaptic plasticity

Synaptic plasticity is the biological process by which synapses are modified in structure and
function resulting in changes in synaptic strength, in response to various stimuli or environmental
conditions (Gaiarsa et al., 2002). These alterations in synaptic properties include a range of synaptic
modifications from subtle changes in the efficacy of synaptic transmission to distinct structural

reorganization of connections (Gascon et al., 2007). The classical models for studying activity-
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dependent synaptic plasticity particularly in neurons of higher brain regions are long-term
potentiation (LTP) and long-term depression (LTD), representing an increase and a decrease in
synaptic strength respectively (Gaiarsa et al., 2002) although in some brain regions plasticity is not
represented in this way (Barnett et al., 2016).

PolySia is involved in synaptic plasticity in the hippocampus which has a structure well suited for
studies on synaptic function. This role arises from work on both the developing and adult CNS. A
series of experiments performed by Muller et al. (Muller et al., 1996) on CA1 hippocampal slice
cultures of 7-day-old neonatal rats, maintained for 10-20 days, showed high expression polySia-
NCAM. Theta burst stimulation of different cultures systematically induced robust potentiation,
whereas the stimulation of the cultures after enzymatic digestion of polySia with endoN, induced
only a transient potentiation with no lasting LTP. Likewise, a slowly decaying form of LTP was
obtained after theta burst stimulation of CA1 hippocampal slices obtained from 3—4-month-old
NCAM-deficient mice, expressing less than 5% of wild-type polySia, as opposed to a robust
potentiation of the EPSP slope in control mice (Muller et al., 1996). In another series of
experiments, Muller et al. used a series of low frequency stimulations that failed to induce LTD in
the endoN treated cultures, whereas the stimulation produced a lasting depression of synaptic
efficacy in non-endoN treated cultures (Muller et al., 1996). In agreement with Muller et al.
findings, local injections of endoN into the hippocampus of adult rats impaired spatial memory,
which relies heavily on plasticity in the hippocampus. In the same study, tetanic stimulation of
endoN treated CA1 hippocampal slices of the adult rats failed to induce LTP, again suggesting a
role for polySia in induction of LTP and thus in synaptic plasticity (Becker et al., 1996).

Studies using mice deficient in ST8Siall or ST8SialV further provided useful tools in determining
the role of polySia in synaptic plasticity. Schaffer collateral-CA1 synapses, which were polySia
positive in wild types, had impaired LTP and LDP in the adult ST8SialVV mutants (Eckhardt et al.,
2000). In contrast, theta burst stimulation of Schaffer collateral-CAl of ST8Siall knockout and
wild type adult mice did not show any significant difference on short term potentiation and LTP
(Angata et al., 2004), indicating that LTP in the CA1 region requires polySia synthesized by
ST8SialV rather than ST8Siall. LTP at CA3 synapses was also undisturbed in the ST8Siall mutants
(Angata et al., 2004), and knockout of ST8SialV had no effect on the LTP in the CA3 synapses of
the adult mice, although polySia expression was significantly reduced in the mutant (Eckhardt et

al., 2000). Together these data suggest that the role of polySia differs in the CA1 compared to the
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CA3 region. Similarly, although the dentate gyrus in wild type mice shows polySia expression,
LTP impairment at synapses of the perforant path was not detected in either of the polyST single-
knockout mice in vivo (Stoenica et al., 2006). However, the author has not provided any
information regarding the expression level of polySia in the dentate gyrus of each polyST single-
knockout mice compared to the wild type. Therefore, polySia is not either required to keep LTP in
the dentate gyrus or the remaining polyST makes enough polySia to maintain LTP unchanged.
Investigating LTP alterations after enzymatic removal of polySia from CA3 and the dentate gyrus
of adult wild type animals would address this issue.

PolySia may modulate induction of CA1 LTP through regulating the activity of glutamate receptors
possibly both AMPA and NMDA type (Hammond et al., 2006, Vaithianathan et al., 2004). Since
polySia potentiates opening of AMPA receptors (Vaithianathan et al., 2004), it was hypothesized
that a direct interaction of polySia with the extracellular domain of LTP-mediating receptors may
affect activity of the receptors (Hildebrandt and Dityatev, 2013). This hypothesis was supported by
a study in which diminished LTP in CA1 region in hippocampal slices from NCAM deficient mice
was restored through application of colominic acid or extracellular domains of polySia-NCAM
fused to the Fc portion of human immunoglobulin (polySia-NCAM-Fc), but not with application
of NCAM (NCAM-Fc) (Senkov et al., 2006).

Consistent with data suggesting that polySia inhibits activation of GIuUN2B (also called NR2B)-
containing NMDA receptors at low concentrations of glutamate in primary hippocampal cultures
(Hammond et al., 2006), isolation of NMDA receptor-mediated currents in hippocampal slices in
NCAM deficient mice, which have a very low level of polySia, showed an increased GIuN2B-
mediated transmission in CA3-CA1 synapses (Kochlamazashvili et al., 2010). In addition, acute
removal of polySia with endoNF treatment enhanced GIuN2B-mediated Ca?* signalling in CA1
pyramidal cells (Kochlamazashvili et al., 2010). Inhibition of extrasynaptic GluN2B-containing
receptors using the GIuN2B-selective antagonist Ro 25-6981 restored long term potentiation and
abrogated contextual fear memory in polySia-NCAM-deficient mice (Kochlamazashvili et al.,
2010).

Since the role of polySia in synaptic plasticity has been mainly studied in hippocampus, more
evidence is required to comprehensively assess this role at different CNS sites that express

abundant polySia in the adult.
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1.4.3.2.3. PolySia and morphological plasticity

PolySia appears to also play a role in morphological plasticity (Bonfanti and Theodosis, 2009), in
which plasticity is not limited to synaptic alterations, but also involves structural changes to
neuronal and glial cell surfaces (Bonfanti, 2006). The evidence comes mainly from the adult
hypothalamo-neurohypophysial system. In response to specific physiological/experimental
manipulations such as parturition, chronic dehydration, or lactation the number and morphology of
neurosecretory axons and terminals as well as remodelling of associated glia occurs (Theodosis et
al., 2006, Theodosis and MacVicar, 1996, Theodosis and Poulain, 1993). Ultrastructural analyses
of dissected neurohypophysis tissues from adult rats incubated with hyperosmotic medium or
isoprenaline in vitro showed a significant enhancement in the neurovascular contact as the
proportion of basic lamina next to nerve terminals was doubled, primarily due to an increased
number of terminals. In contrast, a decrease in gliovascular contact was detected. This morphology
was reversed after agonist washout. In vitro removal of polySia from the neurohypophysis tissue
of adult rats with endoN prevented both stimulation-related induction and reversal of axonal and

glial changes (Monlezun et al., 2005).

Under stimulated conditions, the oxytocin magnocellular neurons show hypertrophy with shorter
dendrites with fewer branches but larger ramifying axons. The neurons have more synapses, glial
coverage is significantly decreased and the surfaces of oxytocin somata and dendrites are directly
and extensively juxtaposed (Theodosis et al., 2006, Theodosis, 2002). In accordance with the in
vitro results obtained by Monlezun et al. (2005), in vivo digestion of polySia via microinjection of
endoN close to the hypothalamic magnocellular nuclei showed no apparent withdrawal of
astrocytic processes nor any increase in synaptic contacts usually induced by lactation and
dehydration demonstrating that cell surface polySia in the adult hypothalamo-neurohypophysial
system is indispensable to its capacity for activity-dependent morphological (neuronal—glial) and
synaptic plasticity (Theodosis et al., 1999). Likewise, after in vivo blockade or enzymatic removal
of polySia in the arcuate nucleus, morphological changes that were normally induced by 17f-
estradiol did not occur (Hoyk et al., 2001).

The mechanisms by which polySia permits morphological changes remain elusive. Due to its anti-
adhesive property discussed in section 1.4.3.1, polySia expression on cell surfaces weakens

adhesion between polysialylated cells, which might lead to the detachment of cells from their
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neighbours or from the extracellular matrix which may permit morphological modification upon
stimulation. The second possible mechanism is that polySia may activate intracellular signals
causing astrocytic shape changes and/or synapse formation that are modified by certain stimuli
(Theodosis et al., 2008).

1.4.3.3. Functions altered after removal/induced expression of polySia

Manipulating polySia levels has been used frequently to investigate functions modulated by
polySia. The most common methods of manipulating polySia level is its reduction or removal using
enzymes or NCAM/polySTs knockout animals, described in Sections 1.4.3.2.2 and 1.4.3.2.3.

However, some functional effects have been investigated by inducing expression of the glycan.

After lesion, axons of the adult mammalian CNS fail to regenerate due mainly to the non-
permissive nature of the CNS environment (Schwab, 2004, Filbin, 2003, David and Aguayo, 1981).
The ability of polySia to potentially regulate plasticity has made it an attractive target for
therapeutic approaches to improve the repair of the damaged adult nervous system due to injury or
disease (Rutishauser, 2008). A few groups have used virally mediated gene delivery techniques to
induce polySia expression by targeting polySTs, leading to a sustained expression of this glycan
(Zhang et al., 2007a, Zhang et al., 2007b, El Maarouf et al., 2006, Ghosh et al., 2012, Luo et al.,
2011).

After spinal cord injury, axonal regeneration is inhibited due to a physical barrier effect and
biological hindrance owing to the glial scar that is formed (Liuzzi and Lasek, 1987, Silver and
Miller, 2004). PolySia is temporally up-regulated by astrocytes in the glial scar and this up-
regulation is spatially correlated with axonal sprouting (Camand et al., 2004, Dusart et al., 1999,
Emery et al., 2000, Szele and Chesselet, 1996). Induced expression of polySia via up-regulating
ST8SialV in and around lesion cavity of the dorsal column (Zhang et al., 2007a) and across the
dorsal root entry zone, dorsal root, and dorsal horn (Zhang et al., 2007b) increased polySia
expression associated mainly with GFAP positive astrocytes and to a lesser extent oligodendrocytes
and neurons. This induced expression resulted in significant axonal regeneration in the adult rat
spinal cord. Similarly, in the adult mouse, engineered induction of polySia expression in astrocytes
(using a cytomegalovirus (CMV) promoter encoding ST8SialV) caudal to the spinal cord lesion

site in the right corticospinal tract, promoted the regeneration of axons (EI Maarouf et al., 2006).
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Myelin inhibits axonal regeneration after injury to the adult mammalian CNS (Filbin, 2003,
Schwab, 2004). The disappearance of polySia-ir on developing axons coincides with the beginning
of myelination (Hekmat et al., 1990, Seki and Arai, 1993b). In addition, in vitro data indicated that
down-regulation of polySia promotes differentiation of oligodendrocyte precursor into mature
oligodendrocytes (Decker et al., 2000). Therefore, overexpression of polySia using a PLP
dependent ST8SialV transgenic mouse was used to study the role of polySia in myelination.
Interestingly, in this transgenic animal there was a delay of myelin formation (Fewou et al., 2007,
Franceschini et al., 2004), suggesting that induced polySia expression might be used to promote

axonal regeneration after injury.

These studies focused on the effect of induced polySia expression on injured CNS repair; however,
there is no information available as to whether the induced polySia expression can rescue any
deficiency associated by its disturbed expression in vivo. Furthermore, the functional effect of
polySia overexpression on areas expressing it either abundantly or at lower levels remains

unknown.

The main focus of this thesis will be on three regions in the CNS: the dorsal horn of the spinal cord,
the spinal trigeminal nucleus (and its sensory ganglia that provides afferent input) which have
abundant expression of polySia, as well as the rostral ventrolateral medulla which has a much lower

abundance of polySia (as shown in Chapter 2).
1.5. Anatomy and general functions of the dorsal horn of the spinal cord

The spinal cord is a long tubular bundle of nervous tissue that extends from the brainstem in the
CNS (Figure 1.7A). The spinal cord dorsal horn is a major zone of the CNS in which sensory
information is received, integrated, and conveyed to higher levels of the CNS (Perl, 1984,
Crossman, 2016).

1.5.1. Organization of the dorsal horn

The dorsal horn is located in the grey matter of the spinal cord at all levels (Crossman, 2016). In
1952, Rexed divided the grey matter of the spinal cord into a series of parallel layers (lamina I to
X) on the basis of cytoarchitecture of Nissl stained sections from the cat spinal cord. The layers are
numbered sequentially from dorsal to ventral, with the dorsal horn constituting the first 6 laminae

(Figure 1.7B) (Rexed, 1952). This organizational scheme has been widely accepted for mouse
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(Sidman et al., 1971) and rat (Molander et al., 1984, George and Charles, 2007), the most

commonly used laboratory species.

Laminae I-1V are located most dorsally. Many complex polysynaptic reflex paths (ipsilateral,
contralateral, interasegmental, and intersegmental) as well as many long ascending fibres to the
higher CNS levels originate from these layers (Schoenen and Faull, 2004). Lamina | (lamina
marginalis) is a thin layer at the dorsolateral tip of the dorsal horn comprising loosely packed
neuropil with coarse and fine nerve fibres and a low density of neurons (Schoenen and Faull, 2004).
Lamina 11, originally termed substantia gelatinosa (Cervero and Iggo, 1980, Rolando, 1824), is

much larger and has a high neuronal density, consisting of densely packed small neurons with only

Figure 1.7. Dorsal horn, its afferent input and neurons. (A) Schematic representation of the spinal cord
and brainstem in rats. (B) Dorsal horn constitutes Laminae 1-V1 of the spinal cord based on Rexed laminar
organization, as shown in the selected box. Primary afferents innervate the dorsal horn in an orderly way
with Ad nociceptors end mainly in lamina I, peptidergic primary afferents (C fibres and some Ad fibres)
ending in lamina I/llo (llo: lamina Il outer layers), and non-peptidergic terminating in lamina II. Ad hair
follicle afferents innervate between lamina IT and lamina III, while A afferents terminate mostly in lamina
I11-V, with some extension into lamina Ili (Ili: lamina Il inner layers). From (Todd, 2010). (C) Schematic
representation of neurons of the spinal cord: interneurons, projection neurons, and their input and output.
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some larger neurons (Willis and Coggeshall, 2004, Schoenen and Faull, 2004). It is virtually devoid
of myelinated fibres unlike the adjacent laminae (Schoenen and Faull, 2004, Crossman, 2016)
which together with a high density of neurons results in a ‘gelatinous’ appearance (Willis and
Coggeshall, 2004). Lamina Ill contains myelinated fibres and somata that are larger and is less
closely packed compared to lamina Il. Lamina IV is a thick, loosely packed, heterogeneous area
filled by fibres. Neuronal somata in Lamina IV are variable in size and shape (Crossman, 2016,
Schoenen and Faull, 2004). Laminae V-V are located at the base of the dorsal horn with lamina V
having a mixed cell population and lamina VI comprising a medial region of small densely packed

neurons and a lateral region two-third consisting of larger somata (Crossman, 2016).
1.5.2. Input to the dorsal horn

Signals related to nociception, pain, temperature, and other somatosensory functions are initially
transmitted to the spinal cord dorsal horn by primary afferent fibres from neurons located in the
dorsal root ganglia, via the dorsal roots (Crossman, 2016, Perl, 1984, Perl, 1992, Zeilhofer et al.,
2012). The primary afferent fibres are categorized into three groups (AP, Ad, and C fibres)
according to their peripheral target sites (cutaneous, articular and visceral afferents), conduction
velocity (proportionate to their size and myelination), response properties (including sensory
modalities and the intensity of stimulus required to activate them) and neurochemical phenotype
(such as peptide expression). These characteristics are interconnected because the majority of large
myelinated cutaneous afferents (AP fibres) are fast-conducting and low-threshold
mechanoreceptors which react to touch or hair movement, while many of small-diameter fine
myelinated afferents (Ad fibres) and unmyelinated afferents (C fibres) are primarily nociceptors or
thermoreceptors (Todd, 2010). In rats about 80% of cutaneous primary afferents are likely to be

unmyelinated (Lynn, 1984).

The primary afferents terminate in a lamina-dependent pattern based on their functional group, with
laminae I-1V being the main site of termination of cutaneous primary afferent terminals (Schoenen
and Faull, 2004, Crossman, 2016). AP fibres mainly innervate laminae (11i-V), while nociceptive
and thermoreceptive Ad and C fibres terminate in lamina | and a large area of lamina I, except for
its most ventral part (Figure 1.7B) (Light and Perl, 1979, Todd, 2010).

All classes of primary afferent fibres use glutamate as their primary fast transmitter and therefore

cause an excitatory response at second-order neurons (De Biasi and Rustioni, 1988, West et al.,
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2015, Battaglia and Rustioni, 1988). Moreover, dorsal root afferent fibres contain a range of
molecules including substance P, calcitonin gene-related peptide (CGRP), bombesin, vasoactive
intestinal peptides, cholecystokinin, somatostatin, dynorphin, and angiotensin Il. These molecules
are known or are predicted to play a neurotransmitter or neuromodulator role (Crossman, 2016).
Nociceptive C fibres can be categorized mainly into peptidergic and non-peptidergic fibres.
Peptidergic C fibres express neuropeptides such as substance P (Lawson et al., 1997) and CGRP
(Millan, 1999), whereas non-peptidergic fibres express c-Ret and neurotrophin receptor, which can
bind to isolectin-B4 and express Mas-related G-protein coupled receptor member D (Snider and
McMahon, 1998). These two classes innervate different zones with peptidergic C fibres terminating
in lamina I/11o (Ilo: lamina Il outer layers) and non-peptidergic innervating lamina 11 (Figure 1.7B)
(Todd, 2010, Lorenzo et al., 2008). In adult rats, about half of the lumbar dorsal root ganglion cells
that give rise to C fibres are reported to be peptidergic (Michael et al., 1997).

1.5.3. Neurons of the dorsal horn

In the dorsal horn, neurons are classified into two categories: those with axons remaining in the
spinal cord, called interneurons, and projection neurons whose axons are sent to the white matter

of the spinal cord to innervate mainly higher CNS regions (Figure 1.7C) (Todd, 2015).
1.5.3.1. Interneurons

The incoming information from primary afferent fibres including nociceptive input is processed by
complex circuits involving excitatory and inhibitory interneurons (Todd, 2010). Almost all neurons
in lamina Il and most in lamina | and lamina 11l are local interneurons which can be excitatory
(glutamatergic) or inhibitory (Todd, 2010). The inhibitory interneurons use GABA and/or glycine
as their main neurotransmitter. In adult rat, about 25%, 30% and 40-45% of neurons in laminae I,
Il and 111, respectively showed GABA-ir (Todd and Sullivan, 1990, Polgar et al., 2003). Glycine
exists at high levels in many lamina 11l neurons and to a lower extent in lamina | and lamina 1l
neurons with its expression limited mainly to cells showing GABA-ir (Polgar et al., 2003, Todd
and Sullivan, 1990). Reliable immunocytochemical markers for glutamatergic interneurons are
difficult; however, many excitatory neurons in the dorsal horn including laminae I-111 express
vesicular glutamate transporter 2 (VGLUT2) (Todd et al., 2003, Maxwell et al., 2007, Polgar et al.,

2003). Maintaining the balance between excitation and inhibition is essential to preserve normal
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sensory function and altering this balance can result in inflammatory or neuropathic pain (Todd,
2010).

1.5.3.2. Projection neurons

Information is conveyed to projection neurons for transmission to multiple brain areas. Projection
neurons are mainly present in lamina | and dispersed throughout lamina 1-VI, with very few
found in lamina Il at least at lumbar levels (Todd, 2010, Al-Khater et al., 2008, Spike et al., 2003).
Quantitative retrograde tracing studies in the adult rat suggest that in the fourth lumbar segment,
projection neurons account for about 5% of lamina | neurons, of which approximately 80%
demonstrated neurokinin 1 receptor (NK1R)-ir (Spike et al., 2003, Todd et al., 2000, Al-Khater et
al., 2008) and are activated by noxious stimuli (Salter and Henry, 1991). Although interneurons are
the major postsynaptic target for primary afferents (Dahlhaus et al., 2005, Todd et al., 2002, Naim
et al., 1997, Ikeda et al., 2003), and innervate projection neurons, projection neurons in lamina I
and lamina Il are also innervated by peptidergic primary afferents, most of which contain
substance P (Figure 1.7C) (Todd et al., 2002, Naim et al., 1997).

Retrograde (Almarestani et al., 2007, Hylden et al., 1989, Spike et al., 2003, Todd et al., 2000) and
anterograde (Gauriau and Bernard, 2004, Slugg and Light, 1994, Bernard et al., 1995) tracing
studies have demonstrated that the major supraspinal areas innervated by lamina | projection
neurons are the caudal ventrolateral medulla, the NTS, the lateral parabrachial area, the
periaqueductal grey matter, and specific regions in the thalamus.

1.5.4. Plasticity of the dorsal horn

The dorsal horn and in particular superficial lamina of the dorsal spinal cord can undergo activity
dependent synaptic plasticity under physiological, inflammatory, or injury-induced conditions
(Woolf and Salter, 2000, Thompson Haskell et al., 2002, Dubner and Ruda, 1992, Luo et al., 2014).
Following injury, primary afferent input is altered and many A fibres (Liu et al., 2000, Govrin-
Lippmann and Devor, 1978) and C fibres (Hulse et al., 2010) develop spontaneous activity.
Moreover, nerve injury modifies the pattern of expression of neurotransmitters/neuromodulators
such as CGRP within the afferent neurons (Shehab and Atkinson, 1986, Wakisaka et al., 1992,
Obata et al., 2006). Plasticity within the dorsal horn neurons (lkeda et al., 2006, Latremoliere and

Woolf, 2009, Sandkihler, 2009) can serve to modulate incoming somatosensory inputs following
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repetitive nociceptive input, and thus can alter the processing and propagation of the information

to higher CNS regions.

Trains of primary afferent discharge following repetitive nociceptive stimulation of C fibres at low
frequencies evoke increasing levels of activation in the dorsal horn in a phenomenon known as
‘wind up’ (Woolf and Salter, 2000, Luo et al., 2014) that plays a key role in hypersensitivity. Wind-
up is a form of short-term synaptic plasticity as when the stimulus is removed, the activation
disappears (Woolf and Salter, 2000, Luo et al., 2014, Mendell and Wall, 1965, Mendell, 1966). In
contrast, central sensitization is a state where the facilitation of input outlasts the stimulus such that
repetitive C fibre input following deep and continuous noxious stimulation produces excitability in
flexor reflex, an increase in spontaneous activity, a reduction in threshold for activation by a
peripheral stimulus, a rise in receptive field size, and new responses to normally innocuous A}
fibre inputs (Woolf, 1983, Latremoliere and Woolf, 2009). Central sensitization leads to
hyperalgesia and allodynia (Sandkihler, 2009).

In addition some activity-dependent synaptic modifications with similarity to cortical LTP have
also found in the dorsal horn (Latremoliere and Woolf, 2009). Brief high-frequency electrical
stimulation of primary afferents produced a LTP or a LTD of fast (monosynaptic and polysynaptic)
EPSPs in a large number of neurons in laminae I-111 of lumbosacral spinal cord. LTP and LTD
were observed in both the AMPA and the NMDA receptor-mediated components (Randic et al.,
1993).

In addition to the activity dependent plasticity, the dorsal horn shows intrinsic plasticity, which
means long-lasting changes in membrane excitability (Sandkihler, 2009), resulting from
continuous noxious stimulation. This could alter the active and passive membrane properties

regulating the input-output relationship of neurons (Sandkthler, 2009).
1.5.5. PolySia in the dorsal horn

Within the dorsal horn, a dense intercellular staining of polySia was reported filling the neuropil in
bundles of fine fibres and on cell membranes in the superficial laminae (lamina I and I1) (Seki and
Arai, 1993b, El Maarouf et al., 2005, Bonfanti et al., 1992), but also on some fibres terminating in
the lamina Il (El Maarouf et al., 2005). The localization of polySia with regard to primary
afferents, interneurons, and projection neurons are not well understood. The polySia positive cells

in lamina Il were considered interneurons only based on their localization, size, and shape and
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length of their immunolabelled fibres without any double labelling with interneuron markers (El
Maarouf et al., 2005). The C fibre presynaptic elements were reported to lack polySia based on
double labelling of polySia and fluorescent wheat germ agglutinin, used to label projections of C
fibres to lamina 11 of dorsal spinal cord, suggesting that polySia is expressed on the targets for C

fibres but not on the C fibre presynaptic elements.

Removal of polySia from the spinal cord of healthy mice via intrathecal injection of endoN did not
alter function measured as thermal or mechanical sensitivity (EI Maarouf et al., 2005). Thus, the
role of polySia in the dorsal horn of the spinal cord under normal conditions is unknown. Under
conditions of chronic injury and pain, nociceptive C terminals in lamina Il are lost leading to a
reduced thermal hyperalgesia. Interestingly, experimental removal of polySia with endoN in a
mouse model of neuropathic pain prevented this loss of nociceptive C fibres exacerbating
hyperalgesia which was maintained for weeks (EI Maarouf et al., 2005). This suggests that
following injury, polySia may inhibit NCAM’s actions to alleviate thermal hyperalgesia, even
though mechanical hyperalgesia was not altered further suggesting an association only with

specific types of afferent input (C fibres).

Unilateral cervical dorsal rhizotomy (cutting dorsal rootlets carrying sensory input) led to the
expression of polySia in laminae I11-1X of the adult rat spinal cord 24 h after lesion. polySia-ir
appeared in neurons scattered in laminae 111-1X, both ipsi- and contralateral to lesion, which was
followed by later immunoreactivity in activated astrocytes of the grey matter and dorsal funiculus
ipsilateral to the lesion (Bonfanti et al., 1996). Similarly, six weeks after dorsal column transection
followed by injection of lentiviral virus encoding GFP, a moderate increase in polySia-ir around
the lesion cavity was observed that was associated with a subpopulation of GFAP* astrocytes
(Zhang et al., 2007a).

These data warrant further investigation to explain what polySia does under control conditions and
the cellular mechanisms or mediators it modifies under conditions of ‘wind up” in order to
understand the impact of this sugar in altering neurotransmission in the CNS. Furthermore, nothing

is known about potential interacting partners of polySia in the spinal cord.
1.6. The trigeminal ganglion and spinal trigeminal nucleus

The sensory information including mechanical, thermal, chemical, and proprioceptive information

from orofacial structures (most of the head, including the face and teeth) is conveyed to the
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trigeminal nuclei in the brainstem through the trigeminal nerve (Figure 1.8A) (lwata et al., 2011,
Bereiter et al., 2000, Hanani, 2005). This nerve has three peripheral branches: the ophthalmic,
maxillary, and mandibular divisions. The first two divisions are purely sensory, while the
mandibular division is both motor and sensory. These branches converge within the posterior
aspect of the cavernous sinus forming the sensory trigeminal ganglion (Figure 1.8A-C) (lwata et
al., 2011).

The trigeminal (semilunar or Gasserian) ganglion (TG) is the sensory ganglion of the trigeminal
nerve containing the cell bodies of most trigeminal primary afferents of the three divisions of the
trigeminal nerve and is situated at the base of the brain (Figure 1.8B and C) (Kapila et al., 1984,
Sessle, 2005a). Apart from cell bodies, the TG contains associated nerve fibres as well as fibres
originating from cells elsewhere that pass through or terminate within the ganglion (Lazarov,
2002). Three discrete categories of TG neurons based on cell size include small cells (20-30 pm)
related to cutaneous branches, medium-sized cells (30-50 um) related to corneal afferents, and
large-sized cells (50-80 um) related to oral and perioral branches, including the tooth pulp
(Marfurt, 1981, Sugimoto et al., 1986). TG neurons have been further classified to Aa/B, Ad, and

Figure 1.8. The trigeminal ganglion and spinal trigeminal nucleus. (A) A coronal section of the
brainstem showing the location of trigeminal ganglion (TG; blue), the spinal trigeminal nucleus caudalis
(Sp5C; red and orange), and gelatinous layer of the caudal spinal trigeminal nucleus (Ge5; orange). (B)
shows a dorsal view of the rat skull following the bone and brain removal to display the location of the
trigeminal ganglion (green arrows). (C) The magnified image of the box indicated in B demonstrating the
location of 3 divisions of the trigeminal ganglion. Arrows 1 and 2 show ophthalmic and maxillary branches
respectively, while arrow 3 points to the cell bodies of the primary afferent neurons with axons in the
mandibular division. Arrow 4 points to the trigeminal nerve root heading towards the brainstem.
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C fibres (for review see (Dubner and Bennett, 1983)). The medium- to large-sized TG neurons have
conduction velocities in the AP and Ad groups, representing low-threshold mechanoreceptors (the
AP category) and low-threshold mechanoreceptors, thermoreceptors, and nociceptors (the Ad
category). The small ganglion cells with a conduction velocity matching the C category are thought
to be nociceptive (Lawson, 1992). Trigeminal nerve injury or orofacial inflammation alters the
excitability and molecular expression of TG neurons, which in turn changes information processing
in their innervating neurons and therefore causes hypersensitivities to nociception (Takeda et al.,
2005, Takeda et al., 2006, Takeda et al., 2011).

TG somata are surrounded by an envelope of satellite glial cells (SGCs) (Lazarov, 2002, Hanani,
2005). SGCs directly affect neuronal activity by regulating the microenvironment in the ganglion
(Hanani, 2005, Pannese et al., 2003). There is an increasing number of studies suggesting that SGCs
may play an important role in orofacial sensory disorders following trigeminal nerve injury or
orofacial inflammation (Takeda et al., 2011, K. Gunjigake et al., 2009, Katagiri et al., 2012, Takeda
et al., 2009).

Sensory information is conveyed by the central axonal branches of TG neurons to the brainstem,
where they ascend or descend in the trigeminal spinal tract, and then enter the trigeminal brainstem
sensory nuclear complex (Sessle, 1987, Sessle, 2005a), composed of the main sensory nucleus and
the spinal trigeminal nucleus (Sessle, 2000). The spinal trigeminal nucleus is a long nucleus
extending down from the pons to the spinal cord as far as the second cervical root ultimately
merging with the lamina Il of the spinal cord (Grant, 2005). It is subdivided into three subnuclei
from rostral to caudal: oralis, interpolaris, and caudalis. The focus in this thesis is the spinal

trigeminal nucleus caudalis (Sp5C) (Figure 1.8A).

The Sp5C extends from the obex to the first cervical root and merges with the dorsal horn. This
nucleus, which is regarded an upward extension of the dorsal horn, has several morphologically
distinct classes of neurons and a laminated structure similar to that of the dorsal horn of the spinal
cord (Sessle, 2000, Gobel et al., 1981, Bereiter et al., 2000, Sessle, 1987). It is divided into three
regions: subnucleus marginalis corresponding to lamina I of the spinal cord dorsal horn, subnucleus
gelatinosus corresponding to laminae Il and Il (Figure 1.8A), and subnuclei magnocellularis
(lamina 1V) (Grant, 2005). Most C and A¢ fibres from different craniofacial tissues terminate in
Sp5C (Tashiro et al., 1984, Sessle, 2000, Pajot et al., 2000, DaSilva and DosSantos, 2012). Afferent
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fibres are arranged dorsoventrally within the spinal tract, with all three trigeminal nerve divisions
innervating the Sp5C (Shigenaga et al., 1986, Grant, 2005, Haines, 2015).

The signals from second-order neurons of the Sp5C are relayed to the somatosensory cortex
through the thalamus (Lazarov, 2002, Sessle, 2005a). The subnucleus caudalis has been implicated
in orofacial nociceptive mechanisms on the basis of clinical, behavioural, anatomical,
immunocytochemical, and electrophysiological findings (for review see (Dubner and Bennett,
1983, Sessle, 2000, Sessle, 2005b, Bereiter et al., 2000)).

1.6.1. PolySia in the trigeminal ganglion and spinal trigeminal nucleus

In the adult human TG, polySia expression was detected in neuronal perikarya, nerve fibres,
pericellular networks, and satellite and Schwann cells. Intense cytoplasmic staining and positive
pericellular fibre networks were also reported. Positive neurons were mostly small- and medium-

sized, accounting for almost 6% of the total ganglionic population (Quartu et al., 2008).

PolySia-ir in the trigeminal nucleus of the adult human was found restricted to the substantia
gelatinosa of Sp5C on the surface of neuronal cell bodies and processes (Quartu et al., 2008).
PolySia distribution is not described in the TG or Sp5C of any other species to our knowledge.

Furthermore, nothing is known regarding partners and function of polySia in these regions.
1.7. The rostral ventrolateral medulla

The rostral ventrolateral medulla (RVLM) in the rat is located in the medulla of the brainstem
ventral to the nucleus ambiguus, lateral to the inferior olive, medial to the spinal trigeminal tract,
and caudal and ventral to the inferior pole of facial nucleus, within the region about 1 mm caudal
to the facial nucleus (Figure 1.9) (Goodchild and Moon, 2009). The RVLM lies immediately
adjacent to major sites generating and maintaining respiratory rhythm and depth known as the pre-
Botzinger and Botzinger regions (Stornetta et al., 2003, Kanjhan et al., 1995). Other neurons play
a role in sensory and motor control (Stornetta et al., 2013, Ludlow, 2015). The RVLM plays a
crucial role in the tonic and reflex regulation of arterial blood pressure (AP) and sympathetic
vasomotor tone. Inhibition of cells on the surface of the brain overlying the RVLM in anaesthetized
animals with GABA or glycine resulted in a significant fall in blood pressure (Feldberg and
Guertzenstein, 1976, Guertzenstein and Silver, 1974). Using stereotaxic mapping, chemical

inhibition of the RVLM in anaesthetized animals generated falls in blood pressure and sympathetic
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nerve activity (SNA) (Ross et al., 1984, Willette et al., 1983b). In contrast, excitation of the RVLM
by electrical or chemical stimulation caused profound increases in the blood pressure and the SNA
innervating cardiovascular organs including blood vessels, heart, and adrenal medulla (Ross et al.,
1984, Willette et al., 1983a, Goodchild et al., 1982, McAllen, 1986). These data suggest neurons
within the RVLM set and maintain the level of sympathetic nerve activity which sets the level of

blood pressure.
1.7.1. The RVLM neurons

The RVLM neurons, crucial for the generation of sympathetic tone, project to sympathetic
preganglionic neurons (SPNs) and demonstrate a discharge pattern very similar to that of SPNs
(Dampney, 1994b, Spyer, 1994, Sun, 1996). The activity of these cells, called ‘RVLM
presympathetic neurons’ correlated with that of sympathetic nerves using techniques such as spike-
triggered averaging or coherence analysis (Montano et al., 1996, Barman and Gebber, 1997).
Extracellular recording of these bulbospinal neurons showed that these neurons were spontaneously
active with a basal activity, found to be inversely correlated to blood pressure and acutely sensitive
to pharmacologically stimulated changes in AP (Brown and Guyenet, 1984, Brown and Guyenet,
1985). These barosensitive neurons are mainly found at the rostral pole of the RVLM (Verberne et
al., 1999b). The bulbospinal neurons of the RVLM are excitatory neurons, as most express mRNA
for VGLUT?2 (Stornetta et al., 2002, Stornetta and Guyenet, 1999) and therefore it is believed that
their sympathoexcitatory effect is mainly mediated by glutamatergic transmission (Deuchars et al.,
1995, Morrison, 2003). A group of bulbospinal neurons, accounting for approximately 70% of the

Figure 1.9. The rostral ventrolateral medulla (RVLM). A coronal section of the rat brainstem showing
the location of the RVLM. AmbC, ambiguus nucleus, compact part; 10, inferior olive; NTS, nucleus of
solitary tract; py, pyramidal tract; Sp5, spinal trigeminal tract.
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RVLM bulbospinal neurons are C1 neurons. These neurons that have the capacity to synthesize
adrenaline (Phillips et al., 2001) occupy the region that spatially overlaps with the RVLM pressor
area (Schreihofer and Guyenet, 1997, Schreihofer et al., 2000, Guyenet, 2006, Sartor and Verberne,
2003). Optogenetic activation of C1 neurons generates a sympathoexcitatory effect (Abbott et al.,
2009) suggesting they significantly contribute to the regulation of the blood pressure (for review
see (Guyenet et al., 2013)). Although targeted stimulation of C1 neurons of the RVLM led to the
marginal increase in the blood pressure (Abbott et al., 2009), selective neurotoxic lesions of the C1
cells with saporin conjugates (Madden et al., 2006, Madden and Sved, 2003) showed that the
activity of C1 neurons are not essential for setting basal blood pressure indicating that non-C1 (non-
catecholaminergic presympathetic) neurons of the RVLM may be sufficient to maintain basal

sympathetic tone and blood pressure.
1.7.2. The RVLM and blood pressure control

Acute changes in arterial blood pressure are detected by baroreceptors on the wall of the aortic arch
and carotid sinus (McMullan et al., 2009). Baroreceptor afferents drive second-order excitatory
neurons of the NTS (Zhang and Mifflin, 1998) that send excitatory input to GABAergic neurons
of the caudal ventrolateral medulla (CVLM) (Schreihofer and Guyenet, 2002, Bailey et al., 2006).
GABAergic neurons in the CVLM drive inhibitory input to RVLM neurons leading to important
baroreflex-mediated changes in presympathetic RVLM neuronal activity, SNA and AP (Verberne
et al., 1999b, Schreihofer and Guyenet, 1997, Schreihofer and Guyenet, 2003, Schreihofer and
Guyenet, 2002). C1 neurons participate in baroreflex mediated function (Madden et al., 2006,
Schreihofer et al., 2000).

1.7.3. The RVLM and hypoxia

Hypoxia stimulates reflex changes in respiration (increased ventilation) and sympathetic activity
to increase blood oxygen levels and re-distribute blood flow and thus protect vital organs such as
brain, heart, and kidneys. The sympathetic adjustments generated by acute mild hypoxia
(sympathetic chemoreflex) are initiated by activation of arterial chemoreceptors located in the
carotid and aortic bodies while severe hypoxia also has a direct effect on the brainstem (Chalmers
et al., 1967, Sun and Reis, 1994, Downing et al., 1963, Fukuda et al., 1989). Peripheral
chemoreceptor activation by carotid sinus stimulation or intra-arterial cyanide showed profound

activation of vertebral, splanchnic, lumbar, and renal SNA (Koganezawa and Terui, 2007,
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Miyawaki et al., 1996), whereas cardiac SNA was depressed (Koganezawa and Terui, 2007, Kollai
et al., 1978). In both cases (acute mild and severe hypoxia), the RVLM plays an important role in
the responses generated. Most RVLM bulbospinal barosensitive neurons demonstrate strong
activation as a result of carotid body stimulation (cyanide or brief hypoxia) (Reis et al., 1994,
Koshiya et al., 1993, Sun, 1996). In line with this observation, the vast majority of C1 neurons
express Fos in conscious mammals exposed to hypoxia (Erickson and Millhorn, 1994, Hirooka et
al., 1997), while the sympathoexcitatory response caused by carotid body stimulation is blocked
after selective lesions of the C1 neurons (Schreihofer and Guyenet, 2000).

Cerebral ischemia can lead to a neurogenic increase in AP. This increase is independent of the
carotid bodies and is largely mediated by the activation of the barosensitive neurons of the RVLM,;
however, it is accepted that at some point all neurons are sensitive to hypoxia (Dampney and Moon,
1980, Sun and Reis, 1994, Dampney et al., 1979).

In addition to being sensitive to baroreceptor and chemoreceptor reflexes, bulbospinal neurons of
the RVLM are sensitive to other stimuli such as hypercapnia (Koganezawa and Paton, 2014,
Koshiya et al., 1993, Wakai et al., 2015), somatosympathetic reflexes (Shahid et al., 2012),
glucoprivation (Verberne and Sartor, 2010), osmolarity (Stocker et al., 2008), temperature
(McAllen and May, 1994), and body position (Sugiyama et al., 2011). However, C1 neurons may
not be crucial in the cardiovascular response to hypercapnia (Wenker et al., 2017, Marina et al.,
2011).

1.7.4. Synaptic input to the RVLM

The main sources of synaptic input to RVLM presympathetic neurons include the CVLM, area
postrema, the NTS, dorsal motor nucleus of vagus, midline raphe, caudal midline medulla,
retrotrapezoid nucleus, the lateral parabrachial nucleus, cuneiform nucleus, the Kolliker-Fuse
nucleus, lateral periaqueductal grey, and multiple hypothalamic nuclei (such as paraventricular
nucleus) (Dampney et al., 1987, Carrive et al., 1988, Koshiya and Guyenet, 1996, Horiuchi et al.,
1999, Sun and Spyer, 1991, Verberne et al., 1999a, Potas and Dampney, 2003, Dempsey et al.,
2017).

Currently, only the CVLM (Schreihofer and Guyenet, 2002, Sved et al., 2000) and caudal pressor
area (Horiuchi and Dampney, 2002) are known to provide tonic inhibitory input to the RVLM

neurons.
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1.7.5. Axonal projection of RVLM neurons

Retrograde tracing experiments (Ross et al., 1981, Goodchild et al., 1984, Blessing et al., 1981)
and antidromic activation of RVLM neurons (Lipski et al., 1995, Lipski, 1981, Brown and Guyenet,
1985) demonstrated that many RVLM neurons project to the intermediolateral cell column of the
thoracic spinal cord. Barosensitive presympathetic RVLM neurons innervate vasoconstrictor SPNs

monosynaptically in the thoracic and lumbar spinal cord (Strack et al., 1989, Oshima et al., 2008).

The RVLM also contains neurons, concentrated in the caudal half of the RVLM (600-800 pum
behind facial nucleus), projecting to higher brain regions including the paraventricular and
supraoptic nucleus of the hypothalamus and amygdala (Sawchenko and Swanson, 1982, Petrov et
al., 1993, Tucker et al., 1987, Verberne et al., 1999b).

1.7.6. PolySia in the RVLM

PolySia expression in the RVLM was not specifically described by studies investigating polySia
expression within the brainstem of human (Quartu et al., 2008) or rat (Bonfanti et al., 1992, Seki

and Arai, 1993a), thus is presumed to express little if any polySia.
1.8. Aims of this thesis

The expression of polySia is restricted to specific areas of the adult CNS. Unlike many studies
performed on higher brain regions, far less attention has been paid to the distribution and functions
of this sugar within the brainstem, spinal cord, and peripheral ganglia. Therefore, our initial aim
(Chapter 2) was to investigate the distribution of polySia within the brainstem, spinal cord, and
TG of the adult rat, one of the most commonly used rodent research models. The relationship of
polySia with different cell types (neurons, astrocytes, and oligodendrocytes) in three sensory
regions that we found to show high polySia expression was studied. The association of polySia
with a) primary afferents and interneurons and b) presynaptic elements in the dorsal horn was
explored. In the TG, the association of polySia with neurons, satellite glial cells, and Schwann cells
was examined. Then, the distribution of polySia in the adult rat brainstem and spinal cord was
compared with that of the adult mouse, another commonly used rodent research model, especially
as the use of genetically engineered mice is becoming commonplace (Vandamme, 2014). In the
final part of this chapter, polySia expression was compared using two most commonly used polySia
antibodies, mAb 735 and mAb 5324.
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Despite the high expression of polySia in some regions of the spinal cord such as the dorsal horn
or brainstem such as the Sp5C, few studies have investigated its function within these areas, and
no study has looked for interacting partners of the glycan. This is important as this information may
assist us with identifying functions associated with polySia. Thus our second aim (Chapter 3) was
to identify interacting partners of polySia within the dorsal horn of the adult rat utilising co-
immunoprecipitation combined with western blotting and/or mass spectrometry and confocal
microscopy. We then investigated whether these binding partners were limited to the dorsal horn
or were common in different regions including the intermediolateral cell column of the spinal cord
and the Sp5C of the brainstem. Finally, we sought to determine whether these interacting partners
were species specific by examining whether similar partners with polySia could be identified in the

mouse dorsal horn.

PolySia removal by enzymatic treatment or genetic knockout has been used to study functions
modified in vivo and in vitro, mainly performed on higher order brain regions. Likewise, in our
laboratory, removal of polySia from the NTS, where second-order neurons receive visceral afferent
sensory input from stretch receptors of the aortic arch and carotid sinus, via endoN microinjection
resulted in sympathoexcitation (Bokiniec et al., 2017). The information from the NTS is transmitted
to the RVLM to mediate excitatory reflex responses and the level of vasomotor tone, but the level
of polySia expression is low (see Chapter 2). We sought to determine whether overexpression of
polySia would alter functions dictated by the NTS and RVLM. Therefore, we used a lentiviral
vector in the NTS and RVLM neurons (Chapter 4) to drive the expression of ST8SialV, the main
enzyme responsible for polySia synthesis in the adult mammals. Then, we examined the effects of

polySia overexpression in the cardiorespiratory functions generated by the RVLM.

Finally, in Chapter 5, we summarized the major findings of the studies described and provided
ideas for future studies.
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Chapter 2 : Polysialic acid
distribution within the spinal
cord, brainstem, and trigeminal
ganglion
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Abstract

Polysialic acid (polySia), a large cell surface glycan widely expressed in the developing nervous
system, exhibits a discrete expression pattern within the adult brain, often associated with sites
showing plasticity. The expression and cellular localization of polySia is commonly described in
higher brain regions of the adult rat and mouse whereas limited evidence regarding its distribution
in the other regions of the central nervous system and in the peripheral nervous system is available.
Therefore, the aims were to examine the distribution and cellular localization of polySia in the adult
rat brainstem, spinal cord, and trigeminal ganglion and then compare these with the adult mouse
using immunohistochemistry and confocal microscopy. Finally, we compared the distribution of

labelling using two commonly used polySia antibodies—mAb 735 and mAb 5324.

Our results demonstrate numerous, yet specific sites expressing polySia immunoreactivity (ir)
throughout the rodent brainstem. We extended the previous findings describing polySia-ir in the
spinal cord by demonstrating polySia labelling also in the intermediolateral cell column around
many sympathetic preganglionic neurons and further described polySia expression in the trigeminal
ganglion of the adult rat. We found that polySia-ir was not localized with large astrocytic processes
or oligodendrocytes in the spinal trigeminal nucleus, the nucleus of solitary tract, and the spinal
cord, while it was found associated mainly with neurons and fine astrocytic processes, confirmed
by ultrastructural analyses. Within the spinal cord dorsal horn, some inhibitory neurons showed
polySia-ir, whereas calcitonin gene-related peptide (CGRP) expressing primary afferent fibres
were not associated with polySia-ir. Comparing the expression of polySia in rats and mice
demonstrated mostly common patterns with only a few regions such as the spinal cord dorsal horn
differing between species. Moreover, similar distributions of polySia-ir was found for both

antibodies in most regions evaluated.
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2.1. Introduction

Polysialic acid (polySia) is a large cell surface glycan mainly found as a post-translational
modification of the neural cell adhesion molecule (NCAM) in the mammalian brain (Hildebrandt
et al. 2008). Due to its large hydrated volume, polySia can produce a physical hindrance between
apposing cell membranes thus weakening intercellular adhesion (Rutishauser, 2008, Johnson et al.,
2005). PolySia is abundantly expressed in the developing nervous system (Sunshine et al., 1987),
where it is involved in neuronal migration, nerve branching and fasciculation (Landmesser et al.,
1990, Doherty et al., 1990), synaptogenesis, and plasticity (Kiss and Rougon, 1997, EI Maarouf
and Rutishauser, 2003). In the adult brain, polySia expression is significantly reduced, although
discrete expression patterns have been found in specific areas of the central nervous system (such
as the olfactory cortex, hippocampus, and hypothalamus) postulated to retain neurogenic capacity
or maintain a capability for plasticity throughout life (Rutishauser, 2008, Bonfanti, 2006, Seki and
Avrai, 1993a). Studies in the adult brain have focused mainly on the localization and distribution of
polySia in higher brain regions such as the cerebral cortex (Miragall et al., 1988, Aaron and
Chesselet, 1989, Seki and Arai, 1993c, Theodosis et al., 1991, Chung et al., 1991, Kiss et al., 1993,
Dhdill et al., 1999) where altered expression of the sugar is associated with altered learning and
memory (Becker et al., 1996, Fox et al., 2000), chronic stress (Pham et al., 2003, Sandi et al., 2003),
and neuropathological conditions such as schizophrenia (Barbeau et al., 1995), epilepsy (Mikkonen
et al., 1998), and Alzheimer’s disease (Mikkonen et al., 1999). The distribution of polySia in the
brainstem and spinal cord has been briefly described only using an antibody against polySia
attached to NCAM (anti-Men B; mAb 5324) in rat (Bonfanti et al., 1992, Seki and Arai, 1993b,
Seki and Arai, 1993a) and human (brainstem only) (Quartu et al., 2010, Quartu et al., 2008).
Detailed descriptions of the expression of the sugar in the rat and mouse lower brain regions are

very limited.

In addition, the cellular and subcellular localization of polySia in the brainstem and spinal cord
remain poorly understood. In some higher brain regions of the adult such as in cerebral cortex and
medial prefrontal cortex, virtually all polySia labelled cells studied were reported to be mature
neurons (Varea et al., 2005, Varea et al., 2007, Gomez-Climent et al., 2011) with a considerable
proportion reported to be inhibitory interneurons (Gilabert-Juan et al., 2011, Varea et al., 2012,

Varea et al., 2007). Moreover, in some forebrain regions, polySia is associated with immature
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neurons (Gomez-Climent et al., 2008, Gomez-Climent et al., 2010). While most astrocytes appear
to not express polySia under normal conditions, polysialylated astrocytes have been found in some
brain regions including the highly specialized hypothalamo-neurohypophysial system (Theodosis
and Poulain, 1993).

The first aim of this chapter was to describe the distribution and cellular localization of polySia in
the brainstem, spinal cord, and primary sensory neurons, specifically those of the trigeminal
ganglion, of the adult rat using the monoclonal antibody 735 directed against polySia (mAb 735).
We then compared the distribution of polySia immunoreactivity (ir) in the brainstem and spinal
cord of the adult rat and adult mouse. Finally, we compared the distribution of immunoreactivity
using mAb 735 with that of the only commercially available polySia antibody, mAb 5324. The
study has been performed using immunohistochemistry combined with confocal microscopy,
electron microscopy, and western blotting.
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2.2. Materials and methods
2.2.1. Animals

All experimental procedures were approved by the Macquarie University Animal Ethics
Committee (reference number ARA 2014/041 and 2015/040) and conducted in accordance with
the Australian Code of Practice for the Care and Use of Animals for Scientific Purposes.
Experiments were performed on male Sprague Dawley rats (14—20 weeks old) and male C57BL/6J
mice (8-12 weeks old) from the Animal Resources Centre, Perth, Western Australia.

2.2.2. Antibodies

Table 2.1 details the antibodies used. Endosialidase N (endoN) and mAb 735 were kindly provided
by Professor Rita Gerardy-Schahn (Hannover Medical School, Hannover, Germany) with all other
antibodies commercially sourced as indicated.

2.2.3. Tissue collection for western blotting

The method used was adapted from our previous work (Bokiniec et al., 2017). Animals were deeply
anaesthetized using sodium pentobarbitone (80mg/kg). When reflex testing of corneal and paw
withdrawal to pain evoked no response, the heart was punctured and the brain, spinal cord, and
trigeminal ganglia were removed as rapidly as possible (brain within 3-4 min and the spinal cord
within 7-9 min). These tissues were then placed in ice cold cryoprotectant solution (876 mM
sucrose, 500 um polyvinylpyrrolidone, 76.7 mM NaHPOs, 26.6 mM NaH2PO4, 5mM ethylene
glycol) and were cooled on dry ice before being transferred to a -80 C degree freezer for
preservation until dissection. The brain and spinal cord were dissected into 2 mm coronal segments
on dry ice using a brain matrix or manual cutting. The spinal cord was dissected such that the dorsal
section containing laminae I-1V of the dorsal horn was isolated. Similarly, the trigeminal nucleus
caudalis (Sp5C) and adjacent regions were isolated. To extract the brain region containing the
nucleus of solitary tract (NTS), a 2 mm rostrocaudal region of the brainstem was isolated as
described previously (Damanhuri et al., 2012). Care was taken not to allow the tissue to defrost

during dissection.
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Table 2.1. Details of primary and secondary antibodies used.

Primary antibody Cat # and Company Species and Reference/Publication Dilution
mono/polyclonal

g‘g;{%’;m'to”'” Gene-Related Peptide | ~g195  gigma-Aldrich Rabbit, poly (Brumovsky et al., 2011) | IHC* 1:12000
Anti-Choline Acetyltransferase - (Hinrichs and Llewellyn- .
(ChAT) AB144P, Merck Millipore Goat, poly Smith, 2009) IHC 1:1000
Anti-EAAT?2 Ab41621, Abcam Rabbit, poly (Lietal., 2013) IHC 1:1000
Anti-GAPDH Ab9485, Abcam Rabbit, poly (Dion et al., 2017) WB* 1:5000
'('*G”;'AGP')""' Fibrillary Acidic Protein | o564 - sigma-Aldrich Rabbit, poly (Gargini et al., 2007) IHC 1:500
Anti-Glutamine Synthetase G2781, Sigma-Aldrich Rabbit, poly (Hoehme et al., 2017) IHC 1:3000
Anti-Myelin Basic Protein (mbp) ab40390, Abcam Rabbit, poly (Makar et al., 2015) IHC 1:1000
Anti-NeuN [EPR12763] - Neuronal . (Larsson, 2017) IHC 1:1000
Marker ab177487, Abcam Rabbit, mono (Luan et al., 2016) 1:2000 for TG sections
'ZA‘S“-POIySIa“C Acid-NCAM, clone 2- MAB5324, Merck Millipore | Mouse, mono (Watzlawik et al., 2015) | IHC 1:1000
Endosialidase N (endoN; 2 mg/ml) NA NA WB 1 pl/40pg protein
Anti-GAD65+GADG67 (0.5 mg/ml) A01437, GenScript Rabbit, poly NA IHC 1:67

. WAB: 1:2000, EM: 1:2000
Monoclonal 1gG2a antibody 735 NA Mouse, mono IHC: 1:4000 slide mounted &

against polySia (mAb 735; 2 mg/ml)

1:16000 free floating sections

Somatostatin Receptor 2A (SSTR2A)

SS-870, Biotrend

Guinea pig, poly

(Bou Farah et al., 2016)

IHC 1:1000

(Bhattacharya et al.,
Synaptophysin 1 101 002, Synaptic Systems Rabbit, poly (ZIgiantti etal., 2015) IHC 1:500
(Jahn et al., 1985)
Secondary antibody Cat # and Company Species Dilution
Alexa Fluor® 488 AffiniPure Donkey 711-545-152, Jackson AL
Anti-Rabbit IgG (H+L) ImmunoResearch Donkey IHC: 1:500
Anti-Mouse 1gG (H+L) Secondary . .
Antibody, HRP conjugate Invitrogen Goat WB 1:5000
Anti-Rabbit 1gG H&L (HRP) ab6721, Abcam Goat WB 1:3300
715-065-150, Jackson
Biotin-SP donkey anti-mouse 1gG ImmunoResearch Donkey EM: 1:500

Laboratories
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Table 2.1. (continued)

Primary antibody

Cat # and Company

Species and
mono/polyclonal

Reference/Publication

Dilution

Cy3-conjugated donkey anti-mouse

715-165-151, Jackson

10G ImmunoResearch Mouse IHC: 1:500 for TG sections
g Laboratories

Donkey anti-Goat IgG (H+L) Cross- i .

Adsorbed Secondary Antibody, Alexa éc;?ﬁ‘lsc Thermo Fisher Donkey IHC 1:500

Fluor 488

Donkey anti-Mouse 1gG (H+L) Highly i .

Cross-Adsorbed Secondary Antibody, SAc IS;S]ZI?: Thermo Fisher Donkey IHC 1:500

Alexa Fluor 555

Goat anti-Guinea Pig 1gG (H+L) i .

Highly Cross-Adsorbed Secondary A-11073, , Thermo Fisher Goat IHC 1:500

Antibody, Alexa Fluor 488

Scientific

IHC*; immunohistochemistry, WB*; western blotting
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2.2.4. Tissue homogenization and western blotting

The samples were lysed in 10 pl/mg ice cold lysis buffer containing 50 mM Tris-HCI (pH 8), 150
mM NaCl, 4 mM EDTA, 1% (v/v) Triton X-100, and 1% (v/v) protease inhibitor cocktail (Sigma—
Aldrich, NSW, Australia). Lysates were homogenized for 3 cycles at 5 speed, each cycle lasting
for 20 s using a FastPrep-24 instrument (MP Biomedicals, NSW, Australia). Ceramic beads and
detergent insoluble materials were removed by two rounds of centrifugation at 13200 RPM for 5
and 30 min respectively, at 4 °C. Supernatants were collected and protein concentrations were
obtained using a BCA (bicinchoninic acid) assay kit according to the manufacturer’s instructions
(Pierce, Thermo Fisher Scientific, VIC, Australia). For removal of polySia, supernatant fractions
containing 40 png protein were incubated with endoN (1 pg) or neuraminidase o(2—3,6,8,9) (0.001
U/ul in 50 M sodium acetate, pH=5) for 1 h at 37°C. Western blot analysis was carried out as
described previously with some modifications (Galuska et al., 2006). In brief, samples (containing
40 pg protein) and Precision Plus Protein Western C standards (Bio-Rad, NSW, Australia) were
separated by sodium dodecyl sulphate—polyacrylamide gel electrophoresis (SDS-PAGE) under
reducing conditions. Any kD™ Mini-PROTEAN® TGX Stain-Free protein gels (Bio-Rad, NSW,
Australia) and 10x Tris/Glycine/SDS running buffer (Bio-Rad, NSW, Australia) were used.
Proteins were transferred to a nitrocellulose membrane (Bio-Rad, NSW, Australia) by semi-dry
method. The membrane was blocked with 5% (w/v) skim milk in Tris-buffered saline containing
0.1% Tween-20 (TBST, 20 mM Tris-HCI, pH 7.5, 150 mM NacCl, 0.1% (v/v) Tween-20) for 1 h at
RT, then washed with TBST, 3x5 min. Membranes were probed with primary antibodies (diluted
in 5% (w/v) skim milk in TBST) overnight at 4 °C. This was followed by three washes in TBST
(3x5 min), and 1-h room temperature incubation with secondary antibodies. The membranes were
washed with TBST, 3x5 min and visualized with enhanced chemiluminescence (ECL) using a Bio-

Rad ChemiDoc XRS chemiluminescence detector.
2.2.5. Immunohistochemistry

The method used was adapted from Dempsey et al. (Dempsey et al., 2015). Male rats or mice were
deeply anaesthetized using sodium pentobarbital (100 mg/kg i.p). Once pinch failed to elicit a pain
withdrawal reflex, rats were perfused transcardially with 400 ml and mice with 30 ml ice-cold
Dulbecco’s modified Eagle medium (pH 7.4, Sigma-Aldrich, Australia), followed by the same
volume of ice-cold 4% paraformaldehyde in 0.1 M phosphate buffer (pH 7.4, Sigma-Aldrich,
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Australia). The brains, spinal cords, and trigeminal ganglia were then removed and post-fixed

overnight.
2.2.5.1. Slide mounted immunohistochemistry

The post-fixed tissue was then cryoprotected in 30% sucrose in phosphate-buffered saline (PBS)
for 24 h and placed in OCT compound (Tissue-Tek®, Sakura Finetek, USA). The tissue was cut
using a cryostat (CM1950; Leica, NSW, Australia) into coronal sections 15 um thick, and mounted
onto Superfrost Plus slides (Thermo Fisher Scientific, VIC, Australia). The permeabilization step
was performed by incubation with 0.3% (v/v) Triton X-100 in Tris (10 mM)-phosphate (10 mM)
buffered saline (TPBS, pH 7.4) for 15 min at RT. Sections were blocked in 10% (v/v) goat or
donkey serum or both in TPBS containing 0.3% (v/v) Triton X-100, and then probed with primary
antibodies (Table 2.1) overnight at 4 °C, followed by four-hour incubation at RT. As controls,
several sections from each sample were incubated without primary antibodies. All sections were
then incubated with fluorescently conjugated secondary antibodies overnight at 4 °C. Both primary
and secondary incubations were followed by washing with TPBS, 3x15 min. Nuclei were stained
using 4,6-diamidino-2- phenylindole (DAPI, #62248, Thermo Fisher Scientific, VIC, Australia).
Slides were mounted using Dako Fluorescent mounting medium (Dako, Australia) and analysed
using a Zeiss upright microscope (Axio Imager Z.2, Germany) using ZEN 2012 imaging software
(Zeiss, Germany). Mosaic images of each coronal spinal cord section were taken at 10x
magnification. High power images were captured with a Leica confocal microscope (Leica TCS
SP5X; Leica Microsystems, NSW, Australia) using Leica Application Suite Advanced
Fluorescence software (LAS AF; Leica, Germany) and analysed using the ImageJ plugin Fiji

(Schindelin et al., 2012). Data presented are representative of five independent experiments.
2.2.5.2. Free floating sections

Free floating sections were used to study the distribution of polySia in the adult rat and mouse
brainstem using both mAb 735 and mAb 5324. The post-fixed tissue was cryoprotected in
cryoprotectant solution (see Section 2.2.3) for 24 h, cut into coronal sections (40 um thick) using
a vibrating microtome (Leica VT 1200S, NSW, Australia). Sections were permeabilized in 50%
(v/v) ethanol for 30 min at RT and washed in TPBS (pH 7.4), 3x30 min. Sections were incubated
with mAb 735 or mAb 5324 antibody diluted in 10 % (v/v) normal horse serum in TPBS for 48 h

at 4 °C. Several sections from each sample were stained without primary antibody to test whether

61



other detection reagents could cause a signal even if the primary antibody was absent. Sections
were washed, 3x30 min and then incubated with a fluorescent conjugated secondary antibody
overnight at 4 °C. Sections were washed, 3x30 min with TPBS, mounted onto glass slides using
Dako Fluorescent mounting medium (Dako, Australia), and visualized using a Zeiss upright
microscope (Axio Imager Z.2, Germany). Mosaic images of each coronal brainstem section were
acquired at 10x magnification using ZEN 2012 imaging software (Zeiss, Germany). Data presented
are representative of three independent experiments. The level of polySia labelling in different
regions of mosaic images was visually classified into very light, light, moderate, and dense.

2.2.6. Electron Microscopy
2.2.6.1. Tissue Processing

The method used was based on that by Llewellyn-Smith et al. (Llewellyn-Smith et al., 2005). Three
male Sprague-Dawley rats (8-10 weeks of age) were transcardially perfused under sodium
pentobarbital anaesthesia with DMEM/Ham’s F12 tissue culture medium (Sigma D-8900; St Louis,
MO, USA). This was followed by perfusion fixation with 4% formaldehyde and 0.3%
glutaraldehyde (Electron Microscopy Sciences, Hatfield, PA, USA) in 0.1 M phosphate buffer (pH
7.4). The lower percentage of glutaraldehyde, 0.3%, was used to facilitate immunolabelling for
polySia. The medulla was dissected from each brain and post-fixed overnight in the same fixative.
Coronal sections of 50 um thickness were cut the following day using a vibrating microtome (Leica
VT 1200S, NSW, Australia).

2.2.6.2. Immunohistochemistry

All steps were performed at room temperature with sections undergoing constant agitating. Free-
floating sections were permeabilized in 50% ethanol for 3 h and washed in phosphate buffer.
Sections were blocked using 10% normal horse serum in phosphate buffer containing 10 mM Tris,
0.9% NaCl and 0.05% merthiolate (TPBSm) for 30 min. They were then incubated with mAb 735
diluted in 10% normal horse serum in TPBSm for 7 days. After washing sections were incubated
in biotinylated secondary antibody, diluted in 1% normal horse serum in TPBSm for 4 days.
Sections were washed and incubated for a further 4 days in ExtrAvidin-Peroxidase (1:1500, Sigma-
Aldrich, #E2886). Immunoreactivity for polySia was revealed by nickel-intensified 3,3’-
diaminobenzidine (DAB) reaction using glucose oxidase to determine peroxidase activity as

previously described (Llewellyn-Smith et al., 2005). Briefly, sections were washed with TPBSm
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and exposed to 1 ml pre-incubation solution for 10 min, with an additional 1 ml of pre-incubation
solution containing 2 ul glucose oxidase added to each pot, giving a final glucose oxidase dilution
of 1:1000. Sections were reacted for 30 min (or until a strong but specific signal was detected) and
halted with several washes with TPBSm. As controls, several sections from each sample were
stained without primary antibody. Sections were washed with 0.1 M phosphate buffer, fixed in
0.5% osmium tetroxide for 60 min. After washing with distilled H20 sections were stained en bloc
with aqueous uranyl acetate (1%) for 30 min, protected from light. Sections were then dehydrated
through graded series of acetone and infiltrated with 1:1 solution of absolute acetone and medium
grade EPON resin. This was followed by overnight incubation in 100% resin. Resin was
periodically changed over 2 days before sections were flat embedded between glass slides and
ACLAR plastic film and polymerized at 60 °C for 48 h. Regions of the lateral trigeminal nucleus
were dissected using a scalpel blade and mounted onto flat blank blocks. Ultrathin sections (60 nm)
were cut using a diamond knife (Diatome, USA) attached to an ultramicrotome (Ultracut, Leica,
Heerbrugg, Switzerland). Sections were then collected onto copper 200 mesh grids. Selected grids
were post stained with 2% uranyl acetate followed by Reynold’s lead citrate, then imaged using a
JEOL transmission electron microscope (JEM-1400, JEOL, Tokyo, Japan). Micrographs were
acquired using Digital Micrograph Software (Gatan, USA), and digitally optimized for brightness
and contrast using the ImagelJ plugin Fiji (Schindelin et al., 2012).
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2.3. Results
2.3.1. PolySia distribution within the adult rat CNS using mAb 735 antibody
2.3.1.1. PolySia distribution within the brainstem of the adult rat

The distribution of polySia-ir was examined in the adult rat throughout the medulla oblongata and
pons (n=3) from bregma level -15.96 to -9 mm. All polySia positive regions are depicted in Figure
2.1. At all levels examined, the nucleus of solitary tract (NTS), dorsal motor nucleus of vagus

(10N), area postrema (AP), and dorsal tegmental nucleus (DTg) showed intense labelling.

In the trigeminal brainstem sensory nuclear complex extending through the medulla and pons,
intense polySia-ir was found only in the spinal trigeminal nucleus caudalis (Sp5C) located caudally
(bregma -15.96 to 13.92). Labelling was limited to the superficial layer comprising the substantia
gelatinosa. Occasional labelling was present within the spinal trigeminal tract (sp5) limited to
processes (bregma -14.16 and -13.68 in Figure 2.1).

All polySia labelled regions in the adult rat as well as the relative labelling intensity are shown in
Table 2.2.
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Figure 2.1. PolySia distribution in the adult rat medulla oblongata and pons shown by labelling using
mAb 735, bregma levels -15.96 to -9.00 mm. 10N, dorsal motor nucleus of the vagus; AP, area postrema;
CG, central grey of pons; Cu, cuneate nucleus; DRC, dorsal raphe nucleus, caudal part; DTg, dorsal
tegmental nucleus; Ge5, gelatinous layer of the spinal trigeminal nucleus caudalis; Gi, gigantocellular
reticular nucleus; GiV, gigantocellular reticular nucleus, ventral; gr, gracile fasciculus; IOA, inferior olive,
subnucleus A of medial nucleus; 10B, inferior olive, subnucleus B of medial nucleus; 10Be, inferior olive,
beta subnucleus; IOC, inferior olive, subnucleus C of medial nucleus; IOK, inferior olive, cap of Kooy of
the medial nucleus; IOM, inferior olive, medial nucleus; I0Pr, inferior olive, principal nucleus; IRt,
intermediate reticular nucleus; LC, locus coeruleus; LPB, lateral parabrachial nucleus; LRt, lateral reticular
nucleus; LRtPC, lateral reticular nucleus, parvicellular part; MdD, medullary reticular nucleus, dorsal part;
MdV, medullary reticular nucleus, ventral part; Me5, mesencephalic trigeminal nucleus; ml, medial
lemniscus; mlf, the medial longitudinal fasciculus; MPB, medial parabrachial nucleus; MVe, medial
vestibular nucleus; MVeMC, medial vestibular nucleus, magnocellular part; MVePC, medial vestibular
nucleus, parvicellular part; NTS, nucleus of solitary tract; Pa5, paratrigeminal nucleus; PCRt, parvicellular
reticular nucleus; PCRtA, parvicellular reticular nucleus, alpha part; PnC, pontine reticular nucleus, caudal
part; Pr, prepositus nucleus; RIP, raphe interpositus nucleus; RMg, raphe magnus nucleus,; ROb, raphe
obscurus nucleus; RPa, raphe pallidus nucleus; RVL, rostroventrolateral reticular nucleus; Sp5, spinal
trigeminal tract; Sp5C, spinal trigeminal nucleus caudalis. Scale bars = 500 um.
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Table 2.2. PolySia immunoreactive regions in the adult rat medulla oblongata and pons. *, **, ***
and **** represent very light, light, moderate, and dense labelling. # represents regions showing variable
expression levels rostrocaudally - the peak expression is indicated. Bregma indicates the first level in Figure
2.1 that staining appears.

Region Abbreviation Intensity | Bregma
The area where the Al cells are located Al region falahaliet -14.40
Area postrema AP Fkkx -13.68
Cuneate nucleus Cu * -14.16
Central grey of pons CG falader3 -9.60
Dorsal motor nucleus of vagus 10N falakaled -14.40
Dorsal raphe nucleus DRC Fhxk -9.00
Dorsal tegmental nucleus DTg Fokkk -9.60
Spinal trigeminal nucleus caudalis-gelatinous layer Sp5C Fhxk -15.96
Gigantocellular reticular nucleus Gi *xH -13.68
Gigantocellular reticular nucleus, ventral Giv *x -12.84
Gracile fasciculus® gr *# -15.96
. . IOA, IOB, I0Be, I0C

Inferior olive complex IOK: IOI\/i, IOPr, ’ i -14.40
Intermediate reticular nucleus IRt *x -15.96
Lateral parabrachial nucleus LPB ** -9.00
Lateral reticular nucleus LRt * -14.40
Lateral reticular nucleus, parvicellular part LRtPC * -14.40
Locus coeruleus LC *x -9.60
Medial lemniscus® ml * -12.00
Medial longitudinal fasciculus® mlf et -14.16
Medial parabrachial nucleus MPB * -9.60
Medial vestibular nucleus MVe, MVePC, MVeMC | ****# -12.84
Medullary reticular nucleus, dorsal MdD faie 4 -15.96
Medullary reticular nucleus, ventral MdV *# -15.96
Mesencephalic trigeminal nucleus Me5 *H -9.60
Nucleus of solitary tract NTS Fhxk -15.96
Paratrigeminal nucleus Pa5 * -13.68
Parvicellular reticular nucleus PCRt *k -13.68
Parvicellular reticular nucleus, alpha part PCRtA *x -11.04
Pontine reticular nucleus, caudal part PnC *x4 -9.60
Prepositus nucleus Pr falaiaied -12.84
Raphe nucleus interpositus RIP a3 -10.32
Raphe nucleus magnus RMg falet -12.00
Raphe nucleus obscurus ROb falet -14.16
Raphe nucleus pallidus RPa falaiaied -12.84
Rostroventrolateral reticular nucleus RVL falet -12.00
Spinal trigeminal tract® Sp5 *# -14.16

¢ indicates regions where polySia-ir was found restricted to some fibres.
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2.3.1.1.1. Cellular distribution of labelling in three regions with high polySia abundance

A high expression of polySia was found in several regions (Figure 2.2A), three of which including
the nucleus of solitary tract (NTS), gelatinous layer of the spinal trigeminal nucleus caudalis
(Sp5C), and the area where the Al cells were located (Al region) were further examined using
confocal microscopy (Figure 2.2B-D). In all three regions, polySia-ir was found in the neuropil and

enveloped somata.

Figure 2.2. PolySia is expressed in neuropil and surrounds cells. (A) A coronal section of the brainstem
(bregma -14.64) showing polySia-ir (white). (B, C, and D) are confocal images of boxes in A showing
polySia-ir in the spinal trigeminal nucleus caudalis (Sp5C), the nucleus of solitary tract (NTS), and the area
where the Al cells are located (Al region), respectively. Scale bars = 500 um in A and = 20 um in B, C,
and D.
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2.3.1.2. PolySia distribution within the adult rat spinal cord

Within the spinal cord, polySia-ir was present mainly in the grey matter. The strongest
immunoreactivity was found in the superficial laminae of the dorsal horn (DH; Figure 2.3A and B)
filling the neuropil between cell bodies and encircling many somata (Figure 2.3B). Such a dense

labelling pattern makes it difficult to differentiate between cell surfaces and intercellular staining.

A comparatively lower level of labelling density was seen in the dorsal part of the lateral funiculus
including the lateral spinal nucleus and surrounding regions (LF; Figure 2.3A and C). Punctate

labelling was present mainly associated with processes (Figure 2.3C).

The lateral horn (LH; Figure 2.3A and D) also showed dense polySia labelling that appeared to
coat neurons in the region and fibres which tracked laterally (Figure 2.3D). An intense polySia-ir
was also seen around the central canal, most abundantly at the dorsal surface (CC; Figure 2.3A and
E) coating some cells and processes (Figure 2.3E). A moderate to strong density of staining was
observed in the dorsomedial part of the ventral funiculus towards the anterior median fissure (F;

Figure 2.3A). Some isolated immunoreactive cells were detected in the white matter (Figure 2.3A).

More than 80% of sympathetic preganglionic neurons (SPNs) occupy the intermediolateral cell
column (IML), contained within the lateral horn (Llewellyn-Smith, 2009), so we sought to
determine whether the polySia labelling here was associated with SPNs. We double labelled rat
spinal cord sections (n=5) using mAb 735 and an antibody against choline acetyltransferase
(ChAT), a marker of cholinergic SPNs. Anti-ChAT labelling was present in both lateral horn as
well as ventral horn where it labels motoneurons (data not shown). Within the IML polySia
labelling was consistently associated with characteristic nests of SPNs (Figure 2.4A and B).
Although quantification was not possible, confocal imaging revealed that many SPNs (3 out of 4)
were coated or enveloped with polySia-ir (Figure 2.4C). PolySia also stains the neuropil between
and around SPNE.
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Figure 2.3. Distribution of polySia in the spinal cord of the adult rat. (A) A coronal section of the
thoracic spinal cord showing polySia-ir in the superficial laminae of the dorsal horn (DH: B), the upper
dorsal portion of the lateral funiculus (LF: C), the intermediolateral cell column (IML: D), around the central
canal (CC: E), and the ventral funiculus towards the anterior median fissure (F). (B), (C), (D), and (E) are
confocal images. Scale bars = 500 um in A and =20 umin B, C, D, and E.
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Figure 2.4. PolySia is expressed on and around sympathetic preganglionic neurons (SPNs). (A) and
(B) PolySia-ir is present around ChAT immunoreactive SPNs in the intermediolateral horn (IML). (C) A
confocal image of polySia in IML showing the expression of polySia on cell surfaces of some SPNs and in
the neuropil between and around SPNs. The images were captured from three different rats. ChAT is a
marker of SPNs. Nuclei were stained with DAPI (blue). Scale bars = 50 um in A and B and =20 um in C.
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2.3.1.3. PolySia in the spinal cord, trigeminal nucleus, and nucleus of solitary tract—is it

associated with glia?

Glial cells comprise oligodendrocytes that can be labelled using antibodies against myelin basic
protein (MBP) (Sternberger et al., 1978), astrocytes distinguished using antibodies against glial
fibrillary acidic protein (GFAP) (Sofroniew and Vinters, 2010), and microglia (not targeted in this
study). Combining Mab 735 with anti-MBP that labels mature oligodendrocytes showed no double
labelling in any region of the spinal cord, the trigeminal nucleus caudalis, or the nucleus of solitary
tract. Areas showing high expression of polySia in fact displayed low or very low expression of
MBP: the dorsal horn (DH) (Figure 2.5A), trigeminal nucleus caudalis (Sp5C) (Figure 2.5B-C),
and the nucleus of solitary tract (NTS) (Figure 2.5D). Confocal microscopy in the superficial layers
of the dorsal spinal cord (Figure 2.5E) further demonstrated that oligodendrocytes were not
associated with polySia.

Similarly, double labelling using mAb 735 antibody together with anti-GFAP, did not show
colocalization (Figure 2.6A-D). Very rarely minor instances of co-labelling were observed (Figure
2.6Bii). However, GFAP only labels the large process of astrocytes that express intermediate
filaments so astrocytic fine cellular processes cannot be visualized (Wilhelmsson et al., 2004). To
visualize fine astrocytic processes an antibody to excitatory amino acid transporter 2 (EAAT2) was
used (Rothstein et al., 1994, Chaudhry et al., 1995). Figure 2.7 shows some colocalisation of
polySia with EAAT2 in the Sp5C of the adult rat. However, polySia was also found closely apposed
to EAAT2 but much polySia was not associated with EAATZ2. Similar results were also observed
in the NTS (data not shown).

Thus, polySia was not associated with oligodendrocytes and any colocalization with astrocytes was

restricted to fine processes.
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Figure 2.5. PolySia-ir did not colocalize with MBP-ir. (A) the dorsal horn, DH; (B) the trigeminal nucleus
caudalis, Sp5C; (C) the trigeminal nucleus caudalis, Sp5C; (D) the nucleus of solitary tract, NTS, and (E) a
confocal image of superficial dorsal horn of the adult rat. Nuclei were stained with DAPI (blue). Scale bars
=100 pmin A, =200 pm in B, =50 pm in C and D, and = 10 um in E.
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Figure 2.6. PolySia-ir very rarely colocalized with GFAP-ir. (A) the dorsal horn, DH; (B) lateral
funiculus, LF; (C) the nucleus of solitary tract, NTS; and (D) trigeminal nucleus caudalis, Sp5C. (Bii) is the
magnified image of Bi box displaying rare instances of co-labelling. These are all confocal images. Nuclei
were stained with DAPI (blue). The arrow indicates a rare instance of colocalization. Scale bars = 10 pm.
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Figure 2.7. PolySia-ir partially colocalized with EAAT2-ir. (A) A confocal image showing some double
labelling of polySia and EAAT2 in the trigeminal nucleus caudalis (Sp5C) in the adult rat. (B) and (C)
Magnified images of the boxes indicated in A. Nuclei were stained with DAPI (blue). Arrows indicate
examples of colocalization. Scale bars =20 umin Aand =5 umin B and C.

We next investigated the type of neurons associated with polySia in laminae I-11 of the dorsal horn.
Although antibodies against GABA or the GABA synthetic enzyme, glutamic acid decarboxylase
(GAD), are commonly used in higher brain regions to label inhibitory interneurons (Gilabert-Juan
etal., 2011, Varea et al., 2012, Shumyatsky et al., 2002), an anti-GAD65+67 antibody in the spinal
cord showed only punctate terminal labelling with the strongest immunoreactivity in in lamina I-
I11 (Figure 2.8A). No cell body staining was observed as described previously (Mackie et al., 2003).
PolySia-ir was rarely associated with GAD65+67-ir (Figure 2.8B).

The somatostatin receptor type 2A (SSTR2A) (Olias et al., 2004) is exclusively found on inhibitory
interneurons in lamina I and lamina Il of the dorsal horn (Todd et al., 1998), so we used this as a
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marker of some inhibitory neurons in the region and found some SSTR2A positive cells are

associated with polySia-ir, an example of which is highlighted in Figure 2.8C and D.

Figure 2.8. PolySia was found associated with some inhibitory interneurons. (A): PolySia-ir was rarely
colocalized with GAD65+67-ir (GAD). (C) PolySia-ir was found on some neurons expressing SSTR2A.
(B) and (D) magnified images of the boxes indicated in (A) and (C) respectively. Nuclei were stained with
DAPI (blue). Arrows indicate examples of colocalization. Scale bars =20 um in Aand C and =5 pum
in B and D.
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Primary afferent fibres (C and A& fibres) are the only source of calcitonin gene-related peptide
(CGRP; the most frequently occurring peptide in sensory neurons (Ju et al., 1987)) in the dorsal
horn (Chung et al., 1988, Traub et al., 1989, Gibson et al., 1984), and thus to investigate potential
localization of polySia on afferent fibres we used CGRP. Very little colocalization with polySia in

the superficial laminae of the dorsal horn was found (Figure 2.9A and B).

Synaptophysin, a marker of the presynaptic density, showed a wide expression throughout the grey
matter of the spinal cord as well as in the lateral spinal nucleus. Double staining for polySia and
synaptophysin indicated some colocalization in the superficial laminae of the dorsal horn, around
the central canal, and also in the intermediolateral horn (Figure 2.10A). Confocal microscopy
confirmed partial colocalization of polySia with synaptophysin in lamina I (Figure 2.10B and C)

and in the intermediolateral cell column (Figure 2.10D and E).

Figure 2.9. Very little polySia-ir was colocalized with CGRP-ir in the dorsal horn of the adult rat. (A)
A confocal image showing little double labelling of polySia and CGRP in the superficial laminae. (B) The
magnified image of the box in A. Nuclei were stained with DAPI (blue). Arrows indicate examples of
colocalization. Scale bars = 10 um in Aand =5 um in B.
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Figure 2.10. PolySia-ir was partially colocalized with synaptophysin (Syn)-ir in the spinal cord of the
adult rat. (A) Synaptophysin-ir is widely expressed throughout the grey matter of the spinal cord and in the
lateral funiculus and appears to colocalize with polySia-ir. (B) and (D) Confocal images of boxes indicated
in A from the superficial laminae of the dorsal horn and intermediolateral cell column, respectively. (C) and
(E) Magnified images of the boxes indicated in B and D, respectively. Nuclei were stained with DAPI (blue).
Arrows indicate examples of colocalization. Scales bars = 200 um in A, =20 um in B and D, and = 5 um
in Cand E.
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To gain further insight as to the exact location of polySia in the major regions examined, two were
selected for examination at the ultrastructural level. Ultrastructural analysis by electron microscopy
in the NTS and Sp5C demonstrated polySia labelling in the space around neuronal cell bodies,
fibres and dendrites (Figure 2.11A and 2.12.A and B). The ultrastructural location also showed

polySia present in or on the fine processes of astrocytes that lack GFAP (consistent with the result

Figure 2.11. Ultrastructural analysis showed polySia-ir in the nucleus of solitary tract (NTS). (A)
PolySia-ir (white arrows) surrounded neuronal soma (Ne), proximal dendrites (de) and fine neuronal
processes consistent with expression in fine processes of astrocytes (As) (white arrows). PolySia-ir was also
found in the rough endoplasmic reticulum and/or Golgi apparatus of some neurons (black arrows). (Ai)
PolySia-ir occurred along the exterior surface of the plasma membrane of some astrocytic (As) and neuronal
(Ne) soma (white arrows) indicating its presence in the extracellular space. (Aii) Dendrites (de) and axons
were sheathed by polySia labelling. (B) PolySia-ir (white arrows) was found adjacent to some synapses (Sy)
likely in astrocytic processes, as a tripartite synapse. (C-E) PolySia-ir was found within some dendrites (de)
and axon terminals (te) of neurons. Black arrows indicate post-synaptic densities.
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observed in Figures 2.6 and 2.7) and/or within the extracellular space adjacent to plasma
membranes (Figure 2.11Ai and ii and 2.12.A). The labelling pattern was also consistent with the
polySia-ir that surrounded some cell bodies identified by light or confocal microscopy (Figure 2.2
and 2.3). In the NTS, polySia-ir was also found on the rough endoplasmic reticulum and/or Golgi
apparatus evident in some neuronal cell bodies (Figure 2.11A) where it may be produced before
being transported extracellularly to the cell surface (as described in the hypothalamus (Theodosis
et al., 1999)). PolySia-ir was also present adjacent to some synapses and in a subset of dendrites
and axon terminals (Figure 2.11B-E and 2.12C-G), consistent with the close association and partial

colocalization of polySia and synaptophysin revealed using immunofluorescence (Figure 2.10).

Figure 2.12. Ultrastructural analysis showed polySia-ir in the trigeminal nucleus caudalis (Sp5C). (A)
PolySia-ir occurred along the exterior surface of the plasma membrane of some neuronal (Ne) soma (white
arrows) consistent with expression in fine processes of astrocytes and/or within the extracellular space
adjacent to plasma membranes. (B) Dendrites (de) were sheathed by polySia labelling. (C-F) PolySia-ir
(white arrows) surrounding neuronal terminals (te) consistent with expression in fine processes of astrocytes
(white arrows). (G) PolySia-ir (white arrows) was found adjacent to some synapses (sy) likely in astrocytic
processes. White arrows indicate examples of polySia-ir.
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2.3.2. PolySia distribution within the adult rat trigeminal ganglion using mAb 735 antibody

In addition to examining central sites, we also decided to examine the distribution of polySia in the
adult rat trigeminal ganglion (TG) as this provides input to the Sp5C that has abundant expression
of polySia and a description of labelling in human tissue is available (Quartu et al., 2008). Within
the rat trigeminal ganglia, polySia was present on some cell surfaces (Figure 2.13A and B) and
fibres (Figure 2.13B). The intensity of polySia staining varied between cells, with some cells
demonstrating a dense ring of polySia on their surface, whereas some cells showed little if any
labelling.

Double labelling longitudinal sections of TG with mAb 735 and anti-NeuN (Vit et al., 2006), anti-
glutamine synthetase (GS; (Gunjigake et al., 2009)) and anti-MBP (Eftekhari et al., 2010) were
used to investigate the association of polySia with neurons, satellite glial cells (SGCs) and Schwann
cells (and myelin), respectively. TG neurons are classified into three discrete categories based on
cell size including small cells (20-30 um), medium-sized cells (30-50 pm), and large-sized cells
(50-80 pum) (see Chapter 1) (Marfurt, 1981, Sugimoto et al., 1986). PolySia-ir was found on small-
, medium-, and large-sized neurons labelled with anti-NeuN. However, polySia was associated with
some but not all neurons (Figure 2.14A an B). Figure 2.14C confirms that neurons in TG are
surrounded by SGCs labelled with anti-GS, as previously described (Lazarov, 2002, Hanani, 2005).

Some SGCs were coated with polySia-ir.

The MBP antibody stained the myelin sheath of nerve fibres. Although polySia-ir was found on
some fibres, no colocalisation of polySia-ir was seen with MPB-ir as in the CNS regions examined
(Figure 2.14D). Also we did not detect polySia-ir on Schwann cells.

PolySia - -_ i .

Figure 2.13. PolySia-ir was found on some cell surfaces and fibers of trigeminal ganglia of the adult
rat. (A) and (B) PolySia-ir in two individual rats. Scale bars = 200 in A and =50 pm in B.
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Figure 2.14. Cellular localization of polySia in the adult rat trigeminal ganglion. (A) and (B) Double
staining of longitudinal trigeminal ganglion sections with mAb 735 and anti-NeuN showing polySia-ir on
the surface of some neurons. (C) PolySia-ir was found on some satellite glial cells stained with anti-GS
antibody but not associated with MBP (D). Scale bars = 100 pm in A and = 20 um in B-D.
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2.3.3. Investigating the specificity of mAb 735 and mAb 5324 antibodies against polySia

Three regions with high expression of polySia i.e. DH, Sp5C, and NTS, as well as TG were used
in western blotting experiments to confirm whether mAb 735 used to detect polySia-ir as shown
above is polySia specific (Figure 2.15A). After probing the blot against mAb 735, a band around
250 kDa was observed in all samples (Figure 2.15A). The band almost or completely disappeared
in samples pretreated with NEU or endoN, that are exo- and endosialidases respectively, with

endoN specific for polySia. However, a band around 150 kDa was detected in TG samples. This

Figure 2.15. Western blot of extracts of the superficial layers of the dorsal horn (DH), trigeminal
nucleus caudalis (Sp5C), nucleus of solitary tract (NTS), and trigeminal ganglion (TG) in the adult
rat using mAb 735 (A) or mAb 5324 antibody (B). A band around 250 kDa was observed in all samples
demonstrating polySia. The band almost or completely disappeared in neuraminidase (NEU) or endoN
treated samples. Anti-GAPDH was used as a loading control. 1-3 represent the number of replicates. *:
heated at 37 °C for 1 h.
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band was also detected in the same samples pretreated with endoN suggesting that in the TG

samples, the antibody might also bind to a non-polySia antigen.

Similarly, using mAb 5324 antibody, a band around 250 kDa was detected in the NTS samples
which completely disappeared in the sample pretreated with endoN (Figure 2.15B).

2.3.4. PolySia expression in the rat vs. mouse brainstem and spinal cord

Next, we investigated whether the pattern of polySia distribution in the adult rat brainstem and
spinal cord (n=3) was similar to that of the adult mouse (n=3) using mAb 735. Due to significant
differences in the size of brainstem in the rat and mouse, matching sections were not always
available. Overall, the pattern of polySia distribution in the brainstem of the adult mouse was
similar to that seen in rat. All polySia labelled regions in rat also showed labelling in mouse (Figure
2.16); however, some differences in the intensity of polySia labelling were evident. Labelling
within the gracile fasciculus (Figure 2.16A and B), medullary reticular nucleus, dorsal part (MdD),
and the rostroventrolateral reticular nucleus (RVL) (Figure 2.16C and D) were more intense in
mouse compared to rat. Moreover, the ventral part of Sp5C showed more intensity than its dorsal

part in mouse compared to rat.

In contrast, in the spinal cord, the labelling differences between mouse and rat were quite distinct
(Figure 2.17). Although polySia-ir was commonly found in the superficial layers of the dorsal horn
(DH), the dorsal part of the lateral funiculus (LF), lateral horn (LH), around the central canal (CC),
and in the dorsomedial part of the ventral funiculus towards the anterior median fissure (F) stark
differences in the precise distribution in the dorsal horn were observed. In rat, both lamina I and
lamina 1l showed high expression levels of polySia-ir (Figure 2.17A and C). In mouse however
dense labelling was restricted to lamina Il with significantly less labelling present in lamina I. This
difference persisted in both thoracic and lumbar spinal cord (Figure 2.17B and D). In addition, the
rat dorsal horn was densely labelled whereas there was less labelling around the central canal

region, but in mouse this intensity pattern was reversed (Figure 2.17).
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Figure 2.16. Comparison of polySia distribution between rat and mouse brainstem. (A) and (C)
show polySia expression in the adult rat, whereas (B) and (D) show polySia expression in similar levels
of the adult mouse in A and C, respectively. 10N, dorsal motor nucleus of vagus; gr, gracile fasciculus;
10, inferior olive; IRt, intermediate reticular nucleus; MdD, medullary reticular nucleus, dorsal part;
MdV, medullary reticular nucleus, ventral part; MVePC, medial vestibular nucleus, parvicellular part;
NTS, nucleus of the solitary tract; Pr, prepositus nucleus; RPa, raphe pallidus nucleus; RVL,
rostroventrolateral reticular nucleus; Sp5C, spinal trigeminal nucleus, caudal part. Scale bars = 500 pm.
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Figure 2.17. Comparison of polySia distribution between rat and mouse spinal cord at the thoracic
and lumbar levels. (A) and (C) display polySia-ir in the adult rat with (B) and (D) showing polySia-ir
in the adult mouse. Lamina | and 11, the superficial laminae in the dorsal horn; LF, the lateral funiculus;
IML, intermediolateral cell column; CC, around the central canal; F, the ventral funiculus towards the

anterior median fissure. Scale bars = 500 pum.
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2.3.5. Comparison of polySia distribution pattern in two most widely used polySia antibodies—
mADb 735 and mAb 5324

The description of polySia labelling so far has been based on labelling using Mab 735 which as
seen in Figure 2.15 (western blotting) detects polySia. However a range of antibodies have been
used previously to investigate polySia so we next decided to compare and contrast labelling of mAb
735 (n=3) with mAb 5324 (n=3), an antibody reported to recognize oligo/polySia (DP>4) (Sato
and Kitajima, 2013a). The distribution of polySia in the adult rat brainstem (bregma -9 to -15.96)
(Figure 2.18) and spinal cord (Figure 2.19) was compared using both antibodies. As can be seen in
Figure 2.18A-D, patterns of labelling were very similar in the dorsal motor nucleus of the vagus
(10N), the spinal trigeminal nucleus caudalis (Sp5C), Inferior olive complex (10), intermediate
reticular nucleus (IRt), medullary reticular nucleus, dorsal part, (MdD), parvicellular reticular
nucleus (PCRt), raphe obscurus nucleus (RODb), and the nucleus of solitary tract (NTS). However,
some very subtle differences were detected. While gracile fasciculus in the adult rat stained with
mADb 735 showed only very mild expression of polySia in some fibres and in some coronal sections,
this staining was more evident with mAb 5324 (Figure 2.18A and B). Mab 5324 also showed
considerably higher levels of labelling of the ventral surface compared to mAb 735 (Figure 2.18A

and C). These minor differences were consistently present in all samples examined (n=3).

All areas of the spinal cord labelled by mAb 735 were also labelled by mAb 5324 (Figure 2.19 A
and B); however, with mAb 735 the intensity of labelling in lamina I-11 of the dorsal horn was
comparatively higher than the intensity in the other regions, whereas with mAb 5324 this difference

was less evident.
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A: mAb 5324, bregma -14.40 B: mAb 735, bregma -14.40
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Figure 2.18. Comparison of mAb 5324 and mAb 735 anti-polySia antibodies in the brainstem of the
adult rat. (A) and (C) show polySia staining in the coronal sections of the brainstem labelled with mAb
5324, while (B) and (D) show similar sections labelled with mAb 735. Both antibodies produced similar
pattern of labelling in most regions studied. 10N, Dorsal motor nucleus of the vagus; 10, Inferior olive
complex; IRt, intermediate reticular nucleus; MdD, medullary reticular nucleus, dorsal part; NTS, nucleus
of solitary tract; PCRt, parvicellular reticular nucleus; ROB, raphe obscurus nucleus; RPa, raphe pallidus
nucleus; RVL, rostroventrolateral reticular nucleus; Sp5C, spinal trigeminal nucleus caudalis. Scale bars =
500 um.
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Figure 2.19. PolySia labelling in the adult rat thoracic spinal cord using mAb 5324 (A) and mAb 735
(B). A similar pattern of labelling was seen however intensity differences are evident in Laminae | and Il.
Lamina I and I, the superficial laminae in the dorsal horn; LF, the lateral funiculus; IML, intermediolateral
cell column; CC, around the central canal; F, the ventral funiculus towards the anterior median fissure. Scale
bars = 500 pum.
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2.4. Discussion

We have confirmed the findings of earlier studies regarding the distribution of polySia in the adult
rat brainstem and spinal cord. We have also extended these findings by identifying several new
polySia expressing regions including the IML, where polySia-ir enveloped many sympathetic
preganglionic neurons and demonstrated within 5 CNS regions--the dorsal horn, IML, lateral
funiculus, Sp5C and NTS--polySia was not associated with GFAP positive astrocytic processes or
oligodendrocytes. Within the superficial laminae of the dorsal horn, some association of polySia
was seen with inhibitory interneurons and presynaptic densities labelled with synaptophysin,
whereas little if any association was found between polySia and CGRP, labelling sensory afferents.
Within the Sp5C and NTS, some polySia was found associated with fine processes of astrocytes
(that are not GFAP positive) identified by EAAT2-ir. Ultrastructural analysis of both the NTS and
Sp5C confirmed the results shown by light and confocal microscopy revealing that neurons were
enveloped by polySia, expressed predominantly in or on the fine processes of astrocytes and within
the extracellular space. Within the trigeminal ganglion of the adult rat, polySia-ir was found around
some neurons and some satellite cells. Mostly, common patterns of polySia labelling were seen
between rat and mouse CNS with the biggest differences seen within the spinal cord dorsal horn.
Finally, comparison of the two most common polySia antibodies within the lower brain regions

demonstrated similar patterns of immunolabelling.

Together these data indicate that in the brainstem and spinal cord of rodents, polySia is likely
associated with excitatory and inhibitory neurons as well as astrocytes, is found on membranes or

in the extracellular space and near synapses where it could influence synaptic function.
2.4.1. Distribution of polySia in the adult rat

The distribution of polySia in the adult rodent brain has been investigated previously (for review
see (Seki and Arai, 1993a, Bonfanti, 2006, Bonfanti et al., 1992, Hildebrandt and Dityatev, 2013));
however, the studies have focused predominantly on higher brain regions. Only three studies
(Bonfanti etal., 1992, Seki and Arai, 1993a, Bouzioukh et al., 2001) have described the distribution
of polySia immunoreactivity in the rat brainstem performed using anti-Men B antibody (mAb
5324). PolySia expression was described in a limited number of regions including the dorsal vagal
complex, the raphe pallidus nucleus, the pyramidal tract, in the lateral and medial parts of the

parabrachial nucleus, and in the mesencephalic trigeminal nucleus. Our results confirm the
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presence of polySia in all these regions, except for the pyramidal tract which was not labelled in
our study. Our data suggest that polySia expression is not limited to these regions as
immunoreactivity was also detected in the other regions of the brainstem (see Table 2.2). Notably,
the pattern of polySia-ir we described in the adult rat brainstem is similar to that described in the
adult human brainstem (Quartu et al., 2008, Quartu et al., 2010). Some differences were noted. We
did not detect immunoreactivity in the external cuneate or the hypoglossal nucleus, while polySia
labelling in rat was present in Al region, raphe pallidus nucleus, rostroventrolateral reticular
nucleus, and mesencephalic trigeminal nucleus, not described in the human study. In addition, the
area postrema was densely labelled in our study, whereas moderate diffuse immunostaining was
described in the human study (Quartu et al., 2008). Whether these differences are truly species
specific requires a detailed comparison. PolySia expression in the better studied higher brain
regions appears to be indicative of cells undergoing structural or synaptic plasticity (for review see
(Bonfanti, 2006, Hildebrandt and Dityatev, 2013)). Whether such functions are associated with

polySia labelling in rat brainstem regions requires further study.

The polySia distribution we observed in the rat spinal cord also confirms and extends previous
findings (Seki and Arai, 1993b, Bonfanti et al., 1992). Most significantly we showed for the first
time polySia-ir in the IML, specifically associated with many, but not all, SPNs. SPNs innervate,
by way of postganglionic neurons, a diverse range of functionally distinct targets including, but not
limited to, blood vessels and the heart (Llewellyn-Smith, 2011), brown and white adipose tissue
(Bamshad et al., 1998, Bamshad et al., 1999), and the adrenal medulla (Edwards et al., 1996,
Morrison and Cao, 2000). SPNs such as those innervating the heart and blood vessels are tonically
driven by supraspinal sites such as the rostral ventrolateral medulla (Guyenet, 2006). It would be
interesting to know if the tonically active SPNs are those associated with polySia as this would be
in keeping with the idea that polySia is linked to plasticity. Such an association would not be
surprising as the NTS, dorsal horn, and trigeminal nucleus which are also constantly receiving
viscera- or somatosensory input from the periphery (Bokiniec et al., 2017, Kalia and Sullivan, 1982,
Leak et al., 1988) also express high levels of polySia. Potentially we could raise the hypothesis that
high expression of polySia is associated with brain regions that receive continuous synaptic input.

Within the selected regions of the brainstem (Sp5C and NTS) and spinal cord examined, we did
not detect any polySia expression on myelinated axons which is in keeping with the result of a

previous immunoelectron microscopic observation in which polySia labelling was found to be
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restricted to unmyelinated axons in the superficial layer of the dorsal horn of the adult rat (Seki and
Arai, 1993a) and mouse (Oumesmar et al., 1995). This is also in keeping with the finding during
development that down-regulation of polySia was required for myelination of axons (Charles et al.,
2000, Fewou et al., 2007).

We found some colocalization of polySia with synaptophysin in the dorsal horn, suggestive of a
synaptic or presynaptic location of polySia. Similarly, partial colocalization of polySia with
synaptophysin was reported in the rat cerebral (Gomez-Climent et al., 2011) and medial prefrontal
cortex (Varea et al., 2005) and the human amygdala (Varea et al., 2012). In the dorsal vagal
complex (Bouzioukh et al., 2001a) and the NTS (Bokiniec et al., 2017), however, a close apposition
of the vast majority of polySia positive dots with synaptophysin positive terminals and not their
colocalization was found, suggesting that the localization of polySia may vary at synapses in
different brain regions.

No association of polySia with GFAP in the Sp5C, NTS, and spinal cord was found. This is in line
with the finding of Bouzioukh et al. (2001a) in the dorsal vagal complex, indicating that proximal
dendrites of astrocytes at least in the regions examined do not express polySia (Bouzioukh et al.,
2001a). Similar results were found in the studies on higher brain regions where polySia-ir was not
found in the GFAP positive structures in the adult rodent cerebral cortex (Gémez-Climent et al.,
2011) and the adult mouse and human mPFC (Varea et al., 2005). However, we have shown for
the first time association of polySia with fine astrocytic processes in the two selected regions (the
Sp5C and NTS) using an anti-EAAT2 antibody. Our ultrastructural analysis showed polySia
expression at sites that influence neurotransmission: in the extracellular space and intricate
processes of astrocytes that envelop neurons and synapses, as well as in some dendrites and axon
terminals, consistent with our EAAT2/polySia and synaptophysin/polySia double labelling.
Supporting our finding of polySia expression in the fine distal processes of astrocytes, blocking
microtubular function in the neurosecretory hypothalamus caused accumulation of polySia in
astrocyte cell bodies (Theodosis et al., 1999, Theodosis et al., 2008). Expression around neurons
found here is consistent with previous studies in the hippocampus, striatum, and cortex where
polySia was linked with synaptic plasticity (Uryu et al., 1999, Hildebrandt and Dityatev, 2013,
Eckhardt et al., 2000, Muller et al., 1996). Expression of polySia in the ER/Golgi found in the NTS
IS expected as polySia is posttranslationally added to its acceptors in the Golgi compartment

(Eckhardt et al., 1995, Scheidegger et al., 1995). It would be interesting to investigate polySia
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carriers in the Golgi of the NTS as recently a Golgi-confined expression of polySia on carriers
other than NCAM was found. These polysialylated proteins were transiently recruited to the cell

surface in response to stimuli (Werneburg et al., 2016, Werneburg et al., 2015).

Within the spinal cord dorsal horn, dorsal root afferent fibres contain a range of molecules with
most peptidergic C fibres expressing CGRP (Crossman, 2016), and the lack of association of CGRP
with polySia indicates that these unmyelinated fibres are unaltered by polysialylation. In line with
this, C fibre presynaptic elements were reported to lack polySia based on double labelling of
polySia and fluorescent wheat germ agglutinin, used to label projections to lamina Il of the dorsal
spinal cord (El Maarouf et al., 2005).

In contrast, polySia-ir was found on inhibitory neurons revealed using SSTR2A. EI Maarouf et al.
(2005) described polySia positive cells in lamina Il as interneurons based on their localization and
morphology (size, shape, and length of immunolabelled fibres) using confocal microscopy (El
Maarouf et al., 2005), though there was no experimental evidence confirming this. In addition,
studies on cortical areas, including the adult human and rat prefrontal cortex (Varea et al., 2007,
Varea et al., 2005), the adult human and mouse amygdala (Gilabert-Juan et al., 2011, Varea et al.,
2012), and the subtriangular septal zone and the triangular septum (Foley et al., 2003) have
demonstrated that many polySia positive neurons were inhibitory using interneuron markers,
principally GAD67. However, GAD labelling in the spinal cord, except for the ventral horn, labels
predominantly terminals (Mackie et al., 2003) despite GABA being the primary inhibitory
neurotransmitter in the dorsal horn of the spinal cord (Todd and Maxwell, 2000). GAD mRNA
labelling by in situ hybridization (Deuchars et al., 2005) or GAD67-GFP (or mCherry) knock-in
mice (Gotts et al., 2016) would be required to demonstrate GABAergic cell bodies. Further
examination using different markers against GABA and glycine, such as neuropeptide Y and
parvalbumin, as well as glutamatergic interneuron markers, such as vesicular glutamate transporter
2 (Todd et al., 2003, Maxwell et al., 2007, Polgar et al., 2003) would be useful to determine the
level of polySia associated with different interneuron cell types within the dorsal horn. In addition,
whether polySia is always expressed in the same subgroups of interneurons retaining it constantly
or whether it is temporarily expressed on different subgroups of interneurons depending on synaptic
activity is unclear. Furthermore, the functional role of polySia on inhibitory neurons of the dorsal
horn remains to be examined. In the adult cerebral cortex, polySia positive interneurons received

less synaptic input compared to polySia negative ones and demonstrated less dendritic arborization
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and spine density suggesting that polySia in the cerebral cortex is a negative regulator of
connectivity of interneurons and may be involved in the structural plasticity of inhibitory cortical
networks (Gémez-Climent et al., 2011). In keeping with this, polySia removal was associated with
a transient increase in dendritic spines of hippocampal interneurons (Guirado et al., 2013). Does
polySia expression allow interneurons of the dorsal horn to remodel the structure of their neurites
and synaptic contacts? Does it alter receptor conformations or change NCAM signalling pathways

in these neurons? These questions need to be addressed in future studies.

The distribution of polySia in the adult rat trigeminal ganglion was similar to that of human for
neurons and SGCs (Quartu et al., 2008) although we did not find any cytoplasmic labelling
described by Quartu et al. (2008) in some neurons. Moreover, we did not identify polySia-ir in
Schwann cells. It is possible that polySia expression on the cell surface of neurons and around
SGCs surrounding neurons play a role in signalling and plasticity by interrupting transducing
intracellular signals between neurons and their surrounding glia (Gu et al., 2010, Suadicani et al.,
2010) due to the hydrated large volume of polySia (Rutishauser, 2008). However functional

evidence is required.

Overall, our results regarding the distribution of polySia in the adult rat show that rodents can be
good models for humans when it comes to polySia investigations in brainstem regions and
trigeminal ganglion due to similarity in the polySia positive structures, facilitating potential rat-

human scale-up procedures.
2.4.2. Comparison of polySia distribution in the adult rat and mouse

Surprisingly, the distribution of polySia within the adult mouse brainstem has been poorly
investigated. Genetically modified (transgenic, knockout, conditional knockout, or knock-in) mice
are used extensively in research particularly as animal models to study human development,
diseases, and disorders (Cho et al., 2009). This includes a significant number of studies where
polySia function was investigated (see Chapter 1). This deficit in knowledge led us to examine the
distribution of polySia in the mouse brainstem and spinal cord. A similar distribution pattern was
seen between mouse and rat brainstem with only few differences in the intensity of labelling.
Differences were more apparent in the spinal cord, particularly in lamina I of the dorsal horn, where
much less labelling was present in mouse compared to rat. These differences raise a question as to

whether polySia functions differently in the dorsal horn of rat and mouse or whether the differences
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reflect functional rearrangements within mouse or are due to variations in signalling or plasticity.
A functional study using a patch-clamp technique is suggested to look at 2" order neurons with
and without enzymatic removal of polySia to determine how the sugar alters transmission in the

dorsal horn of rats and mice (Bokiniec et al., 2017).
2.4.3. Comparison of mAb 735 and mAb 5324

Several anti-polySia antibodies have been developed including but not limited to 12E3, 5A5, 2-2B
(mAb 5324; anti-Men B), polyclonal Ab H.46, and mAb 735. Comprehensive examination of the
immunospecificity of these anti-polySia antibodies using an ELISA based approach revealed that
these antibodies recognized different Sia chain lengths (Sato et al., 1995) with only H.46 (currently
unavailable) and mAb 735 being specific only towards polySia (DP>11 and DP>8, respectively)
(Sato and Kitajima, 2013a). However, mAb 5324 is currently the only commercially available
polySia antibody which was also used in most studies describing polySia distribution including
those investigated the brainstem and spinal cord (Bonfanti et al., 1992, Quartu et al., 2008, Quartu
et al., 2010). Anti-polySia mAb 5324 (Rougon et al., 1986) is an IgM antibody reported to
recognize oligo/polySia (DP>4), while anti-polySia mAb 735 (Frosch et al., 1985) is an IgG2a
antibody reported to recognize polySia (Sato and Kitajima, 2013a).

The presence of oligoSia has been reported in the adult mouse brain with most oligoSia residues
located on glycoproteins other than NCAM (Sato et al., 2000). Therefore, one might expect to see
labelling differences between mAb 735 and mAb 5324. However, the labelling was similar in most
areas examined, suggesting that either both antibodies only recognize polySia or the level of
oligoSia in the brainstem and spinal cord is quite low, or oligoSia is present only in the regions
expressing polySia. It is also possible that mAb 5324 only recognizes polySia on NCAM as
described previously (Bonfanti et al., 1992); however, no strong evidence is available to confirm
this. Interestingly, when homogenized samples from the superficial DH and NTS were pretreated
with endoN, no band was observed in the blot probed with mAb 5324 (Figure 2.15B), further
indicating that either the sample lacked oligoSia or the antibody only recognizes polySia or
oligo/polySia-NCAM.

2.5. Conclusion

Our data expands previous studies and shows that polySia is expressed in discrete regions of the

central and peripheral nervous system of adult rats, which might be indicative of the capacity of
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polySia to structurally and/or functionally alter neuronal function particularly at sites which receive
continuous input including sensory information. Furthermore, the expression of polySia on fine
processes of astrocytes in the Sp5C and NTS or inhibitory interneurons of the dorsal spinal cord,
found in this study, may have important implications on the structure and physiology of these cells
and may help us to understand the etiology of certain disorders associated with alteration of
astrocytes or inhibitory networks. Finally, the similarity of polySia expression in the rat, mouse,
and human brainstem indicates that rats and mice are appropriate animal models for polySia study
in humans. This conservation could also indicate the importance of polySia in modulating function

in the areas that express this sugar.
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Chapter 3 : Identification of
polysialic acid interacting
partners in the dorsal horn of rat

and mouse and the trigeminal
nucleus of rat
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Abstract

Polysialic acid (polySia) is a large cell surface glycan attached predominantly to the neural cell
adhesion molecule (NCAM) in the mammalian brain. PolySia has a discrete expression pattern
which is restricted to specific regions of the adult central nervous system (CNS), postulated to
exhibit synaptic plasticity. In the lower brain and spinal cord, the interacting partners, function, and
mechanisms of action of polySia are poorly understood. The aim of this study was to determine
interacting partners of polySia initially in the dorsal horn of the spinal cord of adult Sprague Dawley
rats using co-immunoprecipitation (IP) followed by label-free liquid chromatography tandem mass
spectrometry analyses. Thirteen proteins were identified as potential binding partners of polySia.
Five of these candidates: receptor expression-enhancing protein 5 (REEP5), guanine nucleotide-
binding protein G(o) subunit alpha (GNOAL), sodium/potassium-transporting ATPase subunit
alpha-2 (ATP1A2), sodium/potassium-transporting ATPase subunit alpha-3 (ATP1A3), and
clathrin heavy chain (CLTC) were selected for further investigation using co-IP and reverse co-I1P
followed by western blot analyses and further validated as potential binding partners of polySia.
Colocalization of polySia with ATP1A2 and GNAOL at the cell surface, neuropil and fine fibres
of the dorsal horn and dorsolateral funiculus was detected using confocal microscopy. Co-labelling
was also detected in dorsolateral funiculus between polySia and REEP5. Two other regions in the
brainstem and spinal cord were also explored in order to determine whether the same interactions
were present in different brain regions. Co-IP of polySia from trigeminal nucleus caudalis followed
by western blot analyses of REEP5 and GNAO1 and immunostaining of this region with REEP5,
GNAO1, and ATP1A2 confirmed their polySia interaction status. Immunostaining of the
intermediolateral cell column (IML) showed colocalization of polySia with ATP1A2, GNAO1, and
REEPS suggesting that polySia may have similar actions within functionally different regions of
the adult rat CNS. Furthermore, we examined whether the same potential binding of polySia with
REEP5, GNAOL1, ATP1A2, and ATP1A3 detected in rat were also present in mouse. Similar
interactions were seen between the four binding proteins and polySia in the mouse dorsal horn.
However, ATP1A2, GNAOL1, and REEPS5 also showed partial colocalization with NCAM and thus
we have not yet determined if the interaction is with polySia, NCAM, or both. Overall, our data
suggest that in multiple species polySia may have the same or similar roles. This result may also

extend to humans as some evidence suggests that similar brainstem regions exhibit high expression
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levels of polySia. The findings of this study greatly extend the list of potential interacting partners

of polySia expanding the functional role of sugar in the adult nervous system.
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3.1. Introduction

Polysialic acid (polySia) is a long linear homopolymer of sialic acid, linked via a2,8-glycosidic
bonds in the mammalian brain (Finne, 1982, Muhlenhoff et al., 1998). This large cell surface glycan
is predominantly attached to the neural cell adhesion molecule (NCAM) in vertebrates (Bonfanti
and Theodosis, 2009) and due to its highly hydrated and negatively charged structure acts as a
negative regulator of the adhesive properties and binding abilities of NCAM (Brusés and
Rutishauser, 2001, Hildebrandt et al., 2010, Yang et al., 1992, Yang et al., 1994). Glycosylation
with this unusual carbohydrate has also been described on a limited number of other mammalian
proteins including the a subunit of the voltage-dependent sodium channel (James and Agnew, 1987,
Zuber et al., 1992), the synaptic cell adhesion molecule 1 (SynCAM 1) (Galuska et al., 2010),
neuropilin-2 (NRP-2) (Curreli et al., 2007), the C—C chemokine receptor type 7 (CCR7) (Kiermaier
etal., 2016), E-selectin ligand-1 (Werneburg et al., 2016), CD36 scavenger receptor in human milk
(YYabe et al., 2003), and the polysialyltransferases (polySTs) which polysialylate NCAM and other
molecules (Muhlenhoff et al., 1996a, Close and Colley, 1998).

PolySia is widely expressed during central nervous system (CNS) development where it modulates
dynamic cell interactions such as neurite outgrowth, cell migration, axonal guidance and branching,
neuronal pathfinding, and synapse formation (Hildebrandt and Dityatev, 2013, Bonfanti, 2006,
Brusés and Rutishauser, 2001, Schnaar et al., 2014). However, in the adult, polySia has a discrete
expression pattern where high levels of expression are restricted to specific areas of the CNS (as
described in Chapter 2) associated at least in higher order brain regions with high levels of synaptic
plasticity and likely synaptic throughput (Eckhardt et al., 2000, Dityatev et al., 2004, Rutishauser,
2008, Bonfanti and Theodosis, 2009, Kochlamazashvili et al., 2010).

PolySia on the cell surface is located on the outermost branches of glycosylated NCAM or the other
glycoproteins making it a suitable target for binding proteins (Schnaar et al., 2014). Despite this,
only a small number of molecules have been reported as binding partners of this sugar: the gonadal
hormone estradiol (Garcia-Segura et al.,1995), heparan sulphate proteoglycans (Storms and
Rutishauser, 1998), brain-derived neurotrophic factor (BDNF) (Muller et al., 2000), AMPA
receptors (Vaithianathan et al., 2004), NR2B subunit-containing NMDA receptors (Hammond et
al., 2006), chemokine (C-C motif) ligand 21 (Bax et al., 2009, Kiermaier et al., 2016), histone H1
(Mishra et al., 2010), dopamine (Isomura et al., 2011), fibroblast growth factor 2 (FGF2) (Ono et
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al., 2012), myristoylated alanine-rich C kinase substrate (MARCKS) (Theis et al., 2013), and
HIigM12 monoclonal antibody (Watzlawik et al., 2015). These interacting partners have been
identified mainly using artificial or recombinant systems or using tissue extracted from higher brain
regions. The objective here was to identify potential binding partners in the spinal cord and areas

of the phylogenetically primitive brainstem that also express high levels of polySia.

The dorsal horn of the spinal cord is a major sensory centre of the CNS in which information from
the periphery is received, integrated, and transmitted to local centres or higher levels of the CNS
(Perl, 1984, Crossman, 2016). The superficial dorsal horn exhibits considerable activity-dependent
synaptic plasticity following inflammation and tissue and/or nerve injury (Woolf and Salter, 2000,
Thompson Haskell et al., 2002, Dubner and Ruda, 1992, Luo et al., 2014, Gerber et al., 2000) and
expresses abundant polySia (Bonfanti et al., 1992, El Maarouf et al., 2005, Seki and Arai, 1993b)
(see Chapter 2). Our first aim therefore was to determine potential binding partners of polySia in
the dorsal horn of the spinal cord since abundant polySia in a large enough accessible region was
required for mass spectrometry analysis. It was difficult to isolate intermediolateral cell column of
the spinal cord (IML), a novel polySia positive area found in Chapter 2, and too many animals
would be sacrificed for inclusion of the nucleus of solitary tract or rostral ventrolateral medulla (the

initial targets for Chapter 4).

Next we asked whether similar binding partners are found in different regions of the lower
brainstem and spinal cord by determining whether binding partners identified in the dorsal horn are
also binding partners of polySia in the spinal trigeminal nucleus caudalis (Sp5C) and IML. Both
Sp5C and the IML express considerable levels of polySia in the adult rat (see Chapter 2) but
mediate very different functions: Sp5C receives sensory information related to pain and
temperature, via the trigeminal ganglion, from the face (Sessle, 1987, Sessle, 2000), whereas the
IML contains about 80% of sympathetic preganglionic neurons (SPNs), the major source of
sympathetic outflow to the periphery (Llewellyn-Smith, 2011). Finally, we sought to determine
whether binding partners of polySia identified in the dorsal horn were common across species by
comparing our findings in rat with those in mouse spinal cord. We identified and compared binding
partners utilising co-immunoprecipitation followed by mass spectrometry, western blotting, and

immunohistochemistry combined with confocal microscopy.
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3.2. Materials and methods
3.2.1. Animals

All experimental procedures were approved by the Macquarie University Animal Ethics
Committee (reference number ARA 2014/041 and 2015/040) and conducted in accordance with
the Australian Code of Practice for the Care and Use of Animals for Scientific Purposes. Animals
were housed under constant 12 h light/dark cycles and allowed standard rat chow and libitum.
Experiments were performed on male Sprague Dawley rats (12-20 weeks old) and male C57BL/6J

mice (8-12 weeks old) from the Animal Resources Centre, Perth, Western Australia.
3.2.2. Antibodies

Table 3.1 details the antibodies used. Monoclonal antibody 735 directed against polySia (mAb
735), endosialidase NF (endoNF), and monoclonal antibody H28 against NCAM were kindly
provided by Professor Rita Gerardy-Schahn (Hannover Medical School, Hannover, Germany) with

all other antibodies commercially sourced as indicated.
3.2.3. Tissue collection for western blotting and immunoprecipitation analysis

Animals were deeply anaesthetized using sodium pentobarbitone (80mg/kg i.p.). When reflex
testing of paw withdrawal to pain evoked no response the heart was punctured and the brain and
spinal cord removed as rapidly as possible (brain within 3-4 min and the spinal cord within 7-9
min). These tissues were placed in cryoprotectant solution (876 mM sucrose, 500 pm
polyvinylpyrrolidone, 76.7 mM disodium monophosphate (Na:HPOs), 26.6 mM sodium
diphosphate (NaH2PO4), 5mM ethylene glycol) and cooled on dry ice before being transferred to a
-80 C degree freezer for preservation until dissection. The brain and spinal cord were dissected
into 2 mm coronal segments on dry ice using a brain matrix or manual cutting. The spinal cord
was dissected as shown in Figure 3.1 with the dorsalmost section of the spinal cord containing
laminae I-1V being termed the dorsal horn (DH) for this analysis. Similarly, the trigeminal nucleus
caudalis (Sp5C) and adjacent regions (Figure 3.1) were also isolated and this sample is called Sp5C.

Care was taken not to allow the tissue to defrost during dissection.
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Table 3.1. Details of primary and secondary antibodies used.

Antibody, Alexa Fluor 647 conjugate

Scientific

Primary antibody Cat # and Company Species Reference/Publication Dilution
IHC* 1:2000
Anti-ATP1A2 16836-1-AP, Proteintech Group Rabbit (Liu etal., 2017) WB* 1:1600
IP*19.5 pl
. . . (Wiernasz et al., 2014), WB 1:1000
Anti-Clathrin heavy chain ab21679, Abcam Mouse (Poulsen et al., 2017) P 3l
Anti-GAPDH Ab9485, Abcam Rabbit, poly WB 1:5000
. . . (Liu etal., 2014), (Zhen etal., | |HC 1:400
Anti-GNAO1 12635-1-AP, Proteintech Group Rabbit " ! " | WB 1:600
2016)
IP 13 ul
IHC 1:100
Anti-REEP5 14643-1-AP, Proteintech Group | Rabbit (Sharoar et al., 2016), (Chang | \y5'11 009
etal., 2013) IP 10 il
endoNF (6.7 mg/ml) (Stummeyer et al., 2005) WB 2.25 pl/1 mg protein
IHC 0.5 pl/ml
WB 0.5 pl/ml
(Zhang et al., 2004, Frosch et | IP: 1 pl/ 540ug protein (rat/mouse DH)
MAD 735 (2 mg/ml) Mouse al., 1985) 1 pl/ 900 pg protein (rat TN)
1.5 pl/ 730 pg protein (rat DH)
1.5 pl/ 1 mg protein (mouse DH)
Monoclonal antibody H28 against NCAM Rat (Hir et al., 1981) IHC 1:8900
(4.45 mg/m1)
Sodium / potassium ATPase alpha-3 MA3-915, Thermo Fisher Mouse (Arystarkhova and Sweadner, | WB 1:1000
Antibody (XVIF9-G10) Scientific 1996, Edwards et al., 2013) IP 3 ul
Secondary antibody Cat # and Company Species Dilution
Alexa Fluor® 488 AffiniPure Donkey .
Anti-Rabbit 1gG (H+L) Jackson ImmunoResearch Donkey IHC 1:500
Anti-Mouse 1gG (H+L), HRP conjugate Invitrogen Goat WB 1:5000
Anti-Rabbit 1gG H&L (HRP) ab6721, Abcam Goat WB 1:3300
Donkey anti-Mouse 1gG (H+L) Highly } .
Cross-Adsorbed Secondary Antibody, A 31570 Thermo Fisher Donkey IHC 1:500
Scientific
Alexa Fluor 555
Goat anti-Rat 1gG (H+L) Secondary A-21247, Thermo Fisher Goat IHC: 1:500

IHC*; immunohistochemistry, WB*; western blotting, IP*; immunoprecipitation
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3.2.4. Tissue homogenization, western blotting, and immunoprecipitation

Tissue homogenization was carried out using a lysis buffer, described previously, with some
modifications (Weinhold et al., 2005). The tissues were lysed in 10 pl/mg ice cold lysis buffer
containing 50 mM Tris-HCI (pH 8), 150 mM NaCl, 4 mM EDTA, 1% (v/v) Triton X-100, and 1%
(v/v) protease inhibitor cocktail (Sigma—Aldrich, NSW, Australia). Lysates were homogenized for
3 cycles at 5 speed, each cycle lasting for 20 s using a FastPrep-24 instrument (MP Biomedicals,
NSW, Australia). Ceramic beads and detergent insoluble materials were removed by two rounds
of centrifugation at 13,200 RPM for 5 and 30 min respectively, at 4 °C. Supernatants were collected
and protein concentrations were obtained using a bicinchoninic acid (BCA) assay kit according to
the manufacturer’s instructions (Pierce, Thermo Fisher Scientific, VIC, Australia). For removal of
polySia, a fraction of the lysate was treated with endoNF (3 h at 37 °C) before western blotting.
Samples (containing approximately 10-40 ug protein) were boiled in 4X NUPAGE® LDS Sample
Buffer (Invitrogen, CA, USA) at 70 °C for 10 min under reducing condition, and along with
Precision Plus Protein Western C standards (Bio-Rad, NSW, Australia) were separated by sodium
dodecyl sulphate—polyacrylamide gel electrophoresis (SDS-PAGE). Any kD™ Mini-PROTEAN®
TGX Stain-Free protein gels (Bio-Rad) and 10x Tris/Glycine/SDS running buffer (Bio-Rad, NSW,
Australia) were used. Proteins were transferred to a nitrocellulose or polyvinylidenefluoride
(PVDF) membrane (Bio-Rad, NSW, Australia) by semi-dry method. The membrane was blocked

Figure 3.1. Areas of the rat spinal cord (A) and brainstem (B) dissected for analysis (red boxes).
(A) The numbered regions (1-4) show the lamina of the thoracic spinal cord. The dissected region
includes laminae I-1V, part of dorsolateral funiculus including the lateral spinal cord (LPS), and
adjacent white matter. (B) The dissected region includes spinal trigeminal tract (Sp5), spinal
trigeminal nucleus, caudal part (Sp5C), and adjacent tissues (including dorsal spinocerebellar tract,
and parts of external cuneate nucleus and cuneate nucleus).
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with 5% (w/v) skim milk in Tris-buffered saline containing 0.1% Tween-20 (TBST, 20 mM Tris-
HCI, pH 7.5, 150 mM NaCl, 0.1% (v/v) Tween 20) for 1 h at RT, then washed with TBST, 3x5
min. Membranes were probed with primary antibodies (Table 3.1) overnight at 4 °C. This was
followed by three washes in TBST (3%5 min), and 1-h room temperature incubation with secondary
antibodies (Table 3.1). The membranes were washed with TBST, 3x5 min and visualized with
enhanced chemiluminescence (ECL) using a Bio-Rad ChemiDoc XRS chemiluminescence

detector.

Co-immunoprecipitation (IP) was performed according to the manufacturer’s instructions for
Dynabeads® Protein G (Life technologies) with some modifications. Briefly, Dynabeads Protein
G (20-30 pg) was incubated with 2 pg of mAb 735 or with preimmune mouse IgG (negative
control; #Sc-2025, Santa Cruz Biotechnology, CA, USA) for 40 min at room temperature, followed
by 3 h at 4 °C. The beads were washed with 250 ul of IP lysis buffer (50 mM ice-cold Tris-HCI
(pH 8) containing 150 mM NaCl, 4 mM EDTA, 1% (v/v) Triton X-100). The supernatant
containing 540 pg protein (for murine samples tissues for each sample were acquired from 2
animals) was pre-cleared with Dynabeads Protein G for 1 h at 4 °C. The pre-cleared supernatant
was added to the antibody-bead complex and incubated overnight at 4 °C. The complex was washed
three times using IP lysis buffer, twice without Triton X-100, and finally with 20 mM Tris-HCI
(pH 7.5). Elution was carried out by heating the beads in 4X NUPAGE® LDS Sample Buffer
(Invitrogen, CA, USA) in Milli-Q water (1:3) containing 100 mM DTT at 70 °C for 10 min and the
eluates were separated on an SDS-PAGE gel.

3.2.5 Protein identification by trypsin in-gel digestion followed by label-free liquid

chromatography tandem mass spectrometry (LC-MS/MS) analysis

Approximately 75% of the eluate obtained by immunoprecipitation was used for protein
identification by LC-MS/MS. Proteins were separated using Bio-Rad 4-20% mini-protein gels. The
gels were stained by Coomassie Brilliant Blue G-250 (Bio-Rad) overnight and destained in 25%
(v/v) methanol, and 10% (v/v) acetic acid in water for 1 h prior to in-gel digestion. The gel bands
were chopped into small pieces, washed twice with 300 pl of 50% (v/v) acetonitrile (ACN) for 15
min, and shrunk with 300 pl of 100% (v/v) ACN. To the gel pieces, 60 pl of 100 MM NH4HCOs3
was added and after 5 min, an equal volume of 100% (v/v) ACN was added. After 15 min, the

liquid was discarded and the gel pieces were dried in a Speed-Vac. Reduction and alkylation were

107



performed in a solution of 10 mM dithiothreitol (DTT) in 100 mM NH4HCO3 (37 °C, 1 h) and 55
mM iodoacetamide in 100 mM NHsHCOs (room temperature, 30 min, in the dark), respectively.
The fractions were washed twice with 300 pl of 50% (v/v) ACN for 15 min and dehydrated with
300 pl of 100% (v/v) ACN. Then, 60 ul of 100 mM NHsHCO3 was added and after 5 min, an equal
volume of 100% (v/v) ACN was added. After 15 min, the liquid was discarded and the gel pieces
were dried in a Speed-Vac. Proteins were digested with 70 pl (5 ng/ul) Trypsin (Promega
Corporation, Madison WI) in 50 mM NHsHCOz3 overnight at 37 °C. Peptide extraction was
performed twice with 100 pl of 2% (v/v) formic acid in 50% (v/v) ACN on ice. Each time after 20
min the supernatant was collected. After the second round of extraction, the supernatant was dried
using a vacuum centrifuge and reconstituted to 20 ul with 1% (v/v) formic acid. Prior to the mass
spectrometric analysis, samples were desalted using Zip Tip Cis pipette tips (Millipore, NSW,
Australia) pre-activated by 10 pl of 0.1% (v/v) formic acid/ 60% (v/v) ACN solution and
equilibrated with 10 pl 0.1% (v/v) formic acid solution. Samples were concentrated on Zip Tip by
drawn up 20 ul of the samples from the Eppendorf tube pipetting up and down 10 times. After
several washes of Zip Tips with 0.1% (v/v) formic acid, peptides were eluted with 30 pl of 0.1%
(v/v) formic acid/ 60% (v/v) acetonitrile solution. The extracted peptides were dried in a vacuum
centrifuge and then reconstituted in 12 pl of 0.1 % (v/v) formic acid, 10 pl of which was used for
protein identification by nano-flow liquid chromatography electrospray tandem mass spectrometry
(nanoLC-ESI-MS/MS) using a Q Exactive mass spectrometer coupled to an EASY nLC1000
(Thermo Fisher Scientific, Bremen, Germany). The digested peptide mixture was loaded onto a 75
pm X 100 mm C18 Halo, 2.7 pm bead size, 160 A pore size column for reverse phase
chromatography separation. Chromatography was performed on nanoLC system using a 90 min
gradient (5%-90% v/v acetonitrile, 0.1% v/v formic acid) with a flow rate of 300 nl/min, and the
peptides were eluted and ionized into a Q Exactive mass spectrometer. The electrospray source was
fitted with an emitter tip 10 um (New Objective, Woburn, MA) and maintained at 2.0 kV
electrospray voltage. Precursor ions were selected for MS/MS fragmentation using a data-
dependent “Top 10” method operating in FT-FT acquisition mode with HCD fragmentation. Data-
dependent MS/MS acquisition mode consisted of a resolution of 35,000 scan acquisition and an
AGC target of 1x108 ions with a full mass range of 350-2000 m/z in full MS, and a MS? resolution
of 17,500 with an AGC target of 2x10° ions. Maximum injection times were set to 120 and 60

milliseconds in full MS and MS? respectively. The ion selection threshold for triggering MS/MS
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fragmentation was set to 25,000 counts and an isolation width of 1.9 Da was used to perform HCD

fragmentation with normalized collision energy of 30%.

All MS/MS spectra were searched against the Swiss-Prot Rattus proteome database (Swiss Institute
of Bioinformatics) using the Mascot search engine (Matrix Sciences, UK) incorporated in the
Proteome Discoverer software version 1.4.0.288 (Thermo Fisher Scientific, VIC, Australia). In the
search parameters, a static modification was set for carbamidomethylation of cysteine whereas
dynamic modifications were set for oxidation of methionine, N-terminal modification of glutamine
and pyroglutamate, and acetyl modification on N-terminal residues. The enzyme specificity was
set to trypsin and a precursor mass tolerance of 10 ppm and a fragment ion mass tolerance of 0.02
Da was used. Protein and peptide false discovery rates (FDR) was set to be < 0.01 (1% false
discovery rate) for each database search and one missed cleavage was allowed. Protein
identifications were validated employing a minimum of 2 peptides. The search results were

exported into Microsoft Excel for quantitative analysis.

Quantitative analyses of expressed proteins were carried out with a label-free approach using
spectral counting and normalized spectral abundance factor (Zybailov et al., 2006). The 2-sample
unpaired t tests were run on log transformed NSAF data of a total of 3 biological replicates using
the Scrappy program (Mirzaei et al., 2011, Neilson et al., 2013, Varkey et al., 2016). Proteins with
a t test p-value < 0.05 were considered to be differentially expressed between eluted
immunoprecipitates of mAb 735 co-IPs relative to those of the pre-immune IgG control co-IPs. In
each individual comparison, only isolated proteins present in all triplicates of mAb 735 co-IP and
with a total spectral count of > 5 were included in the data set. This resulted in a list of differentially

expressed proteins (Mirzaei et al., 2011).
3.2.6. Reverse co-immunoprecipitations

For reverse co-IPs, Dynabeads Protein G (40 pg) were pre-bound with an anti-REEP5, ATP1A2,
ATP1A3, GNAOL, or CLTC antibody (Table 3.1) or with a preimmune mouse/rabbit 1gG (#Sc-
2025 and #Sc-2027, Santa Cruz Biotechnology, CA, USA) as a control for 40 min at room
temperature, followed by 3 h at 4 °C. Homogenized DH sample from Section 3.2.4 containing 900
pg protein (for murine samples tissues for each sample were acquired from 3 animals) was added
to the antibody-beads complex after being pre-cleared with beads for 1 h at 4 °C. The washing step

and elution steps were done exactly according to Section 3.2.4 with an extra step of washing with

109



the lysis buffer containing no Triton X-100 was added to the 5 washing steps. The eluted samples
were used for western blotting analyses. Data presented are representative of three independent

experiments.

3.2.7. Slide mounted immunohistochemistry
This method is described in Chapter 2 in Sections 2.2.5 and 2.2.5.1. Table 3.1 provides the details
of the antibodies and dilutions used. Data presented are representative of five independent

experiments.
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3.3. Results
3.3.1. Identification of polySia binding proteins in the dorsal horn of the spinal cord

PolySia-specific mAb 735 (Frosch et al., 1985), extensively characterised and shown to be specific
for only polySia (Loers et al., 2016, Galuska et al., 2010, Werneburg et al., 2015, Rollenhagen et
al., 2012), was used for immunoprecipitation of polySia. To firstly confirm the specificity of this
antibody, three samples (containing 40 pg protein) of homogenized dorsal horn (DH, n=3) were
treated with endoNF, an enzyme that specifically cleaves polySia (a2,8-linked sialic acids) or were
left untreated. The membranes were probed using mAb 735. A band was detected in untreated
samples at around 250 kDa which was not present in endoNF-treated samples and this band was
taken to be polySia (Figure 3.2A).

We next performed co-immunoprecipitation experiments on DH samples (n=3) to identify potential
binding partners of polySia using mAb 735 and preimmune mouse IgG as a control.
Immunoprecipitated proteins were eluted by denaturation in SDS loading buffer, and 25% of the
total volume was analysed by SDS-PAGE and western blotting with mAb 735 to assess polySia
binding. Analysis of the blot revealed specific and strong polySia enrichment from DH (Fig 3.2B).
No polySia signal was detected in the control samples (Fig. 3.2B). The remainder of the eluate was
subjected to separation using SDS-PAGE and after an in-gel trypsin digestion, the tryptic peptides
were analysed by LC-MS/MS. After identification of proteins, relative quantification of enriched
proteins was achieved based on spectral counts and normalized spectral abundance factor (Zybailov
et al., 2006). Proteins that were not detected in the immunoprecipitate of preimmune 1gG (control)
IP or enriched in the immunoprecipitate of mAb 735 IP were considered as potential binding
partners. We identified 14 potential polySia interacting proteins in three biological replicates using
the following filtering criteria: i) a minimum of two unique peptides per identification, and ii) a
protein and peptide false discovery rate (FDR) of <1% (Table 3.2). We selected five of the 14
candidate proteins to investigate further based on their Mascot score, percentage of coverage,
and/or their potential or known functions, especially related to plasticity which is the main
described function of polySia in the adult (see Chapter 1). The protein NCAM had the highest
Mascot score and percentage of coverage which was not surprising and also provided validation
since NCAM is the major carrier of polySia in the CNS (see Chapter 1).
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Figure 3.2. Confirmation of the specificity of monoclonal antibody 735 directed against polySia (mAb
735) and isolation of polysialylated proteins in the adult rat dorsal horn (DH). (A) Triton X-soluble DH
fractions were separated by Any kD Mini-PROTEAN TGX Stain-Free Protein Gel and SDS/PAGE using
40 pg protein per lane with or without prior incubation with endoNF and immunostained with mAb 735.
(B) mAb 735 was immobilized on beads and co-immunoprecipitation (IP) was performed using DH (n=3,
DH1-DH3). A fraction of each eluate was immunostained with mAb 735.

Although Tubulin beta-5 chain had the highest score and percentage of coverage after NCAM, no
reliable antibodies were available, limiting our ability to pursue this protein. The next four highest
scoring proteins including receptor expression-enhancing protein 5 (REEP5), sodium/potassium
ATPase subunits alpha 2 and alpha 3 (ATP1A2 and ATP1A3 respectively), and guanine nucleotide-
binding protein G(o) subunit alpha (GNAOI) as well as clathrin heavy chain 1 (CLTC) were
selected considering their importance in neuronal signalling (Isaksen and Lykke-Hartmann, 2016,
Jiang et al., 1998, Vieira et al., 1996). Although ATP1A2 and ATP1A3 were identified we initially
investigated only ATP1A3 due to antibody availability.

We then sought to validate the mass spectrometry results using co-IP followed by western blotting.
Experiments were carried out on rat DH (n=3, with each lysate containing ~540 ug protein) using
mAb 735 antibody. The eluted fractions were then analysed by western blot using antibodies
specific to REEP5, GNAO1, ATP1A3, and CLTC. The antibodies detected bands corresponding to
the molecular weights for REEPS (21 kDa), GNAOI1 (40 kDa), ATP1A3 (MW:110 kDa, detected
band: 100 kDa), and CLTC (180 kDa) in the eluted proteins obtained by mAb 735 IP (Figure 3.3A).
The results obtained were comparable to the quantitative proteomics data in that all proteins were
enriched in eluates obtained from mAb 735 compared to the negative control IPs. REEP5 and
CLTC (except for one replicate) were only found in the eluate following mAb 735 binding but not
in the IgG control. GNAOI1 and ATP1A3 protein bands were intense in the mAb 735 eluate but
were still detectable in the control IgG IPs (Figure 3.3.A).
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Table 3.2. Potential binding proteins detected by immunoprecipitation followed by label-free mass spectrometry. The Mascot score
(probability based scoring), coverage (% of the protein identified), number of unique peptides, number of peptides. and number of peptide spectrum

matches (PSMs) are the average of three independent experiments.

Accession Gene Description Score Coverage # Unique # Peptides # PSMs p-value
Name Peptides

P13596 NCAMI1 | Neural cell adhesion molecule 1 32105.52 43.55 39 39 1216 0.003

P69897 Tubb5 | Tubulin beta-5 chain 1159.8 29.5 2 12 55 3.35E-06

B2RZ37 Reep5 | Receptor expression-enhancing protein 5 835.94 22.75 6 6 40 2.30E-05

P06687 Atpla3 | Sodium/potassium-transporting ATPase 610.6 15.86 5 14 31 0.011
subunit alpha-3

P06686 Atpla2 | Sodium/potassium-transporting ATPase 498.88 14.35 5 14 30 0.047
subunit alpha-2

P59215 Gnaol | Guanine nucleotide-binding protein G(o) 421.4 17.42 6 6 17 1.19E-05
subunit alpha

P01830 Thyl Thy-1 membrane glycoprotein 337.47 14.08 3 3 12 0.004

Q05962 Slc25a4 | ADP/ATP translocase 1 332.64 23.38 6 7 16 0.021

P68255 Ywhaq | 14-3-3 protein theta 326.64 16.33 2 4 13 2.03E-06

Q63198 Cntnl | Contactin-1 276.35 6.69 6 6 11 0.008

P11442 Cltc Clathrin heavy chain 1 151.01 1.93 3 3 5.4E-04

P16036 Slc25a3 | Phosphate carrier protein, mitochondrial 145.67 7.49 3 3 5.91E-05

P07340 Atplbl | Sodium/potassium-transporting ATPase 94.37 12.94 4 4 0.002
subunit beta-1

P47942 Dpysl2 | Dihydropyrimidinase-related protein 2 69.47 2.97 2 2 4 3.17E-05
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In order to determine if the detected bands in the immunoprecipitates of mAb 735 IPs were due to
the interaction of the candidate proteins with polySia or due to non-specific binding of these
proteins, a co-IP was performed on rat DH homogenates containing 730 pg protein with and
without pretreatment with endoNF using mAb 735. All polySia was removed after endoNF
treatment (Figure 3.3B). The REEP5 antibody did not detect any protein in eluates obtained either
by mAb 735 or control IgG in endoNF treated samples which lacked polySia, indicating that
REEP5 binding was polySia dependent (Figure 3.3C). Probing the eluates using ATP1A3 and

A Rat DH B Rat DH
IP IgG 735 IgG 735 IgG 735 Lysate DH DH
WB:anti-REEP5 ' ‘ l ¥ 120 kDa Endo NF - +

WB: anti-GNAO1 ‘ ] Hu u l ‘ ‘]” o R e -250 kDa
WB: anti-ATP1A3 SRR s 00 pa

WB: anti-CLTC i 0 &8 150 kDa

C Rat DH

IP IgG* 735 IgG 735 Lysate

Endo NF + +

WB:anti-REEP5 . - 20 kDa

WB: anti-GNAO1 .-.. . 40 kDa
WB: anti-ATP1A3 -b-. “ -100 kDa

WB: mAb 735 o S 250 kDa

Figure 3.3. Co-immunoprecipitation (IP) followed by western blotting (WB) in adult rat dorsal horn
(DH) to validate mass spectrometry results. (A) PolySia was immunoprecipitated from the homogenized
DH fractions using mAb 735 antibody and the eluates were stained with anti-REEP5, anti-GNAOL, anti-
ATP1AS3, anti-CLTC, or mAb 735 antibodies. (B) The blot shows a fraction of endoNF treated DH
(containing 30 pg protein) probed with mAb 735. PolySia was removed in the endoNF treated sample. The
enzyme treated sample was used for the data shown in C. (C) Fractions of DH containing 1 mg protein were
immunoprecipitated with mAb 735 before and after endoNF treatment. The immunoprecipitates were
blotted against anti-REEPS5, anti-ATP1A3, and anti-GNAO1 antibodies. IgG*: preimmune mouse IgG (used
as control). Reduced exposure times were required for some lysate containing samples, the same membranes
were imaged however.
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GNAO1 antibodies showed that in both mAb 735 and control IgG immunoprecipitates of endoNF
treated samples the intensity of the bands was similar between each sample and its IgG control,
whereas in the samples that were not treated with endoNF, the intensity of the band was
considerably higher in the eluates obtained from the sample than those of control 1gG (Figure 3.3C).

3.3.2. Reverse co-immunoprecipitation verified the association of polySia with REEPS5,
GNAO1, ATP1A2, ATP1A3, and CLTC

Due to the non-specific binding of ATP1A3 and GNAOL detected in the control 1gG eluates in the
co-1P experiments using mAb 735, any interaction of polySia with these proteins was considered
as secondary targets for further validation. Therefore, in order to verify the interactions, a reverse
co-IP on homogenized DH tissue of the adult rat was performed. Anti-REEP5, GNAQO1, ATP1A2,
ATP1A3, and CLTC antibodies were each immobilized on beads and after IP, the eluates were
probed using mAb 735 antibody (Figure 3.4). To control for non-specific protein interactions, the
preimmune mouse or rabbit 1gG were used as controls appropriate for each antibody species.
Western blot analysis of eluates showed a polySia band around 250 kDa in the resulting
immunoprecipitates of REEP5, GNAO1, ATP1A2, ATP1A3, or CLTC IPs detected using mAb
735. This band was not detectable in the control IgG eluates (Figure 3.4).
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Figure 3.4. Interaction of polySia with REEP5, GNAO1, ATP1A2, ATP1AS3, and CLTC by reverse
co-immunoprecipitation (IP), followed by immunoblotting (WB). Dorsal horn fractions (DH) of adult
rat were used for immunoprecipitation experiments using anti-REEP5, anti-GNAOL, anti-ATP1A2, anti-
ATP1A3, or anti-clathrin antibodies. The isolated proteins were immunostained with mAb 735. Reduced
exposure times were required for some lysate containing samples, the same membranes were imaged
however.
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3.3.3. Colocalization of ATP1A2, GNAOL, and REEPS5 with polySia in the rat dorsal horn and

dorsolateral funiculus

Next, the distribution of polySia and the candidate binding proteins were explored using confocal
microscopy and dual label immunofluorescence in coronal sections of the adult rat DH using
antibodies against polySia (mAb 735), ATP1A2, GNAOL, or REEP5. PolySia immunoreactivity
(ir) was present at high levels in the superficial laminae of the dorsal horn, and comparatively lower
in the dorsolateral funiculus including the lateral spinal cord (Figure 3.5A). Dense punctate staining
was present in the neuropil with neuronal somata being immunonegative (Figure 3.5B-D) as
described in Chapter 2. These results are in agreement with findings of previous studies in which

distribution of polySia in the dorsal horn of adult rat has been described (Bonfanti et al., 1992).

ATP1A2-ir was present throughout the grey matter of the spinal cord and less abundantly in the
dorsolateral funiculus, with some labelling also in the adjacent white matter (Figure 3.5A).
Immunoreactivity was present in the neuropil and appeared to envelope somata (Figure 3.5B-C).
ATP1A2-ir displayed some colocalization with polySia-ir with structures in the neuropil and on
the cell surface of some neurons in the superficial laminae of the dorsal horn (Figure 3.5B-C). In
the dorsolateral funiculus, some polySia was co-labelled with ATP1A2 mainly in bundles of fine

fibres and to a lower extent on some cell membranes (Figure 3.5D).

Similar to the distribution of polySia, GNAO1-ir was highly expressed in the superficial layers of
the dorsal horn as described previously (Worley et al., 1986). GNAO1-ir was also detectable in
some regions of dorsolateral funiculus adjacent to the dorsal horn. The remaining white matter was
largely immunonegative (Figure 3.6A). PolySia partially colocalized with GNAOL in the
superficial laminae of the dorsal horn and dorsolateral funiculus (Figure 3.6B and C).

Colocalization was present in the neuropil and on some cell membranes.
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Figure 3.5. ATP1A2-ir (green) and polySia-ir (red) partially colocalized (yellow) at the cell surface
of some cells and in the neuropil of the adult rat spinal cord. Nuclei were stained with DAPI (blue).
(A) Distribution of ATP1AZ2-ir and polySia-ir in the dorsal hon. (B) and (C) The superficial laminae of the
dorsal horn of two biological replicates, and (D) The dorsolateral funiculus. Arrows indicate examples of
colocalization. Scale bars =5 pm.
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Figure 3.6. GNAOL1-ir (green) and polySia-ir (red) partially colocalized (yellow) at the cell surface of
some cells and in the neuropil of the adult rat spinal cord. Nuclei were stained with DAPI (blue). (A)
Distribution of GNAO1-ir and polySia-ir in the dorsal horn. (B) The superficial laminae of the dorsal horn.
(C) The dorsolateral funiculus. Arrows indicate examples of colocalization. Scale bars = 5 pum.

REEP5-ir was present in both white and grey matter of the spinal cord (Fig. 3.7A). Within the
superficial laminae of the dorsal horn, the background staining made it difficult to assess potential
co-labelling of this protein with polySia (Fig. 3.7Ai). Western blot analysis performed on the
superficial laminae of the dorsal horn and Sp5C showed staining of multiple bands by this
polyclonal antibody, which may indicate dimerization or non-specific binding (Figure 3.7B). This,

however, is the most commonly used antibody for REEP5 (see Table 3.1).

119



Figure 3.7. Labelling using the anti-REEPS5 antibody may indicate dimerization or non-specific
binding. (A) Distribution of REEP5- and polySia-ir in the dorsal horn. (Ai) The magnified image of the
box in A. (B) Western blot images of the superficial laminae of the adult rat dorsal horn (DH) and
trigeminal nucleus caudalis (Sp5C) probed using the anti-REEP5 antibody. Additional bands were
detected in addition to the expected band (21 kDa) which may represent dimerization.
In the white matter including dorsolateral funiculus, the anti-REEP5 antibody appeared to label
neuronal somata and processes (Figure 3.8A-D). Nevertheless, some colocalization between
REEPS5 and polySia was detected (Figure 3.8A-C) in the dorsolateral funiculus which appeared to
be mainly in processes. Occasional colocalization was also found in the posterior funiculus, where

some polySia expression was found (Figure 3.8D).
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Figure 3.8. Some colocalization of REEP5- and polySia-ir was observed in the rat spinal cord. Nuclei
were stained with DAPI (blue). (A) shows some colocalization of REEP5-ir (green) and polySia-ir (red) in
the dorsolateral funiculus. (B) and (C) show magnified images of the boxes indicated in the panel A. (D)
shows partial co-labelling of REEP5 with polySia in the posterior funiculus (dorsal white column). Arrows
indicate examples of colocalization. Scale bar = 10 umin Aand =5 umin B, C, and D.
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3.3.4. PolySia colocalized/interacted with the same binding partners in the IML and Sp5C as in
the dorsal horn

To determine whether the same binding partners of polySia are present in different brain regions,
we investigated both the Sp5C and IML of the adult rat using immunoprecipitation and/or
immunohistochemical confocal analyses as both these regions also expressed abundant polySia
(see Chapter 2). Homogenized Sp5C samples were used for immunoprecipitation experiments
using mAb 735. The immunoprecipitates were probed using anti-REEP5 and GNAOL antibodies.
Figure 3.9A shows that REEP5 and GNAO1 co-immunoprecipitated with mAb 735 antibody but
were absent (REEPS5) or notably lower (GNAO1) in the IgG control. Double labelling
immunofluorescent confocal images showed partial co-labelling of polySia with ATP1A2 (Figure
3.9B) and GNAO1 (Figure 3.9C) in the neuropil and on some cell surfaces in the Sp5C. Confocal
analysis of immunostained coronal sections of the adult rat spinal cord showed partial
colocalization of polySia with ATP1A2 (Figure 3.10A) and GNAOL1 (Figure 3.10B) in the IML.
REEPS5 staining in the IML showed limited colocalization between polySia and REEP5 in all

replicates.
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Figure 3.9. Interaction of ATP1A2, GNAOL, or REEP5 with polySia in the adult rat trigeminal
nucleus caudalis (Sp5C). Nuclei were stained with DAPI (blue). (A) Immunoprecipitation of polySia in
the Sp5C using mAb 735 and probing the blots against anti-REEP5 or GNAOL antibody. (B) and (C)
PolySia-ir (red) with ATP1A2- and GNAOL-ir (green) respectively. Arrows indicate examples of
colocalization of polySia and each of the candidate partners. Scale bars =5 pm.
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Figure 3.10. In the intermediolateral cell column (IML) of the spinal cord of the adult rat polySia-ir
partially colocalized with ATP1A2-, GNAO1-, and REEP5-ir. Nuclei were stained with DAPI (blue).
(A), (B), and (C) PolySia-ir (red) with ATP1A2-, GNAO1-, and REEP5-ir (green), respectively. Arrows
indicate examples of colocalization. Scale bars =5 pm.
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3.3.5. Binding partners identified in the rat dorsal horn were similar in the mouse dorsal horn

Next, we determined whether the same binding partners were present in the dorsal horn of the
spinal cord of the mouse using mAb 735 IPs. Immunoblotting of immunoprecipitated proteins
detected bands corresponding to REEPS5, GNAOI1, and ATP1A3 (Fig. 3.11A). Similar to the rat,
REEPS5 protein was only detected in the mAb 735 IP and not control 1IgG IP. GNAO1 and ATP1A3
proteins were seen both in mAb 735 and control 1gG IPs, but notably, higher levels of these proteins

were present in mAb 735 IP than in control 1gG IP.

Further confirmation was performed using immunohistochemical and confocal analyses on coronal
sections of the mouse spinal cord which also showed results similar to that of rat for GNAOL,
ATP1A2 and REEP5 (Fig. 3.11B-D). Partial colocalization of polySia-ir with ATP1A2- and
GNAOL1-ir were observed on the cell surfaces and in the neuropil of the dorsal horn (Fig. 3.11B
and C) and on the fibres of dorsolateral funiculus (data not shown). Some colocalization of polySia-
ir with REEP5-ir was found in the dorsolateral funiculus (Fig. 3.11D).
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Figure 3.11. Interaction of ATP1A2, ATP1A3, GNAO1, or REEP5 with polySia in the adult mouse
dorsal horn (DH). Nuclei were stained with DAPI (blue). (A) Immunoprecipitation of polySia in the DH
fractions using mAb 735 and probing the blots against anti-REEP5, GNAO1, and ATP1A3 antibodies. (B)
and (C) PolySia-ir (red) with ATP1A2- and GNAO1-ir (green), respectively in the dorsal horn. (C) PolySia-
ir (red) with REEP5-ir (green) in the dorsolateral funiculus. Arrows indicate examples of colocalization.
Scale bar =5 pm.
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3.3.6. NCAM partially colocalized with GNAOL, ATP1A2, and REEP5

As the majority of polySia is bound by NCAM in the brain (Schnaar et al., 2014), our next aim was
to determine whether the interaction between the newly identified proteins was in fact a protein-
protein (candidate: NCAM) rather than with polySia itself. This study could not be performed with
our rat samples as the commercially available antibodies against NCAM in this species are

unreliable (data not shown) so this study was conducted only using mouse tissue.

Double labelling of NCAM with ATP1A2 and GNAO1 showed partial colocalization of NCAM
with these two proteins (Figure 3.12A-B) in the neuropil and on some cell surfaces in the dorsal
horn of the adult rat, similar to that seen with polySia-ir. Double labelling of NCAM with REEP5
only showed some colocalization in the mouse dorsolateral funiculus (Figure 3.12C). However,

this association would be expected due to the association of polySia and NCAM.

127



Figure 3.12. NCAM-ir showed partial colocalization with GNAO1-, ATP1A2-, and REEP5-ir in
the mouse dorsal horn and dorsolateral funiculus. Nuclei were stained with DAPI (blue). (A) and (B)
NCAM-ir (red) with ATP1A2- and GNAOL1-ir (green), respectively in the dorsal horn. (C) NCAM-ir
(red) with REEP5-ir (green) in the dorsolateral funiculus. Arrows indicate examples of colocalization.

Scale bars =5 pm.
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3.4. Discussion

PolySia is involved in cell-cell communication and plasticity (Rutishauser, 2008); however, not
much is known about its interacting partners, particularly in the brainstem and spinal cord.
Therefore, we sought to explore which proteins bind to polySia initially in the spinal cord. Thirteen
novel proteins were identified as potential interactors with polySia in the dorsal horn of adult rat.
Comprehensive analysis of five of these proteins (ATP1A2, ATP1A3, GNAO1, REEP5, and
CLTC) using co-IP and reverse co-IP followed by western blotting and colocalization analysis
provided further evidence that these proteins interact with polySia. Three of these candidate
proteins ATP1A2, GNAO1, and REEP5 were also potential interacting partners of polySia in two
other functionally distinct CNS regions — the trigeminal nucleus caudalis and the intermediolateral
nucleus, demonstrating these interactions were not region-specific. Finally, we demonstrated that
the interactions of polySia with four proteins ATP1A2, ATP1A3, GNAO1, and REEP5 were not
species-specific as they were present in the dorsal horn of both mouse and rat. ATP1A2, GNAOL,
and REEP5 also showed partial colocalization with NCAM, the major polySia carrier, in the dorsal
horn, and thus we have not yet determined if the interaction is with polySia alone or NCAM or
both. However, these data add significantly to the list of potential interacting proteins of polySia.

3.4.1. ldentification of 13 putative binding partners of polySia

We identified 13 novel potential interacting proteins of polySia (Figure 3.13). Most of these
proteins are involved in or postulated to impact neuronal signalling implying that polySia could
influence such signalling. For example, a role in plasticity could be associated with polySia’s
potential interaction with 14-3-36 as 14-3-3 proteins are involved in signal transduction (Berg et
al., 2003) with 14-3-30 up-regulated after injury at least in motoneurons (Namikawa et al., 1998)
or down-regulated with increased climbing fibre activity in the cerebellum, associated with changes
in GABA receptor expression (Qian et al., 2012). Another isoform, 14-3-3p, has been detected in
immunoprecipitates from brain membrane fractions using anti-NCAM antibodies (Ramser et al.,
2010), indicating an interaction of NCAM with this protein. Although the study showed an indirect
effect of this protein on NCAM neurite outgrowth through binding to specific binding motif of all
spectrin, the presence of 14-3-3f in the eluates obtained from NCAM IP could be either due to its
interactions with NCAM or with polySia, present on NCAM in discrete regions of the adult brain

(see Chapter 1). 14-3-3 proteins are mainly found in the cytoplasmic compartment (Fu et al., 2000)
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and thus might interact with cytoplasmic domain of NCAM. However, they can also be detected at
the plasma membrane and in intracellular organelles such as the Golgi apparatus (Fu et al., 2000)
where they might interact with the extracellular domain of NCAM and polySia. 14-3-3 proteins
have two asparagine sites (Asn-Xaa-Ser/Thr) in their peptide sequence for potential N-linked
glycosylation (Ichimura et al., 1988), but these asparagine residues appeared not to be glycosylated
as the protein did not stain for carbohydrate (Boston et al., 1982). However, in a more recent study
(Di Domenico et al., 2010) three members of this family (14-3-3¢, 14-3-3y, and 14-3-3() were
isolated with lectin affinity chromatography on hippocampus using wheat germ agglutinin which
selectively binds to terminal N-acetylglucosamine (O-GIcNAc) and sialic acid moieties
(characteristic of O-linked glycosylation), indicating that 14-3-3 proteins could be glycosylated (Di
Domenico et al., 2010).

Figure 3.13. Overview depicting the potential interaction of polySia with potential interacting
partners in a post synaptic neuron and astrocyte. The majority of these proteins are localized to cell
membranes where the interaction is estimated to occur. However, it is unclear how polySia might interact
with mitochondrial proteins (SLC25A3 and SLC25A4) or TUBB5. ATP1A2, sodium/potassium-
transporting ATPase subunit alpha-2; ATP1AS3, sodium/potassium-transporting ATPase subunit alpha-
3; ATP1B1, sodium/potassium-transporting ATPase subunit beta-1; CLTC, clathrin heavy chain 1,
CNTNZ1, contactin-1; DPYSL2, dihydropyrimidinase-related protein 2; ER, endoplasmic reticulum;
GNAOL, guanine nucleotide-binding protein G(0) subunit alpha; REEP5, receptor expression-enhancing
protein 5; SLC25A3, phosphate carrier protein, mitochondrial; SLC25A4, ADP/ATP translocase 1;
TUBBS, tubulin beta-5 chain; THY1, thy-1 membrane glycoprotein; YWHAQ, 14-3-3 protein theta.
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Contactin-1 on the other hand is a GPI-anchored cell recognition molecule, involved in signalling
between axons and myelinating glial cells (Bhat et al., 2001) indicating that the influence of polySia
is likely not restricted to neurons. Contactin-1 is a glycoprotein from the family of cell adhesion
molecules which contains 6 1gC2 domains and 4 FNIII repeats (Milev et al., 1996) and has been
found on the cell surface, where the majority of polySia is found (see Chapter 1), as well as in the
secretion from cells (Ruegg et al., 1989, Xenaki et al., 2011, Gennarini et al., 1991). Some evidence
suggests that contactin-1 acts as a lectin-like neuronal receptor, binds to CD24 glycoprotein, and
can mediate Lewis x-dependent CD24-induced effects on neurite outgrowth (Lieberoth et al.,
2009), though no evidence of interaction of this glycoprotein with Sia or polySia is available.
Partial colocalization of contactin-1 with NCAM was observed in some regions such as in the spinal
cord and dorsal root ganglion (Milev et al., 1996), suggesting an interaction between NCAM and
this protein.

Dihydropyrimidinase-related protein 2 (DPYSL2) perhaps more commonly known as collapsing
response mediator protein 2 is a signalling protein that alters neurotransmission via
neurotransmitter release through interaction with presynaptic CaV and NaV channels as well as
interactions with NMDA receptors and also functions as a microtubule binding protein involved in
vesicle trafficking (Quach et al., 2004, Kawano et al., 2005, Brittain et al., 2009, Dustrude et al.,
2016). NCAM is not described in the interactome of DPYSL2 (Martins-de-Souza et al., 2015) but
DPYSL2 can be O-glycosylated (Khanna et al., 2012).

Tubulin beta-5 chain (TUBB5), a structural component of microtubules integral for intracellular
transport, potentially alters signalling by vesicle trafficking (Wilson and Gonzalez-Billault, 2015).
TUBBS is involved in the generation and migration of neurons within the embryonic mouse cortex
and its perturbation disturbs the morphological transitions of neurons into the cortical plate (Breuss
etal., 2012). PolySia also functions in cell migration as progenitors born in the subventricular zone
express high levels of polySia (for review see (El Maarouf and Rutishauser, 2010)) suggesting an
interaction in the cortex during development. Perturbations to TUBB5 in mouse postnatal (P17)
cerebral cortical neurons also alters the numbers and shapes of dendritic spines (Ngo et al., 2014)
suggesting a potential role in plasticity in line with influences of polySia. Although not much data
is available beta tubulin is glycosylated with sialyloligosaccharides (Hino et al., 2003, Song and

Brady, 2015). B-tubulin was isolated by immunoaffinity chromatography via immobilizing
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intracellular domains of rat NCAM 140 and NCAM 180, indicating an interaction of cytoplasmic
domain of NCAM with this protein (Buttner et al., 2003).

The main focus of this study were the five proteins REEP5, sodium potassium ATPase subunits
(ATP1A2 and ATP1A3), GNAOL, and CLTC that are described below in more detail.

REEPS5 is a member of the REEP (DP1) family that shape the tubular endoplasmic reticulum (ER)
where they are highly enriched and ubiquitously expressed in all mammals (Shibata et al., 2008,
Voeltz et al., 2006, Bjork et al., 2013). Although some studies indicate that REEP family proteins
enhance G protein-coupled receptor (GPCR) trafficking or increase its functional expression (Saito
et al., 2004, Behrens et al., 2006), their role in signalling is not well studied. REEP1, 2 and 6 are
involved in signalling through GPCRs (llegems et al., 2010, Bjork et al., 2013), with REEP2 found
recruiting sweet receptors into lipid rafts thereby improving GPCR signalling (llegems et al., 2010).
Single cell analysis showed that REEP1, 2, and 6 affect ER cargo capacity of specific GPCRs and
thus their surface expression (Bjork et al., 2013). Therefore, it is possible that an interaction of cell
surface polySia with REEP5 could alter GPCR expression and therefore influence cell signalling
and plasticity. Specifically REEP5 appears to directly interact with the GPCR CXCR1 altering
endocytosis at least in some cell lines (Park et al., 2016b). REEP proteins are however localized
predominantly to ER (Bjork et al., 2013). As we have demonstrated that polySia is found on the
Golgi/ER in neurons at the ultrastructural level, a role for polySia in modifying ER cargo capacity
is possible. Additional experiments are required to determine the exact location of REEP5 and

study how the interaction with polySia occurs.

Three subunits of the sodium/potassium ATPase were found to interact with polySia in the present
study. The sodium/potassium ATPase is a plasma membrane protein comprising four a and three
B subunits regulating intracellular Na* and K* concentrations (Geering, 2006, Skou and Esmann,
1992). The electrochemical gradient produced by the sodium/potassium ATPase maintains the
osmotic balance of the cell as well as the resting membrane and excitable properties of neurons,
indicating its integral role in neuronal transmission. This pump is also involved in transporting
some neurotransmitters across the plasma membrane (Blanco and Mercer, 1998) including
glutamate where both uptake and transporters are directly coupled to al-a3 subunits of the
sodium/potassium ATPase at least in rat cerebellum (Rose et al., 2009). a1 and a3 subunits also

interacts with NMDA receptors (Akkuratov et al., 2015) and ouabain (a cardiotonic steroid which
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is a specific ligand of sodium/potassium ATPase) caused a reduction in the levels of NMDA
receptors, an effect likely mediated by the a3 subunit (Akkuratov et al., 2015). PolySia on the other
hand also modulates glutamate signalling by restraining activity of extrasynaptic GIuN2B-
containing NMDA receptors (Hammond et al., 2006) and facilitating activity of a subset of AMPA
receptors (Vaithianathan et al., 2004). Since the direct interaction of polySia with these receptors
has not been shown, it is possible that polySia affects these receptors through its interaction with
subunits a2 or a3 of ATPase as identified in our study. Curiously the function of the non-catalytic
ATP1B1 subunit is not known; however, it does have three asparagine sites which could be
glycosylated unlike the a2 and a3 subunits (Blanco and Mercer, 1998, Vagin et al., 2005). In line
with this the f2 subunit of sodium/potassium ATPase, also known as AMOG (Gloor et al., 1990),
actually carries 30% of its molecular weight as oligomannosidic glycans (Fahrig et al., 1990) and
has been found to interact directly with NCAM (Horstkorte et al., 1993). Our mass spectrometry
data detected only ATP1A2, ATP1A3, and ATP1B1 as potential interacting partners of polySia
and not ATP1B2 suggesting that these three subunits do interact with polySia, while AMOG
interacts with NCAM, or it is possible that we did not detect ATP1B2 due to its oligomannosidic

glycans.

GNAOL encodes for one of three subtypes of the Gao subunit, the most abundant G protein in the
brain (Huff et al., 1985, Neer et al., 1984, Exner et al., 1999) with high abundance in neurons (Jiang
et al., 1998). Ligand binding at GPCRs activates G proteins catalysing the exchange of GDP for
GTP on the a subunit separating the o subunit and By subunits which activate downstream effectors
such as adenylyl cyclases, phospholipases, and ion channels (Hepler and Gilman, 1992, Neer,
1995). It appears that most GPCR exhibit N-linked glycosylation with some sites important in
receptor and G-protein coupling (Wheatley and Hawtin, 1999, Ray et al., 1998, Chen et al., 2010);
however, whether polysialylation of GPCRs occurs is unclear. Nevertheless, GNAOL is a
signalling protein in line with the idea that polySia is involved in plasticity. Pertussis toxin which
inhibits Gi and Go proteins prevents NCAM-mediated neuritogenesis in E7 neurons which is
dependent upon the presence of polySia (Doherty et al., 1992, Doherty et al., 1991, Sandig et al.,
1994) suggesting an interaction between Gi/o proteins, NCAM, and polySia. The organization of
this interaction remains to be determined with our data suggesting that an interaction between Go

and polySia exists. It is interesting to note that Gao also interacts with ganglioside GD3, a sialic
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acid-containing glycosphingolipids (Yuyama et al., 2007) further emphasizing the potential for

sialic acid containing sugars to modify functions of signalling G proteins.

Clathrin is involved in neurotransmission and signal transduction via clathrin-mediated endocytosis
(CME) of some proteins, especially GPCRs, the most abundant signalling molecules in the CNS
(Vieira et al., 1996) (for review see (McMahon and Boucrot, 2011, Sorkin and Von Zastrow,
2009)). Application of chlorpromazine, used as an inhibitor of clathrin-related endocytosis (Daniel
et al., 2015), increased polySia expression on the cell surface of human neuroblastoma cells, and
this effect was decreased by the addition of brefeldin A, which inhibits the recycling pathway
(Eaton et al., 2000), suggesting that the regulated clathrin-related endocytosis system was involved
in the polySia expression (Abe et al., 2017). In line with this, the surface of clathrin-coated vesicles
showed immunoreactivity for polySia which colocalized with clathrin-ir (Minana et al., 2001).
Moreover, in the same study, NCAM was found to be associated with clathrin when NCAM was
immunoprecipitated (with an anti-NCAM antibody) in cultured cortical neurons and proliferating
astrocytes which were immunoreactive for polySia, as well as in differentiating astrocytes lacking
polySia-ir (Minana et al., 2001). Since clathrin was found associated with NCAM even in astrocyte
cultures which were polySia negative, it remains unclear whether there is any direct interaction
between polySia and clathrin. However, recently a role was suggested for another important
member of sialoglycans, gangliosides in CME (Rodriguez-Walker et al., 2015), further suggesting
that polySia might be associated with clathrin or affect its function. An increased endocytosis of
transferrin, the archetypical cargo for CME, was found in cells containing gangliosides with high

levels of sialylation (Rodriguez-Walker et al., 2015).

Therefore, the signalling functions of these potential interacting partners are in line with postulated
function of polySia in signalling and plasticity in the adult higher order brain regions (Eckhardt et
al., 2000, Dityatev et al., 2004, Rutishauser, 2008, Bonfanti and Theodosis, 20009,
Kochlamazashvili et al., 2010).

3.4.2. Are interacting proteins region or species specific?

To the best of our knowledge, this is the first description of interacting partners of polySia in the
dorsal horn of the spinal cord demonstrating that GNAO1, ATP1A2, ATP1A3, REEP5, and CLTC
may interact with polySia. It is curious that these proteins have not been detected as binding

partners of polySia in studies of higher brain regions (Mishra et al., 2010, Theis et al., 2013) or via
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in vitro examination (Kanato et al., 2008, Storms and Rutishauser, 1998, Vaithianathan et al., 2004,
Isomuraetal., 2011, Ono et al., 2012, Hammond et al., 2006) particularly as most of these proteins
are highly abundant throughout the CNS. However, in both studies which utilised tissue from
higher brain regions, only the part of the gel containing protein bands visible by silver staining in
the sample but not the control (with a molecular weight of 50 and 70 kDa (Theis et al., 2013) or 30
kDa (Mishra et al., 2010)) was analysed by mass spectrometry. Since none of the five binding
partners identified and verified in the current study has a similar molecular weight, they may have
simply been present at lower levels or just not detected in the previous studies despite the fact that
silver staining is quite sensitive. It is also possible that these proteins were absent in the eluates
from previous studies due to the differences in sample preparation. This perhaps is more likely as
we did not detect histone H1 (Mishra et al., 2010) or MARCKS (Theis et al., 2013) in our mass
spectrometry data. Histone H1 was only detected in Triton X-100 insoluble fractions and in the
post synaptic density but not in Triton X-100 soluble fractions of brain (Mishra et al., 2010).
Similarly, we did not find interacting proteins identified using in vitro preparations or artificial
setups such as BDNF (Kanato et al., 2008). It is possible that we could not detect these proteins
due to size (BDNF is only 14 kDa), sample preparation and analysis, or due to the potential non-
stable (transient) interactions (Wetie et al., 2014) between polySia and these partners, resulting in
the separation of the binding partner from polySia isolated on the beads. Furthermore, it should be
noted that proteins may interact differently between in vitro and in vivo systems (Berggard et al.,
2007).

Our study shows the value of quantitative proteomics for identifying interacting partners in
biological complexes. Using NSAF values, we were able to eliminate many contaminants by
comparing the level of protein abundance between samples and an equal number of negative
controls. More importantly, we were able to identify proteins that are quantitatively enriched in the
samples over the negative controls. Immunoprecipitation studies which did not use quantitative
approaches (Mishraetal., 2010, Theis et al., 2013), only chose proteins that were absent in controls.
If we were to take this approach, we would not have considered ATP1A2 and ATP1A3 even though
we provided further evidence that these are likely binding partners of polySia.

Our study shows that when similar techniques of analysis are used to determine binding partners
for polySia in different CNS regions they appear similar, at least for the lower brainstem and spinal

cord. We demonstrated that GNAO1, ATP1A2, and REEP5 which are potential interacting partners
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for polySia in the dorsal horn and trigeminal nucleus are also likely partners of polySia in in the
intermediolateral cell column. To our knowledge no other studies have compared binding partners
from different regions. This result may also extend to humans as some evidence suggests that
similar brainstem regions exhibit high expression levels of polySia (Quartu et al., 2008). It remains
a possibility that the binding partners of polySia in primitive brainstem regions may be different to
those found in higher brain regions; however, this requires comprehensive and comparative

analysis.

We were also able to compare the potential binding partners identified across different species by
comparing the dorsal horn in mouse with that of rat and the same partners were identified. This
seems to make sense as polySia is abundant in the dorsal horn of both mouse and rat even though

its distribution does differ slightly (see Chapter 2).
3.4.3. Protein-protein or carbohydrate-protein interaction?

Since more than 95% of polySia is located on NCAM (Cremer et al., 1994, Schnaar et al., 2014),
isolation of polySia leads to isolation of NCAM as found in our mass spectrometry data. Therefore,
the potential binding partners identified here may interact with polySia, NCAM, or both. As
mentioned above, there is some evidence that tubulin B, clathrin, and contactin-1 interact or might
interact with NCAM (Buttner et al., 2003, Minana et al., 2001, Milev et al., 1996). However, being
an interacting partner of NCAM does not preclude a direct interaction of polySia with the potential
binding partners or involvement of polySia in heterophilic interactions of NCAM with those
interacting proteins. For instance, evidence shows heterophilic interactions between heparin
sulphate proteoglycans (HSPGs) and NCAM through NCAM Ig domain 2 (Storms et al., 1996,
Murray and Jensen, 1992). PolySia can augment this interaction in vitro, although it remains
unclear whether polySia directly binds to HSPGs or indirectly modulates an NCAM/HSPG
interaction (Storms and Rutishauser, 1998). Another example is fibroblast growth factor 2 (FGF2)
that binds to the second fibronectin type 111 repeat (FGL peptide) and/or the first FN3 (BCL motif)
of NCAM (Kiselyov et al., 2005, Jacobsen et al., 2008). PolySia also directly binds to the growth
factor FGF2, though the interaction has been demonstrated only in vitro (Ono et al., 2012).

Our final series of data showed partial colocalization of ATP1A2, GNAQO1, and REEP5 also with
NCAM using confocal microscopy. However, this evidence requires further validation as NCAM,
ATP1A2, and GNAOL are all abundantly expressed within the CNS so the chance of random
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colocalization is high. In addition, since polySia is a posttranslational modification of NCAM, due
to its proximity to NCAM, double labelling of both polySia and NCAM with these proteins would
be expected. Further experiments are required (see Chapter 5) to investigate the direct interaction
of the potential interacting partners with polySia and/or NCAM.

It remains a possibility that these potential interacting partners might be found in the
immunoprecipitates of mAb 735 IPs due to their interaction with a protein that interacts with
polySia and/or NCAM. This issue can be addressed by approaches such ELISA and BIACORE
analysis or by immunofluorescent staining to investigate colocalization of polySia with these
proteins as we did for ATP1A2, GNAO1, and REEPS5 proteins.

3.4.4. Limitations of the study

When dissecting tissue from the spinal cord and brainstem, it was not possible to isolate only dorsal
horn or trigeminal nucleus caudalis so each sample contained adjacent tissues. To some extent this
limitation was addressed by looking at the colocalization of binding partners with polySia. We
were able to assess only some of the proteins detected by mass spectrometry, so it is important that

all proteins identified are assessed to determine the region where colocalization occurs.

Another major limitation is antibody specificity. Although mAb 735 is well characterised to isolate
polySia, commercially available antibodies were used for identification of potential binding
partners and these have variable levels of characterisation. Western blot analysis using REEP5
antibody of brain tissue showed multiple bands, suggesting that the antibody may bind non-
specifically (for example to other REEP isoforms). Although we tried several NCAM antibodies
that were supposed to detect the rat version of NCAM (# ab9018, Abcam; # GTX19782, GeneTex;
and # MAB310, Merck Millipore), none were able to detect the three NCAM isoforms preventing
further investigation of NCAM interacting with the binding partners identified here in this species;
therefore, the interaction of NCAM with GNAO1, REEP1, and ATP1A2 could only be investigated

in mouse.

It is also clear that it is difficult to detect transient interactions using co-IP (Xing et al., 2016). In
vivo, many interactions involved in intracellular and intercellular signalling, especially cell surface
interactions, are dynamic and transient because their function needs dynamic change between

interacting and not interacting (Wetie et al., 2014, Schreiber et al., 2009). Although this issue could
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have been addressed by utilising cross-linking methods (Wetie et al., 2014), this would require

significant amounts of antibody that were not available.

Moreover, polySia, ATP1A2, and GNAOL1 are all abundantly expressed within the CNS and thus

some colocalization seen could arise from random association.

Finally, there is a possibility that some of the identified potential binding proteins in this study are
in fact carriers of polySia rather than interacting partners. As discussed in section 3.4.1, some of
the identified putative interacting partners, such as ATP1B1 and contactin-1 are glycoproteins
though there is no evidence that they are polysialylated. Contactin-1, for example, contains both Ig
domains and FNIII repeats (Milev et al., 1996). In NCAM, the first FNIII repeat is the polyST
recognition site and docking site for the polysialylation of two N-linked glycans in the adjacent Ig
domain (Close et al., 2003). This raises a possibility that contactin-1 may be polysialylated. In case
of REEP5, ATP1A2, ATP1A3 and CLTC, no evidence is present that these proteins are
glycosylated. In addition, treatment of samples with endoN did not result in any shift in their
expected molecular weights in western blotting (data not shown), suggesting that these proteins are
not polysialylated. However, using NetOGlyc 4.0 Server (Steentoft et al., 2013) showed 3, 1, 1,
and 5 predicted glycosylation sites for ATP1A2, ATP1A3, GNAQO1, and CLTC respectively based
on their sequence. Whether any of these predicted sites are glycosylated or not requires further

examination.

Our data do show a discrepancy with respect to GNAO1 with the mass spectrometry data showing
an absence of GNAOL in the control; however, after co-IP followed by western blotting a GNAO1
band was detected in the control. This discrepancy could be explained by loss of GNAOL1 during
sample preparation for mass spectrometry (such as peptide loss during ZipTip) indicating perhaps
the amount of GNAOL1 in the control eluates was probably below the detection limit of the MS

instrument used.
3.5. Conclusion

This study has successfully identified potential binding proteins of polySia in the dorsal horn of the
spinal cord of adult rats, the first such investigation. The co-immunoprecipitation followed by
label-free proteomics approach identified 13 potential binding partners of polySia, five of which
were validated using co-IP and/or immunohistochemical analysis. Most proteins identified were

associated with neuronal signalling and plasticity, the major known function of polySia in the adult
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CNS. We also demonstrated that these interactions were similar in different spinal cord and
brainstem regions and showed that polySia interaction with these proteins was not species-specific.
Functional testing of polySia interactions with the putative binding partners would determine the
potential contribution of these proteins to polySia in plasticity or contribution of polySia to the role
of these proteins. Elucidation of interacting partners of polySia with already known functions can
provide novel insights into fundamental aspects of the function of polySia in the dorsal horn of the
spinal cord. Moreover, it will help to identify new mechanisms of action of polySia and understand
how polySia is implicated in plasticity and/or signalling. Understanding polySia—protein
interactions can also help to clarify the pathophysiology and development of some diseases

associated with changes in the expression of polySia.
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Chapter 4 : Viral vector induced
expression of polysialic acid in the
rostral ventrolateral medulla:
expression pattern and
cardiorespiratory effects

141



Abstract

Polysialic acid (polySia), a large cell surface glycan, is mainly found as a posttranslational
modification of the neural cell adhesion molecule in the mammalian brain. PolySia is synthesised
mainly by polysialyltransferase ST8SialV (PST) in the adult brain. In some higher brain regions
that exhibit high polySia expression such as the hippocampus and hypothalamus, polySia
modulates plasticity. However, its functional role in the lower brain regions is poorly studied. The
nucleus of solitary tract (NTS) is a primary relay centre of visceral sensory information. We
recently demonstrated that the enzymatic removal of polySia in the NTS resulted in
sympathoexcitation. Thus our initial aim was to overexpress polySia in the NTS using a lentiviral
vector driving the expression of PST along with mCherry and GFP reporters (LV/PST) and
determine the effects on neural transmission. However, injection of LV/PST failed to adequately
express ST8SialV. Therefore, our objective moved to examine the effect of induced expression of
polySia in the rostral ventrolateral medulla (RVLM), which receives input from the NTS and is
involved in the basal and reflex control of cardiorespiratory function. A control lentiviral vector
driving the expression of GFP reporter (LVV/GFP) was also used. Using LV/PST, we were able to
overexpress polySia in the RVLM as polySia immunoreactivity (ir) in the injected side was higher
than in the non-injected side. Moreover, polySia-ir was significantly more distinct on neurons
expressing the reporters in the LV/PST than the LV/GFP group. However, polySia overexpression
was found in LV/GFP group, although it was significantly lower than in LV/PST group. To
determine if tissue damage caused this overexpression, astrocyte morphology and expression were
examined as previous studies have described induced polySia expression by reactive astrocytes
following injury. However, very little colocalization of polySia with mildly reactive astrocytes was
found. Animals bilaterally injected with LV/PST and LV/GFP or naive animals were used for
physiological experiments as unilateral manipulation would be compensated by the unmanipulated
side. Nevertheless, no significant change was found in the LV/PST group in the baseline level or
function of cardiorespiratory reflexes examined. Only a minor change was seen in the baroreceptor
function showing a significant elevation of the lower plateau, possibly due to an increase in non-
barosensitive sympathetic activity. To investigate whether LV/PST influenced a population of
neurons with cardiorespiratory function, the number of the reporter expressing C1 neurons was

assessed. Overall, our results suggest that either polySia expression does not alter the
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cardiorespiratory functions of the RVLM or the increased polySia level was not enough or did not

target a large enough population of neurons with cardiorespiratory functions to alter function.
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4.1. Introduction

Nearly all cells are covered by a dense coat of cell surface carbohydrates, termed glycans, which
are usually attached to underlying proteins or lipids (Rambourg and Leblond, 1967, Varki, 2007).
Glycans are developmentally regulated, usually change in response to environmental situations (for
review see (Ohtsubo and Marth, 2006, Taylor and Drickamer, 2011)), and can cause disease when
genetically deficient (for review see (Freeze, 2006)). In mammals, terminal components of
glycoproteins and glycolipids are often sialic acids (Cohen and Varki, 2010), a family of sugars
with a nine-carbon backbone (Varki, 2007) that can be found as a monomer, dimer, oligomer, or
polymer (polysialic acid) (Sato and Kitajima, 2013a). Within the mammalian central nervous
system (CNS), polysialic acid (polySia) is a group of sialoglycans that is of particular interest
(Schnaar et al., 2014). PolySia is predominantly attached to the neural cell adhesion molecule
(NCAM) (Cremer et al., 1994) and due to its highly hydrated and negatively charged structure acts
as a negative regulator of the adhesive properties and binding abilities of NCAM (Yang et al., 1994,
Yang et al., 1992, Brusés and Rutishauser, 2001, Hildebrandt et al., 2010).

PolySia in mammals is synthesised by polysialyltransferases (polySTs) ST8Siall and ST8SialV
(also named STX and PST, respectively) (Eckhardt et al., 1995, Kojima et al., 1995, Livingston
and Paulson, 1993, Nakayama et al., 1995, Scheidegger et al., 1995), primarily present in the trans-
Golgi compartment (Harduin-Lepers et al., 2001, Harduin-Lepers et al., 2005, Scheidegger et al.,
1995). The expression of the polySTs is individually regulated at the transcriptional level in a
tissue-specific fashion, with an overlapping expression pattern (Angata et al., 1997, Hildebrandt et
al., 1998, Ong et al., 1998). Overall, ST8Siall is the main enzyme in the developing brain, whereas
ST8SialV is the main polyST in the adult CNS (Ong et al., 1998, Hildebrandt et al., 1998, Oltmann-
Norden et al., 2008).

PolySia has been found to modulate several functions (McCall et al., 2013, Becker et al., 1996,
Muller et al., 1996), studied mainly in the higher brain regions. For instance, in the hippocampus,
one of the main regions with abundant expression of polySia (Bonfanti, 2006), altering the
expression of polySia altered memory formation caused by a reduction in long term potentiation
(Muller et al., 1996, Becker et al., 1996, Eckhardt et al., 2000, Angata et al., 2004). PolySia removal
resulted in phase resetting of the circadian clock in the suprachiasmatic nucleus (Fedorkova et al.,

2002, Prosser et al., 2003), increased vulnerability to excitotoxic stimuli due to induced dendritic
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expansion in CA3 pyramidal neurons (McCall et al., 2013), and increased thermal hyperalgesia in
the spinal cord associated with neuropathic pain (EI Maarouf et al., 2005) demonstrating that

perturbing polySia alters neurotransmission.

The function of polySia within the brainstem has been poorly investigated. The nucleus of solitary
tract (NTS), located in the dorsal brainstem, is a major integrative centre of viscerosensory
information and receives constant synaptic input from peripheral cardiovascular, respiratory, and
gastrointestinal sensors as well as descending input from higher brain regions to regulate several
homeostatic reflexes (Pilowsky and Goodchild, 2002, Guyenet, 2006, Andresen and Paton, 2011,
Browning and Travagli, 2014). Increasing sensory activity within the NTS, which at baseline
exhibits abundant polySia expression (see Chapter 2), decreased polySia levels (Bouzioukh et al.,
2001). In keeping with this data, enzymatic removal of polySia in the NTS in our laboratory
resulted in sympathoexcitation (Bokiniec et al., 2017). In this chapter, our initial aim was to induce
polySia expression in the NTS using a lentiviral vector in order to examine the effects of polySia
overexpression in the cardiorespiratory functions generated by this region. However, we were only
ever able to induce very poor expression of the fluorescent reporter so we changed our target to a
downstream site regulated by the NTS, the rostral ventrolateral medulla (RVLM).

Sensory input from the NTS regulates cardiorespiratory outflows via the RVLM (Koshiya and
Guyenet, 1996, Aicher et al., 1996) which is located within the ventral medulla extending about
1mm caudal to the pole of the facial nucleus (Goodchild and Moon, 2009). The RVLM plays a
crucial role in the tonic and reflex regulation of arterial blood pressure (AP) as chemical inhibition
of cells in the region results in falls in sympathetic nerve activity (SNA) and blood pressure
(Feldberg and Guertzenstein, 1976, Guertzenstein and Silver, 1974, Ross et al., 1984), while
electrical or chemical stimulation of the RVLM evokes increases in the activity of sympathetic
nerves innervating vasomotor organs including blood vessels, the heart, and the adrenal medulla
(Ross et al., 1984, Willette et al., 1983a, Goodchild et al., 1982, McAllen, 1986). Cardiovascular
and respiratory reflexes dependent upon neurons in the RVLM include the baroreceptor and von
Bezold-Jarisch reflexes as well as the responses generated by peripheral and to some extent central
chemoreceptor reflexes amongst others (Verberne and Guyenet, 1992, Guyenet, 2006, Wakai et
al., 2015, Guyenet, 2000). For example, most RVLM bulbospinal barosensitive neurons
demonstrate strong activation as a result of carotid body stimulation by cyanide or brief hypoxia

(peripheral chemoreceptor reflex) (Reis et al., 1994, Koshiya et al., 1993, Sun, 1996). Adjacent to
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the RVLM are key respiratory centres responsible for the generation and rhythm of breathing: the
Botzinger and pre-Boétzinger regions (Sun et al., 1998, Smith et al., 1991, Stornetta et al., 2003).
Unlike the NTS, the RVLM and adjacent regions have a low expression of polySia and therefore
our aim was firstly to determine if it is possible to overexpress polySia in the region and then
determine whether this overexpression alters functions generated by the region. We attempted to
induce expression of polySia within the RVLM using lentiviral vectors (LV) carrying the ST8SialV
(hereafter is referred to PST) gene and functionally examined baseline cardiorespiratory functions

and cardiorespiratory reflex functions.
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4.2. Materials and methods
4.2.1. Animals

All experimental procedures were approved by the Macquarie University Animal Ethics
Committee (Animal Research Authorities: 2015/041) and conducted in accordance with the
Australian Code of Practice for the Care and Use of Animals for Scientific Purposes. Animals were
housed under constant 12 h light/dark cycles and allowed standard rat chow ad libitum.
Experiments were performed on male Sprague Dawley rats (12-20 weeks old, n = 51) from the

Animal Resources Centre, Perth, Western Australia.
4.2.2. Vectors

A lentiviral vector that drives the expression of PST (ST8SialV) and contains 2 reporters, mCherry
and GFP, was manufactured by sub-cloning a plasmid containing the coding region of mouse PST
from pcDNA3/mPST into a lentiviral backbone under the control of human (h) synapsin (Syn)
promoter, hereafter is referred to as LV/PST. The plasmid was kindly made and provided by Dr.
Xuenong Bo (UCL, UK), who used this virus to induce polySia expression in the spinal cord (as
yet unpublished) and the viral vector was made at Salk Vector Core with a titre of 7.9 x 10° IU/ml.
Green fluorescent protein (GFP) was used as a reporter molecule for PST gene expression. The
plasmid also has a Syn_mCherry reporter sequence. Thus the vector sequence was
pPRRL_Syn_PST-GFP_Syn-mCherry.

In order to examine whether the brain injection itself and/or the lentivirus induced polySia
expression, a control lentiviral vector under the control of human synapsin was used that only
contained the GFP reporter and was manufactured by SignaGen Laboratories (MD, USA) with a
titre of 2.23 x 10° IU/ml and hereafter is referred to as LV/GFP.

4.2.3. Stereotaxic microinjection of vectors

Adult male SD rats were anaesthetized with a mixture of ketamine (75mg/kg; Parnell Laboratories,
Australia) and medetomidine (0.75 mg/kg; Pfizer Animal health, Australia) and were administered
with prophylactic antibiotics (100 mg/kg cephazolin sodium, i.m.; Mayne Pharma, Australia) and
analgesia (2.5-10 mg/kg carprofen, s.c.; Norbrook Pharmaceuticals, Australia). The hind paw was
firmly pinched to check for a lack of reflexes ensuring the animal was anaesthetized. The rats’ head

and left cheek were shaved and swabbed with 10% povidone-iodine solution (Betadine TM, Mayne
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Pharma, Australia). Anaesthetic depth was checked frequently by monitoring motor and respiratory
responses to noxious pinching of hindpaws, and if required at any time, additional dose of ketamine
(7.5 mg/kg i.p.) was administered. Rats were transferred to a heated pad on a stereotaxic frame and
placed in the skull flat position. The skin was opened, with a midline incision along the skull. An
approximately 4 mm diameter hole was made in the occipital bone 2 mm lateral to midline over
the RVLM. The dura was cut with a 26G needle so the cerebellum was exposed. The left facial
nucleus, an anatomical landmark for the rostral extent of the RVLM, was mapped by antidromic
facial field potentials evoked by using a borosilicate pipette filled with viral vector in PBS and a
silver wire, as previously described (Dempsey et al., 2015). The caudal pole of the facial nucleus
was determined. 300 nl of LV/PST or LV/GFP was microinjected 200-300 um caudal to the caudal
pole of the facial nucleus at a depth of 200 um deeper than the most ventral position at which facial
field potentials could still be detected. After the injection, the pipette was left in position for
approximately 5 min prior to its slow withdrawal. Wounds were irrigated using sterile saline,
covered with oxidized cellulose haemostat and closed with suture clips. In some animals (n=23),
the injection was performed unilaterally (RVLM left side), whereas in the animals used for
electrophysiological recordings the injection was performed bilaterally. Anaesthesia was reversed
with the administration of atipamezole (0.4 mg/kg, s.c.; Pfizer Animal Health, Australia). Rats were
closely monitored during recovery until they were awake and active. Then, they were transferred
to the home cage in the PC2 laboratories at the Faculty of Medicine and Health Sciences
(Macquarie University) with twice-daily monitoring for three days post-microinjection, followed
by a twice-weekly monitoring. Some animals were used to determine that a four- to five-week
period post injection was required for optimal expression and from this point animals were either

used for electrophysiological recordings or euthanized and perfused.
4.2.4. Electrophysiological recordings

After 4-5 weeks, rats that had received bilateral microinjections were anaesthetized with urethane
(2.3 g/kg, i.p. 10% solution in 0.9% saline; Sigma-Aldrich, Australia). Depth of anaesthesia was
assessed at regular intervals during the experiment by monitoring autonomic responses to noxious
pinching of hindpaws. If the pinch evoked changes in arterial pressure (AP) or respiratory rate,
10% of the initial dose of urethane (i.v.) was administered. Core temperature (rectal temperature)
was maintained between 36.5 and 37.1°C by a thermostatically regulated heating pad (Harvard

Apparatus, Holliston, MA, USA). The right femoral artery and vein were cannulated for measuring
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AP and the administration of drugs and saline respectively. A tracheostomy was performed by
inserting a 14G catheter into the trachea to permit artificial oxygen-enriched (100% oxygen)
ventilation (Ugo Basile, SRL, Italy). The end-tidal CO, was maintained between 3.5-4.5%
(Capstar-100, CWE Inc., USA). Rats were placed in a stereotaxic frame and the left splanchnic
nerve, used for the measurement of sympathetic outflow, was isolated dorsally by a retroperitoneal
approach as described previously (Burke et al., 2008). The left phrenic nerve, used for the
measurement of central inspiratory function, was isolated using a dorsal subscapular approach.
After isolation of the nerves, they were cut distally to exclude afferent transmission and prepared
for recording. The nerve recording was performed from the phrenic nerve, and splanchnic
sympathetic nerve using handmade bipolar silver wire electrodes as described previously (Burke
et al., 2008). Nerve recordings were amplified (x10000; CWE Inc., Ardmore, USA), band pass
filtered (0.1-3 kHz), sampled at 5 kHz (1401, Cambridge Electronic Design (CED) Ltd, UK) and
recorded using Spike 2 software (version 6.2, CED, Ltd, Cambridge, UK). Core temperatures and

end-trial CO2 were sampled at 2 kHz.

A stabilization period of 30 min was allowed. To evoke the von Bezold-Jarisch reflex, rats were
injected with phenylbiguanide (PBG; 10 pg/kg, i.v. bolus) allowing at least 10 min between
injections to avoid tachyphylaxis. Rats were then paralysed with pancuronium bromide (0.8 mg/kg,
i.v. every 60 min) and the vagi were cut bilaterally to eradicate synchronization of the artificial
ventilation and phrenic nerve activity (PNA) via input from pulmonary stretch afferents (Morrison,
1999). To assess baroreceptor function, phenylephrine, a vasoconstrictor agent, (PE; 20 pg/kg in
0.1 ml 0.9% saline, i.v. bolus) and sodium nitroprusside, a vasodilator agent, (SNP; 20 pg/kg in 0.1
ml 0.9% saline, i.v. bolus) were administered separately to load or unload the baroreceptor reflex
respectively. The activation of central and peripheral chemoreceptors was induced via application
of 2 min of 5% CO> (in Oz, hypercapnia) and 1 min of 10% O- (in nitrogen, hypoxia), directly to
the inspiratory tube of the ventilator that normally provided oxygen-enriched room air. Intermittent
hypoxia was generated by cyclic hypoxic events repeating the 10% O for 1 min followed by 100%
O for 5 min to induce hypoxia a total of 5 times. The response to the acute intermittent hypoxia
(AIH) was recorded for 30 min after which a final 1 min hypoxic challenge was administered.
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4.2.5. Perfusion, tissue collection, and immunohistochemistry

All viral vector injected rats were perfused 4-5 weeks post-injection and almost all bilateral injected
animals were subjected to the electrophysiology experiments just described. The rats were then
either euthanized with an overdose of sodium pentobarbitone (100 mg/kg, i.p. or i.v.) or if already
anaesthetized sacrificed using 3M KCI (i.v.) or 1 ml urethane (i.v.) prior to intracardiac perfusion
as described in Section 2.2.5. Brains were removed and post-fixed overnight. The tissue was then
cut into coronal sections (50 pm thick) using a vibrating microtome (Leica VT 1200S, NSW,
Australia) and sections were kept in cryoprotectant solution (see Chapter 2) for 24 h, before being
transferred to -20 °C.

For the immunohistochemistry experiment, free-floating sections were washed with 0.3% (v/v)
Triton X-100 in Tris (10 mM)-phosphate (10 mM) buffered saline (TPBS, pH 7.4), 3x30 min at
room temperature. Sections were then blocked in 10% (v/v) donkey serum in TPBS containing
0.3% (v/v) Triton X-100 for 1 hour at room temperature, and incubated with primary antibodies
(monoclonal antibody 735 directed against polySia (mAb 735) 0.5 pg/ml, anti-GFP antibody
Abcam 1:500, mouse anti-tyrosine hydroxylase (TH) T1299 Sigma Aldrich 1:1000, and anti-glial
fibrillary acidic protein (GFAP) G9269 Sigma-Aldrich 1:500), diluted in 10 % normal horse serum
in TPBS containing 0.3% (v/v) Triton X-100 for 48 hours at 4 °C. Sections were washed with
TPBS, 3x30 min at room temperature and then were incubated in fluorescent conjugated secondary
antibodies (Alexa Fluor 647-AffiniPure donkey anti-mouse 1gG #715-165-151 and Alexa Fluor®
488 AffiniPure Donkey Anti-Rabbit 19G (H+L) # 711-545-152, Jackson ImmunoResearch 1:500)
overnight at 4 °C. Sections were washed, 3x30 min with TPBS, mounted onto glass slides using
Dako Fluorescent mounting medium (Dako, Australia), and visualized using a Zeiss upright
microscope (Axio Imager Z.2, Germany). Images were acquired using ZEN 2012 imaging software
(Zeiss, Germany). Mosaic images of each coronal brainstem section were acquired at 20x
magnification. High power images were captured with a Leica confocal microscope (Leica TCS
SP5X; Leica Microsystems, NSW, Australia) using Leica Application Suite Advanced
Fluorescence software (LAS AF; Leica, Germany) and analysed using the ImageJ plugin Fiji
(Schindelin et al., 2012).
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4.2.6. Criteria for selecting animals for further analysis

A number of unilateral injections were performed: LV/PST (n=18) and LV/GFP (n=5). However,
only injections that were located within the RVLM (see below), showed a good coverage, and a
good expression of mCherry (for LV/PST) or GFP (for LV/GFP) were selected for further analyses.
The same criteria used for animals injected bilaterally; however, these criteria were assessed in

both sides and animals with only one good injection site were also rejected.
4.2.7. Data analysis

To measure mCherry, GFP, and polySia fluorescence in each unilaterally LV/PST or LV/GFP
injected animal, tile images of two single brainstem sections containing the RVLM (using a Zeiss
upright microscope as discussed in section 4.2.5) were used. Using ImageJ plugin Fiji (Schindelin
et al., 2012), an outline was drawn around the fluorescent reporter positive regions and the mean
grey value of fluorescence was measured in all three channels (mCherry, GFP, and polySia
immunoreactivity). The same area on the contralateral side was then measured. For background
levels a site on each side of the pyramidal tract that was label free was measured and deducted from
the mean grey value of the injected and uninjected side for each channel. The results are presented
as fold increase in the injected side (mean grey value of injected/non-injected side). All statistical
analysis (unpaired 2-sided Student's t-test and one-way ANOVA) were performed using Prism
(version 7.02, GraphPad Software, CA, USA).

Data for all electrophysiological experiments were analysed offline using Spike2 software. The
baseline measurements were taken immediately preceding the 1st SNP response when the animal
was paralysed and ventilated. Peak values for all outflows were calculated as the maximal change
observed in comparison with the baseline values (5 minutes of stable data before each drug
administration or stimulus challenge). Instantaneous heart rate (HR) was obtained from the AP
signal by measuring the frequency per minute. Mean arterial pressure (MAP) was derived by
smoothing the pressure waveform (using a 1 s time constant). Splanchnic and phrenic nerve
recordings were rectified and smoothed using 1 second averages. Phrenic nerve frequency (PNf)
was obtained from phrenic nerve activity and was derived by calculating the duration between the
onset of phrenic nerve bursting. Phrenic nerve amplitude (PNamp) was calculated from the peak
value of bursting through each cycle. To remove noise level from the nerve recording, the level of

activity was subtracted after cutting the nerve. Thus parameters measured were MAP (mmHg), HR

151



(bpm), SNA (either as uV for baseline or % change for all challenges), PNf (bursts per min) and

PNamp (uV for baseline or % change for all challenges).

To measure barosensitivity, MAP and rectified SNA responses to phenylephrine and sodium
nitroprusside were assessed. Sympathetic baroreflex function curves were generated during the
peak active phases of bolus intravenous injections of PE and SNP. Non-linear regression analysis
was used to fit normalized SNA values against MAP to a four-parameter sigmoid logistic function
curve (version 7.02, GraphPad Prism Software, CA, USA):

Y=P1+(P2-P1/(1+10[P31-p4))

Y is SNA, P1 is the bottom plateau, P2 is the top plateau, P3 is MAP halfway between the top and
bottom plateau, x is MAP, and P4 is the steepness of the curve. Maximal gain was obtained from

the first derivative of the logistic function curve (Gmax; gain at MAPsp).

To examine von Bezold-Jarisch reflex, peak values observed in HR, MAP, and SNA were

calculated in response to PBG.

To assess chemosensitivity, peak values observed in MAP, HR, PNf, PNamp, and SNA were
calculated in response to peripheral (hypoxia) and central (hypercapnia) chemoreceptor challenge

compared to 1 min baseline prior to stimulus.

Responses were compared in LV/PST, LV/GFP, and Naive rats and examined using one-way
ANOVA. For multiple comparisons, Tukey’s test was applied. P < 0.05 was considered significant.
Symbols are indicated as P < 0.05 (*), P < 0.01 (**), P < 0.001 (***), and P < 0.0001 (****). All
values were calculated using PRISM (version 7.02, GraphPad Software, CA, USA).

4.2.8. Counting C1 neurons

The number of C1 neurons expressing mCherry reporter was counted in five RVLM sections (at
120 pm intervals) 0-480 um caudal to the caudal pole of the facial nucleus (bregma -12.48 to -12,
n=4) and this was divided by the total number of C1 neurons in all five sections.
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4.3. Results

4.3.1. The injection of LV/PST did not result in mCherry or GFP expression in the NTS

A lentiviral vector containing PST cDNAs (LV/PST) which expresses PST, mCherry, and GFP
under synapsin promoter, a neuron-specific promoter (Hioki et al., 2007), was injected into the
NTS in 8 animals. All animals showed very poor expression of the fluorescent reporters, an
example is shown in Figure 4.1A. Even using a more ventral injection site closer to the dorsal motor
nucleus of vagus (DMV) did not improve the labelling in either NTS or DMV (Figure 4.1B - one
of the best expression levels obtained). However, some mCherry expression was present outside of
these regions (Figure 4.1B). Using multiple smaller injection sites similarly did not improve

labelling. Labelling was consistently poor to non-existent in the NTS.

4.3.2. Induced expression of polySia in the RVLM after viral delivery of PST cDNAs

unilaterally

In order to determine whether we could obtain overexpression of polySia in the RVLM, we used
the same vector (LV/PST) and a control vector (LV/GFP) for unilateral injections in the RVLM.
These injections resulted in a more consistent expression; however, a number of animals were
rejected as they did not meet the selection criteria (see Section 4.2.6). Figure 4.2A and B show the
dorsoventral and mediolateral extent of unilateral injection sites in all animals that met the criteria

where reporter expression covered part or all of the RVLM (n=8). Figure 4.2C and D show the

Figure 4.1. Very poor expression of mCherry was found in the NTS 4-5 weeks post-injection of
LV/PST. (A) and (B) show mCherry expression in two different rats. Scale bars = 500 pm.
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rostrocaudal extent of these unilateral injection sites. For the LV/PST injected group (n=5), these
sites varied from -11.88 to -13.08 mm from bregma with all injection sites covering -12 to -12.12
mm (Figure 4.2A and C). In rats injected unilaterally with LV/GFP (n=3), the rostrocaudal extent
varied from -12 to -12.96 with all three injections covering -12.24 to -12.36 mm from bregma.

An example of a unilateral injection site indicated by fluorescent reporter labelling and
immunofluorescence for polySia (using mAb 735) together with its contralateral non-injected side
is shown in Figure 4.3A and B. Both mCherry and GFP labelled neurons can be clearly seen on the
injected side but not on the non-injected side (Figure 4.3B). PolySia-ir was clearly more intense on
the injected side (Figure 4.3A and B). Using LV/GFP a similar pattern was seen where GFP

expression was seen on the injected side only (Figure 4.3C).

Figure 4.2. Lentiviral vector (LV/PST and LV/GFP) injection sites targeting the RVLM in unilateral
injections of the adult rat. (A) and (B) The right coronal hemisections show schematically the spread of
injection sites in the RVLM of animals injected unilaterally with the lentiviral vector containing PST cDNAs
(LV/PST, n=5) and without PST cDNAs (LV/GFP, n=3) respectively. (C) and (D) show the rostrocaudal
extents of the injection sites in LV/PST and LV/GFP transduced animals, respectively.
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Figure 4.3. Induced expression of polySia in the RVLM after injection of LV/PST. (A) A coronal
brainstem section through the RVLM (bregma -12.12) from a rat injected with LV/PST showing mCherry-
ir (red), GFP-ir (green), and polySia-ir (white). (B) shows images from Bi and Bii indicated in A depicting
injected and contralateral non-injected sides, respectively. Similarly, Ci shows the expression of GFP- and
polySia-ir in the RVLM after LV/GFP injection compared to its contralateral non-injected side, Cii. Scale
bars = 500 pm in A and = 100 pm in B and C.

155



However, it was clear that in some LV/GFP animals some polySia expression was also induced on
the injected side (Figure 4.3C). Nevertheless, the expression appeared to be less intense in the
LV/GFP animals compared to the LV/PST injected ones (Figure 4.3B and C).

In order to assess the level of polySia overexpression measured by immunoreactivity, we compared
the mean grey value of GFP- and polySia-ir from unilaterally LV/PST injected rats (n=5) with
those of unilaterally LV/GFP transduced animals (n=3) (Figure 4.4A). The data revealed that the
induced expression of polySia in the LV/PST injected rats was variable but as a group was
significantly higher than that of LV/GFP group, whereas there was no significant difference in the
expression of GFP between these two groups. Figure 4.4A also shows that in the LV/PST injected
animals the expression of mCherry is significantly higher than that of GFP (although similarly
variable). However, comparison of polySia-ir in LV/GFP injected rats with that of naive rats (n=3)
also showed a significant increase in polySia expression in LV/GFP rats. It is also clear that there
is much less variability in the polySia expression in naive animals.

Green fluorescent protein (GFP) in the LV/PST vector is used as a reporter molecule (Chalfie et
al., 1994, Soboleski et al., 2005) for PST gene expression and therefore its expression is taken to
indicate the expression of PST. However, in our experiments it was clear that animals with a higher
expression of mCherry and GFP did not always show a higher level of polySia-ir despite being
treated identically. Figure 4.4B shows an example of this in a rat unilaterally injected with LV/PST.
Although more expression of mCherry and GFP is seen in the injection side of this rat compared
to the rat depicted in Figure 4.3B, less expression of polySia is seen (Figure 4.4B) and this is also
confirmed by the graph (Figure 4.4A; red (represents 4.3B) vs. green (represents 4.4B)).
Nevertheless, both animals showed polySia overexpression. Similarly, from each of these examples
it is evident that some cells express both mCherry and GFP, whilst others express only GFP or
mCherry.
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Figure 4.4. PolySia expression was significantly higher in the LV/PST injected rats compared to
the LV/GFP injected and naive animals. (A) The graph shows the fold change of mCherry-, GFP-,
and polySia-ir in the injected sides compared to the non-injected sides in the LV/PST, LV/GFP, and
naive animals. (Bi) and (Bii) show mCherry-ir (red), GFP-ir (green), polySia-ir (white), and merged
image (yellow) in the injected and non-injected sides of an LV/PST transduced animal respectively,
demonstrating viral vector-induced expression of polySia. (Bi) also shows that some GFP and mCherry
were colocalized (yellow), while some were expressed individually in different neurons. Scale bars =
100 pm.
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As seen in Chapter 2, polySia-ir was often seen encircling or surrounding neurons in polySia
abundant regions such the NTS and spinal trigeminal nucleus caudalis. In order to further assess
the level of polySia expression in the RVLM, confocal microscopy was used to compare expression
on mCherry and GFP positive cells in LV/PST and LV/GFP injected animals. In LV/PST
transduced animals in some mCherry and GFP positive cells, a very dense ring polySia was very
obvious (Figure 4.5A and D). In the others, although a distinct ring was not evident, neuronal
morphology could be distinguished based on the intensity of polySia (Figure 4.5B and D).
However, in GFP expressing cells of LV/GFP transduced animals, although some occasional rings

Figure 4.5. PolySia-ir enveloping mCherry or GFP positive cells was more distinct in LV/PST than
LV/GFP transduced animals. (A) shows rings of polySia-ir enveloping mCherry and GFP positive cells
in LV/PST injected animals. (B) PolySia positive cells were more distinct due to higher expression of
polySia in LV/PST injected animals. (C) The majority of GFP positive cells in LV/GFP injected animals
did not show a ring of polySia-ir or distinct polySia expression. (D) Magnified images of the boxes indicated
in A-C. Scale bars = 25 pm in A-C and = 12 pum in D.
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were found, the majority of the cell bodies did not show rings or the rings were not as distinct
(Figure 4.5C and D).

4.3.3. Little polySia-ir in the RVLM was associated with GFAP-ir in astrocytes

In order to determine if injury due to injection could cause up-regulation of polySia expression, we
assessed astrocytes within the RVLM by looking at the expression of GFAP-ir. Injury can cause
activated astrocytes and these were found to be associated with polySia in and around the site of
injury (La Salle et al., 1992a, Nomura et al., 2000). In all animals examined, some evidence of
activated astrocytes was found as a mild increase in the intensity of GFAP labelling was seen in
astrocytes in the mCherry and GFP positive regions compared to the same region of the non-
injected side. Also, some animals showed morphological changes in some astrocytes such as
elongated processes. An example (one of the worse cases) is shown in Figure 4.6A-B. To determine
if the level of colocalization of polySia with GFAP increased from naive animals (see Chapter 2)
where no colocalization was seen, confocal microscopy was used. Although little colocalization
was found (Figure 4.6C-D), the expression of polySia was not predominantly associated with

GFAP immunoreactive astrocytic processes (Fig. 4.6B-C).
4.3.4. Bilateral injections of LV/PST and LV/GFP for physiology studies

Following injection of viral vectors, conduct of electrophysiological experiments followed by
perfusion and tissue processing, and assessment of vector labelling, six animals with bilateral
injections of LV/PST and four with LV/GFP met our criteria (see Section 4.2.6), an example of the
injection sites in each group is shown in Figure 4.7A and B. All injection sites covered the RVLM
or part of the RVLM (Figure 4.7C and D) with the majority of the injections (except for one) in the
LV/PST covering at least 300 um from 600 pum rostral to the facial nucleus, as demonstrated by
the expression of mCherry reporter (Figure 4.7E). In LV/GFP induced animals, at least 500 pm out
of the first 600 um rostral RVLM showed expression of the lentivirus, as demonstrated by the

expression of GFP reporters (Figure 4.7F).
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Figure 4.6. Few GFAP positive astrocytic processes in the LV/PST injected sites colocalized with
polySia. (A) shows the expression of GFAP-ir (green) and polySia-ir (red) and their merged image (yellow)
in the injected (Ai) and non-injected side (Aii) of an LV/PST transduced animal. (B) and (C) Confocal
images of boxes in A. (D) The box in C showing an example of colocalization of GFAP and polySia. Arrows
indicate colocalization. Scale bars =50 um in Aand B, =20 umin C, and =5 um in D.
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Figure 4.7. Bilateral injection sites of LV/PST (n=6) and LV/GFP (n=4) targeting the RVLM of the
adult rat. (A) and (B) Coronal sections showing the mCherry (red) or GFP (green) expression
respectively 4-5 weeks post injection. (C) and (D) show schematically the spread of injection sites in the
RVLM. (E) and (F) show the rostrocaudal extent of the injection sites. Scale bars= 500 pm.
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4.3.5. C1 neurons: how many in the RVLM are transfected with LV/PST?

The RVLM neurons that are most directly associated with the control of blood pressure and the
cardiorespiratory reflexes are the bulbospinal neurons that innervate sympathetic preganglionic
neurons monosynaptically, about 70% of which are C1 neurons (Schreihofer and Guyenet, 1997,
Brown and Guyenet, 1985, Ross et al., 1984). Therefore, we investigated the number of the reporter
(mCherry) expressing C1 neurons in the RVLM using an antibody against tyrosine hydroxylase
(TH, a marker of C1 neurons (Phillips et al., 2001)). In four animals injected bilaterally with
LV/PST, an average of 32 + 4.2% of TH neurons were double labelled with mCherry, an example

of which is shown in Figure 4.8A and B.

Figure 4.8. Some C1 neurons were transfected with LV/PST in the RVLM. (A) Some C1 neurons,
labelled with anti-tyrosine hydroxylase (TH, green), were transfected with LV/PST (mCherry, red),
shown by arrow heads. (B) The magnified image of the box indicated in A. Scale bars =200 pum in A and
=100 um in B.
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4.3.6. Physiology results

In order to determine whether overexpression of polySia in the RVLM influenced the function of
neurons in the region, baseline cardiovascular and respiratory variables and cardiorespiratory reflex
function were compared in three groups of adult rats: LV/PST injected, LV/GFP injected, and
naive. Naive animals were included to enable comparison with bilaterally vector injected animals.

Only animals that fitted the criteria outlined in Section 4.2.6 were included in the analysis.
4.3.6.1. Baseline

Baseline levels of MAP, HR, SNA, and PNf were determined in LV/PST, LV/GFP, and naive
animals that were paralysed, vagotomised, and artificially ventilated (after PBG administration, see
below) (Table 4.1). No significant differences were seen between the groups except, PNf was

curiously higher in LV/GFP animals compared to the other two groups.

Table 4.1. Baseline Measurements

Treatment group MAP HR SNA PNf
(mmHg) (beats per min) (uVv) (bursts per min)
LV/PST (n=6) 98.4+5.0 466 + 14.5 2.55+0.25 41.1+3.2
LV/GFP (n=4) 93.2+7.2 428 + 26.3 2.53+0.42 602+7.6*
Naive control (n=4) 108.6 £ 4.7 454 + 15.5 247 +0.78 39.3+4.4

The * indicates PNf in LV/GFP is significantly (P < 0.05, *) different to the other two treatment groups.
4.3.6.2. Bezold-Jarisch Reflex

The von Bezold-Jarisch reflex is a vagally mediated chemoreflex (Salo et al., 2007) so this reflex
function was assessed prior to cutting the vagi. A representative example of the responses evoked
in a naive animal by PBG (i.v.) is shown in Figure 4.9A. A bradycardic, hypotensive response
together with sympathoinhibition was seen accompanied by hypopnea (Figure 4.9A). The grouped
data are shown in Figure 4.9B-C. The heart rate effect was bradycardia with some animals in all
groups exhibiting arrhythmia rather than bradycardia (Figure 4.9B). However, no significant

differences were seen between the treatment groups.
4.3.6.3. Sympathetic baroreflex

The administration of phenylephrine and SNP induced rises and falls in AP generating reflex
decreases and increases in SNA respectively as described previously (Tallapragada et al., 2016).

From these data sympathetic baroreflex function curves were constructed. Comparison of these
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curves do not show any significant changes in gain or upper plateau in all three treatment groups
however in the LV/PST group the lower plateau was consistently increased compared to the other
two groups (P value LV/GFP vs. LV/PST= 0.001 and P value naive vs. LV/PST= 0.005) (Figure
4.10).

Figure 4.9. Bezold-Jarisch Reflex. (A) A representative example of integrated phrenic (PNA) and
sympathetic (SNA) nerve and cardiovascular (heart rate (HR) and arterial pressure (AP)) responses to
phenylbiguanide (PBG). (B) and (C) show changes in MAP, HR, SNA and PNA (only C) after the
administration of PBG in LV/PST, LV/GFP, and naive treatment groups.
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Figure 4.10. Baroreceptor function curves in LV/PST, LV/GFP, and naive groups of rats. In the
LV/PST group the lower plateau was consistently elevated (P value LV/GFP vs. LV/PST=0.001 and
naive vs. LV/PST= 0.005).

4.3.6.4. Responses to hypercapnia

An example of the response to 5% CO- in oxygen for two minutes in a naive rat is shown in Figure
4.11A. Hypercapnia resulted in a very modest increase in MAP, HR, SNA, and PNf, but the PNamp
increased by about 40%. Grouped data are shown in Figure 4.11B with no significant difference in

the responses observed between the three treatment groups.
4.3.6.5. Responses to hypoxia

A representative example to the response to 1 min of 10% oxygen in nitrogen is shown in Figure
4.12A. Large increases in HR, SNA and both PNf and PNamp were generated with variable
increases in AP evident. The grouped data are shown in Figure 4.12B with no significant

differences evident between the treatment groups.

As polySia in higher brain regions is thought to be important in plasticity (Rutishauser, 2008,
Gascon et al., 2010, Hildebrandt and Dityatev, 2013), we assessed response evoked by acute
intermittent hypoxia (30 min after 5 sequential episodes of hypoxia). We assessed whether there

were differences in baseline measurements 30 min after the final challenge and then whether the
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responses to a final hypoxic challenge were altered. An example response is shown in Figure 4.13A
from a naive animal. The grouped data are shown in Figure 4.13B. An increase in baseline SNA
and PNA is evident at 30 min post the 5" challenge only in LV/PST transduced group (4.13C and
D) with no significant difference in the responses between the first and final hypoxic challenge

(4.12B and 4.13B). However, no significant differences were found among the treatment groups.
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Figure 4.11. Response to hypercapnia. (A) A representative example of the cardiovascular (heart rate
(HR) and arterial pressure (AP)), sympathetic (SNA), and phrenic nerve (PNA) responses to exposure
to 5% CO; for 2 min. (B) The table shows changes in MAP, HR, SNA and PNf (phrenic nerve frequency)
and PNamp (phrenic nerve amplitude) after hypercapnia in LV/PST, LV/GFP, and naive groups of rats.
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Figure 4.12: Response to hypoxia. (A) A representative example of cardiovascular (heart rate (HR) and
arterial pressure (AP)), sympathetic (SNA), and phrenic nerve (PNA) responses to exposure to 10% O,
for 1 min. (B) The table shows changes in MAP, HR, SNA and PNf (phrenic nerve frequency) and PNamp
(phrenic nerve amplitude) after hypoxia in LV/PST, LV/GFP, and naive groups of rats.

169



170



Figure 4.13: Acute intermittent hypoxia. (A) A representative example of the cardiovascular (heart rate
(HR) and arterial pressure (AP)), sympathetic (SNA), and phrenic nerve (PNA) responses to exposure to
acute intermittent hypoxia. (B) The table shows changes in MAP, HR, SNA and PNf (phrenic nerve
frequency), and PNamp (phrenic nerve amplitude) after the last episode of hypoxia (hypoxia stimulus #6),
in LV/PST, LVIGFP, and naive groups of rats. (C) and (D) Changes in SNA and PNamp baselines
respectively before and after 6 cycles of hypoxia.
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4.4. Discussion

The aim of this study was firstly to induce polySia expression in the RVLM of adult rats using
lentiviral vectors carrying polyST ST8SialV (PST) gene and a neuron specific promoter. Neuronal
expression of the promoter was present and there was little evidence of other cell type labelling. In
unilateral LV/PST injected animals, an increased expression of polySia was found compared to the
uninjected side; however, the induced expression level was variable. In the LV/PST group,
mCherry and GFP positive cells were surrounded by a ring of polySia-ir or showed distinctively
higher levels of polySia compared to most GFP positive cells in LV/GFP transduced animals,
further confirming induced expression of polySia. Staining with anti-GFAP showed a slightly
increased labelling intensity on the injected sides, suggestive of mildly activated astrocytes.
However, little colocalization of activated astrocytes with polySia was found, suggesting they were
not responsible for the increase in polySia expression. Although LV/PST animals showed an
increased expression of polySia in the RVLM, labelling in the LVV/GFP group was also slightly
greater than in naive animals, suggesting that the injection itself or injury may increase polySia
expression. A subset rats injected bilaterally in the RVLM with LV/PST or LV/GFP and naive rats
were available for physiological studies. The data analyses demonstrated no differences in
cardiovascular and respiratory parameters at baseline. We tested a number of cardiorespiratory
reflexes (Bezold-Jarisch reflex, responses to hypercapnia, hypoxia, and acute intermittent hypoxia)
which are integrated within the RVLM and surrounding regions but again found no differences
between treatment groups. Only baroreceptor function was seemingly altered with gain being
unaffected but with a significant elevation of the lower plateau, perhaps suggestive of an increase
in non-barosensitive sympathetic drive. Apart from this small and singular effect our data suggest
a few possibilities either that the level of polySia expression present did not alter function or was
not enhanced to a great enough level or did not target enough of a population of neurons with a

specific function.
4.4.1. Limitations of the study

Although 51 animals (n=8 in the NTS and n=43 in the RVLM) were injected unilaterally or
bilaterally with viral vectors, more than half of the transduced animals were rejected due to the
injection being off-target, poor mCherry expression, or due to overt damage. This resulted in a

small sample size within the groups and some variability particularly of injection site extent with
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groups. This small sample size may explain the increased PNf baseline in the LV/GFP group
compared to the other two groups as it is difficult to explain why the control virus could have such
an effect. It is also possible although unlikely that the vagotomy in two of these animals was
incomplete as this would result in a higher PNf as respiratory frequency would be linked to
ventilator frequency. Due to the duration of the experiments (about 6 weeks per animal) we were

unable to increase the sample sizes in the time of candidature.
4.4.2. Little expression of the reporter genes in the NTS of the LV/PST transduced group

We initially used LV/PST to overexpress polySia in the NTS; however, little to no reporter labelling
was seen in these animals. Physical hindrance associated with the superficial location (see Chapter
2) and morphology of the NTS and associated regions, leakage up the pipette tract, high
cerebrospinal fluid (CSF) flow associated with the adjacent area postrema, and vascular structure
of the NTS might have caused dilution and washout of the injected vectors even before being taken
up by neurons (Shaver et al., 1991, Gross et al., 1991, Gross et al., 1986). It is also possible that
transcription or translation were suboptimal. Some transgenes, although effectively transcribed
into MRNAs, are degraded preceding translation by microRNA-mediated mechanisms (EI-
Shamayleh et al., 2016) which are known to be differentially expressed within the CNS (Bak
etal., 2008, He et al., 2007, Olsen et al., 2009). Thus it is possible that some microRNAs in the

NTS repressed the translation of mMRNAs transcribed from the transgene.

4.4.3. Induced expression of polySia in the RVLM

In contrast to the NTS, rats injected with LV/PST in the RVLM showed induced expression of
polySia in regions demonstrating the expression of reporters. However, this expression level was
variable and not always correlated with a higher expression of the reporters. Although all animals
were injected with equal volumes of the lentiviral vectors, they showed different expression levels
of the mCherry reporter. This might be at least partly due to the speed of injection, some leakage
or blockage of the delivery pipette, or some variations within the injection sites. It is also likely
that some variability is due to differences in translation processes in subregions of the RVLM;
however, this could be examined by measuring the ST8SialV mRNA levels in these animals using
PCR techniques (Yin et al., 2016). mCherry in LV/PST was used as an indicator of whether the

transgenes were taken up by neurons; consequently, variations in the expression of the reporter in
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different animals may indicate different amounts of transgene uptake by neurons which can lead to

variable levels of ST8SialV and therefore alterations in polySia expression.

However, a higher expression of both mCherry and GFP was not always associated with a higher
expression of polySia as some animals with a lower expression of reporters showed higher induced
expression of polySia. This could be due to other parameters rather than ST8SialV involved in
polySia synthesis. To make polySia, polySTs need a cytidine 5’-monophosphate (CMP) —activated
sialic acid as a donor (Sellmeier et al., 2015) and an 02,3- or a2,6-sialylated complex type at the
termini of both acceptor N- and O-linked glycans (Muhlenhoff et al., 1996b, Kojima et al., 1996,
Sato and Kitajima, 2013a, Liedtke et al., 2001) which in the CNS is usually NCAM (Cremer et al.,
1994). Therefore, differences seen might be due to variability in the levels of polySia donor or
acceptor in this region among these animals. Moreover, changes in endocytosis/exocytosis rates
might have also contributed to the variation of polySia expression on the cell surface (Abe et al.,
2017). In keeping with our data, in the piglet brain during postnatal development (postnatal day 3
and 38), no correlation was found between the level of mMRNA coding for polySTs (ST8Siall and
ST8SialV) and the expression level of polySia in all nine brain regions (including the brainstem)
examined, suggesting that the cellular abundance of polySTs in these regions is regulated at the
level of translation/post-translation, and not at the level of transcription (Wang et al., 2017). In
summary, we were unable to achieve highly reproducible polySia overexpression likely due to
multiple factors, in addition to virally induced abundance of ST8SialV, that are involved in polySia
synthesis.

While some cells showed expression of both mCherry and GFP, some only expressed GFP or
mCherry. Since the plasmid construct had both hSyn-PST-GFP and hSyn-mCherry, all transduced
neurons should have incorporated these reporters into their DNA equally. However, since each
reporter was attached separately to the hSyn promoter, differences in transcription and translations

could occur.
4.4.4. Did injury contribute to the induced polySia expression?

Temporary expression or up-regulation of polySia post-injury has been reported in glial scars and
their surrounding region by several studies (Camand et al., 2004, Dusart et al., 1999, Emery et al.,
2000, Miller et al., 1994, Zhang et al., 1995, La Salle et al., 1992a). After injury of Purkinje Cells
(Dusart et al., 1999), the kainate-induced hippocampal lesion model (La Salle et al., 1992b), and
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hemisection of the mouse spinal cord (Camand et al., 2004), polySia expression was reported on
reactive astrocytes for up to a year (Camand et al., 2004) or 18 months (Dusart et al., 1999), whereas
following lateral fluid percussion brain injury of moderate severity (Emery et al., 2000) and
ipsilateral entorhinal cortex lesion (Miller et al., 1994), increased expression of polySia was found
on neurons including their processes. PolySia expression on both neurons and activated astrocytes
were also reported after peripheral nerve grafts implanted into the thalamus of adult rats (Zhang et
al., 1995) and following unilateral cervical dorsal rhizotomy (Bonfanti et al., 1996). However, in
all the above mentioned studies, a moderate to severe injury was induced. In contrast, in our
experiment, there was no such injury evident, as lesions in the RVLM would have resulted in a
significant fall in AP and SNA (Feldberg and Guertzenstein, 1976, Guertzenstein and Silver, 1974,
Ross et al., 1984) which did not occur at baseline. In keeping with this, we saw only a slightly
increased labelling intensity of astrocytes and only some astrocytes had a mildly activated
morphology on the injected sides, indicating that the injury was neither moderate nor severe. We
found little colocalization of polySia with the mildly reactive astrocytes, suggesting that in the
LV/PST animals the induced expression of polySia was not due to increased expression by
activated astrocytes. However, it remains unclear as to whether some up-regulation of polySia level
observed in LV/GFP induced animals was due to the contribution of some damaged neurons as
reported by the studies above or due to the small sample size of unilaterally injected LV/GFP
animals (n=3) as a small sample size reduces the chance of detecting a true effect (Button et al.,
2013). It should be emphasized that regardless of contribution or lack of contribution of injury to
the polySia overexpression, the expression of ST8SialV still remains the main contributor to this
increase since a significant difference in polySia-ir was observed between LV/PST and LV/GFP

transduced groups.

4.4.5. PolySia overexpression did not alter cardiovascular and respiratory responses evoked by

chemoreceptor and baroreceptor stimuli

In a previous study, removal of polySia in the NTS increased sympathetic nerve activity, indicating
that polySia alterations change sympathetic outflow (Bokiniec et al., 2017). Sensory input from the
NTS regulates cardiorespiratory outflows through the RVLM (Koshiya and Guyenet, 1996, Aicher
et al., 1996) and thus we investigated the effect of polySia up-regulation on cardiorespiratory
functions of the RVLM. Using our data from unilateral injections of LV/PST we assumed, in our

bilaterally injected animals that where we saw expression of fluorescent reporters we would have
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elevated levels of polySia and thus firstly determined whether this altered baseline
cardiorespiratory variables. The baseline data measured was in line with previous studies (Salo et
al., 2007, Edwards and Paton, 2000) so either overexpression of polySia did not alter these variables
or compensatory mechanisms were activated to maintain homeostasis. We then tested four
cardiorespiratory reflexes in order to assess whether homeostatic reflexes were altered by

overexpression of polySia.
4.45.1. Bezold-Jarisch reflex

The Bezold-Jarisch reflex is a vagally mediated reflex generated by activation of cardiopulmonary
afferents likely by metabolites resulting from cardiac ischemia (Aviado and Aviado, 2001,
Campagna and Carter, 2003, Salo et al., 2007). Its first relay in the brain is the NTS and it is thought
to share or possibly parallel medullary pathways similar to the baroreceptor reflex (Verberne and
Guyenet, 1992, Sartor and Verberne, 2007). The RVLM however is a critical synaptic relay in
mediating the sympathoinhibitory component of the Bezold—Jarisch reflex (Verberne and Guyenet,
1992, Vayssettes-Courchay et al., 1997, Salo et al., 2007). The apnea and hypopnea, bradycardia,
hypotension, and the sympathoinhibition are characteristic responses evoked by PBG (Salo et al.,
2007, Verberne and Guyenet, 1992, Zhang et al., 2006, Moreira et al., 2007). Bradycardic
arrhythmia we observed in some animals of our study was not directly reported in these studies.
However, similar profound decreases in HR were similarly reported (Edwards and Paton, 2000,
Salo et al., 2007). Although overexpression of polySia in the LV/PST animals was seen, no

differences in the reflex function evoked by PBG was found.
4.4.5.2. Responses to hypercapnia, hypoxia, and acute intermittent hypoxia

Hypercapnia activates central chemoreceptors likely present with in the retrotrapezoid nucleus
(Guyenet et al., 2010). Elevations in brain CO: resulted in the activation of the RVLM neurons
demonstrated by Fos labelling (Wakai et al., 2015) and increased the activity of RVLM neurons
and the sympathetic nerve discharge (Moreira et al., 2006). It is thought that RVLM
sympathoexcitatory neurons likely receive input directly or indirectly from the retrotrapezoid
nucleus (Moreira et al., 2006). Increased MAP, SNA, and PNamp found in all three groups of our
study are characteristic responses to hypercapnia, described previously (Fukuda et al., 1989,
Moreira et al., 2006, Powell et al., 1998). A relatively modest response was seen as only 5% CO-

was used. Increasing CO- evokes larger responses in SNA and PNA (Moreira et al., 2006). Despite
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increased polySia levels in the RVLM of the LV/PST group, no differences were seen in the

responses to hypercapnia among the three treatment groups.

In contrast, hypoxia activates peripheral chemoreceptors located in the carotid and aortic bodes
which in turn send signals to the RVLM mainly via the NTS (Powell et al., 1998, Prabhakar, 2006,
Guyenet, 2000). It should be noted that all cells are sensitive to hypoxia, but a 1 min exposure is
unlikely to activate cell based activity. Exposure to brief hypoxic stimuli in our study increased
HR, SNA, PNf, and PNamp as reported by previous studies (Hsieh et al., 2008, Fukuda et al., 1989,
Wakai et al., 2015). We saw a mild increase in arterial pressure (From 8.0 + 3.9 to 18.2 £ 5.1),
whereas another study reported unchanged levels of arterial pressure (Fukuda et al., 1989).
However, PNAmp and to a lower extent SNA and PNf are the characteristic responses to hypoxia
investigated in most papers (Baker-Herman and Mitchell, 2008). We saw no differences in response
to hypoxia in our three treatment groups.

AlH activates a form of respiratory plasticity by generating long-term facilitation (LTF), in which
respiratory motor activity progressively increases, even after the stimuli have ceased and blood
gases have returned to normal (Baker et al., 2001, Mitchell et al., 2001). AIH also evokes similar
plasticity in SNA likely by increasing respiratory modulation of sympathetic nerve activity (Dick
et al., 2007, Xing and Pilowsky, 2010). Considering the role of polySia in plasticity (see Chapter
1) and neurotransmission (Bokiniec et al., 2017), it was interesting to investigate whether polySia
contributes to this facilitation. In anaesthetized and vagotomised rats, AIH leads to an increased
levels of SNA (Dick et al., 2007, Xing and Pilowsky, 2010) and respiratory-related nerve burst
amplitude (PNamp) with variable effects on burst frequency (Baker-Herman and Mitchell, 2008,
Mahamed and Mitchell, 2008, MacFarlane and Mitchell, 2008, Dick et al., 2007). There are
multiple AIH protocols described (Fletcher, 2000, Baker-Herman and Mitchell, 2008) with effects
on multiple systems and these appear highly sensitive to variation. No protocols are described
which are preceded by other stimulus so our data may be confounded by the diverse preceding
stimuli or the fact that we used a 6 cycle as opposed to the commonly described 10 cycle hypoxia
(Xing and Pilowsky, 2010). This was evident as we did not see any change in SNA and PNA in
our naive or LV/GFP groups. Interestingly, in line with previous data (Xing and Pilowsky, 2010,
Dick et al., 2007), an increase at SNA and PNA baselines was found only in LV/PST group after
30 min, although this did not reach significance. Therefore, it is possible that polySia may have

contributed to LTF in these animals but more data is required.
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4.4.5.3. Sympathetic baroreceptor curve

Baroreceptors work to oppose any change in arterial pressure on a beat by beat basis by altering
sympathetic nerve activity to the heart and blood vessels and parasympathetic drive to the heart
(Nichols et al., 2006, Guyenet, 2006, Mancia et al., 1986, Karemaker and Strackee, 1987).
Although polySia removal in the NTS enhanced sympathetic outflow (Bokiniec et al., 2017) which
is mainly generated in the RVLM, we saw no change in SNA after induced expression of polySia
in the RVLM. The only significant change in all the reflexes we tested was an elevation of the
lower plateau of the baroreceptor reflex function curve in the LV/PST group, possibly generated

by an increase in non-barosensitive sympathetic drive.
4.4.6. PolySia and functions of the RVLM

Both sympathoexcitatory neurons and cell groups responsible for generating and maintaining
respiratory rhythm are located within the region defined in this study as the RVLM (Guyenet, 2006,
Guyenet, 2000); however, we saw no significant changes in functions associated with them in any
of our three treatment groups apart a singular effect in baroreflex function. These findings therefore
suggest a few possibilities: 1) the level of polySia expression present did not alter the functions
measured, 2) polySia expression was not enhanced enough to affect functions, 3) polySia
expression did not target enough of a population of neurons that drive a specific function, or 4) any
changes evoked were compensated for. The latter possibility is unlikely as although we may not
have detected changes in SNA or PNA at baseline, we most likely would have detected

compensation as we measured sensitive homeostatic reflex function.
4.4.6.1. Did we target the right category of neurons with cardiorespiratory functions?

The location of C1 neurons in the RVLM spatially overlaps with the RVLM pressor area
(Goodchild et al., 1984) and these neurons, although show low activity under normoxia, play an
important role in driving sympathoexcitatory effects of the RVLM as elimination of most C1
neurons with the immunotoxin anti-dopamine B-hydroxylase-saporin (anti-DPH-Sap) severely
attenuated the sympathetic baroreflex (Schreihofer and Guyenet, 2000). Many RVLM C1 neurons
also demonstrate strong activation as a result of carotid body stimulation (peripheral chemoreceptor
reflex) (Reis et al., 1994, Koshiya et al., 1993, Sun, 1996). In line with this, most C1 neurons
expressed Fos in conscious mammals exposed to hypoxia (Erickson and Millhorn, 1994, Hirooka

etal., 1997), while the sympathoexcitatory response evoked by carotid body stimulation is virtually

178



eliminated after selective lesions of C1 neurons (Schreihofer and Guyenet, 2000). In this study,
we used a neuron specific promoter (synapsin) with stronger preference in excitatory neurons
(Yaguchi et al., 2013, Nathanson et al., 2009, Dittgen et al., 2004) as the majority of RVLM
bulbospinal neurons, and in particular C1 neurons, express mRNA for vesicular glutamate
transporter 2 and thus are excitatory neurons (Stornetta and Guyenet, 1999, Stornetta et al., 2002).
Still we only found the expression of the mCherry reporter in an average of 32 + 4% of C1 neurons,
indicating that about 70% were not probably affected. Whether such a change is adequate to
influence cardiorespiratory function of the RVLM needs to be further investigated.

4.4.6.2. Was the level of polySia induced enough to change functions investigated?

Removal of polySia within the NTS affected sympathetic outflow; however, the NTS has abundant
polySia (Bokiniec et al., 2017). In contrast, in the animals unilaterally injected with LV/PST, except
in one case where an increase of ~2.5 times was found in polySia-ir (in the injected side compared
to the uninjected one), in the other cases a range of 1.4- to 1.7-fold increase was measured, and
thus the question is whether or not this difference was large enough to see a change in function.
Was this level of increase large enough at the cellular level to influence adhesive properties on the
polysialylated surface or heterophilic bindings of its carriers (Yang et al., 1994, Yang et al., 1992)?
Alternatively, polySia may affect the activity of ion channels important in function of RVLM such
as AMPA (Vaithianathan et al., 2004) and NMDA (Hammond et al., 2006) receptors. Nevertheless,
no firm conclusions can be made from the data presented here as more data is required particularly
in animals showing higher and more consistent levels of overexpression of polySia, particularly in

C1 neurons.
4.5. Conclusion

In summary, we induced expression of polySia in the RVLM of the adult rat using a lentiviral
vector driving the expression of polyST ST8SialV, the primarily polyST in the adult CNS. PolySia-
ir was more distinct around many reporter expressing neurons in LV/PST transduced animals
compared to the control ones and showed a significant increase in the LV/PST injected versus
uninjected side. This overexpression, however, did not alter cardiorespiratory functions of the
RVLM (in particular Bezold—Jarisch reflex and response to hypercapnia and hypoxia) with only a
minor change in the lower plateau of the baroreceptor curve. Not targeting enough of C1 neurons

as well as not inducing enough expression of polySia could be potential contributors to not altering
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cardiorespiratory function. More data however is required before any concrete conclusions can be

made.
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Chapter 5 : Synthesis and future
directions
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Every living cell has a dense and complex coat of an array of glycans (Varki, 2011) which are
integral parts of the extracellular matrix (Fuster and Esko, 2005). Changes in glycosylation states
in the central nervous system (CNS) are commonly associated with disease states (for review see
(Abou-Abbass et al., 2016)). Polysialic acid (polySia), a long homopolymer composed of more
than eight sialic acids (Schauer, 2009), is of particular interest (Schnaar et al., 2014) as its
expression in the adult CNS is restricted to discrete regions that exhibit synaptic plasticity including
the hippocampus, cortex, and hypothalamus (Bonfanti, 2006, Bonfanti et al., 1992, Hildebrandt
and Dityatev, 2013). These higher brain regions have provided the major focus of polySia
investigation (Miragall et al., 1988, Aaron and Chesselet, 1989, Seki and Arai, 1993c, Theodosis
etal., 1991, Chung et al., 1991, Kiss et al., 1993, Dhdill et al., 1999) and altered expression of the
sugar has been found associated with conditions of altered learning and memory (Becker et al.,
1996, Fox et al., 2000), chronic stress (Pham et al., 2003, Sandi et al., 2003) and neuropathological
conditions such as schizophrenia (Barbeau et al., 1995), epilepsy (Mikkonen et al., 1998), and
Alzheimer’s disease (Mikkonen et al., 1999). In contrast the distribution, interacting partners, and

function of polySia in the brainstem and spinal cord are poorly understood.
Chapter 2

A detailed investigation of the distribution of polySia in the medulla and pons of the adult rat
identified over 30 polySia positive regions with dense polySia immunoreactivity (ir) consistently
observed in the Al region, area postrema, dorsal motor nucleus of vagus, dorsal raphe nucleus,
caudal part, dorsal tegmental nucleus, medial vestibular nucleus, nucleus of solitary tract (NTS),
prepositus nucleus, and spinal trigeminal nucleus caudalis (Sp5C). Within the spinal cord, we
extended previous studies by identifying polySia expression in the intermediolateral cell column
(IML) consistently surrounding sympathetic preganglionic neurons (SPNs) within their complex
nest like structures. Within the Sp5C, NTS, and spinal cord no association was found between
polySia and the large processes of astrocytes or oligodendrocytes using GFAP and MBP as cell
type markers, respectively. In the NTS and Sp5C, there was however some association of polySia
with fine astrocytic processes. Within the superficial laminae of the spinal cord dorsal horn where
a dense labelling was seen, polySia-ir was present on some inhibitory interneurons expressing
SSTR2A, whereas CGRP expressing afferent fibres expressed little to no polySia, suggesting that
polySia is not localized to peptidergic C fibres. PolySia-ir was associated, though not often

colocalized, with a marker of the presynaptic density, synaptophysin, suggesting a synaptic
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localization. Within two regions (NTS and Sp5C), ultrastructural examination provided concrete
evidence that polySia was present in or on the fine processes of astrocytes and/or within the
extracellular space adjacent to plasma membranes as well as adjacent to some synapses and in a
subset of dendrites and axon terminals, consistent with the close association of polySia with
EAAT?2 and synaptophysin revealed using immunofluorescence. Within the trigeminal ganglion of
the adult rat, polySia expression was found around neurons and satellite glia cells. Comparing the
polySia expression in rats and mice demonstrated mainly common patterns of expression. Only in
some areas was the distribution different such as in the spinal cord dorsal horn. Finally, comparison
of two of the most commonly used polySia antibodies — mAb 735 and mAb 5324 — showed a

similar pattern of expression in the brainstem and spinal cord.

Does the expression of polySia in numerous regions of the brainstem found in this study indicate
that polySia in the brainstem could be as, or even more, important as in higher brain regions even
though its functions are largely unknown? PolySia expression in the higher brain regions is
postulated to be associated with plasticity (Rutishauser, 2008, Gascon et al., 2007) so it would be
interesting to see if it exerts a similar function in the more primitive brainstem and spinal cord. This
could be achieved by removal of polySia in regions that show abundant expression. This is
demonstrated by a study | participated in during my PhD candidature (see Appendices) (Bokiniec
et al.,, 2017). Here we showed that removal of polySia from the NTS region reduced
neurotransmission indicating that normal levels of polySia facilitate afferent transmission through
the nucleus. The medial vestibular nucleus, prepositus nucleus, and dorsal tegmental nucleus which
similarly showed dense polySia labelling, form part of the head direction circuit, as lesions of these
regions disturb this circuit (Bassett et al., 2007, Muir et al., 2009, Butler and Taube, 2015, Stackman
and Taube, 1997). Head direction neurons fire at a steady rate when the animal's head is facing in
the cell's "preferred firing direction™ with the firing decreasing back to baseline rates when the
animal's head turns away from the preferred direction (Taube, 2007). Whether polySia plays a role
in the directional activity of these neurons is unclear. This could be investigated in transgenic mice
lacking polySia to see whether they show any deficit in their head direction circuit. ST8Siall,
ST8SialV double-knockout mice show progressive hydrocephalus, growth retardation, deficits in
brain wiring as well as severe developmental deficits with more than 80% dying within 4 weeks
after birth (Weinhold et al., 2005) and therefore would likely not be usable. However, NCAM™

mice which show significant deficits in polySia but not the severe neurological deficiencies seen
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in the polysialyltransferase (polyST) double-knockouts could be useful to explore the role of
polySia (Weinhold et al., 2005, Cremer et al., 1994, Hildebrandt et al., 2009). Such a study could
also be used to determine whether the vast majority of polySia in these regions is found associated
with neural cell adhesion molecule (NCAM) as indicated in higher brain regions (Cremer et al.,
1994). Alternatively, enzymatic removal of polySia could be used to investigate acute effects of
polySia alteration on this circuit as in the study described in Appendices. The ideal solution would
be to use a conditional knockout (Zhang et al., 2012, Skarnes et al., 2011) in which only neurons

in these three regions could be manipulated to not express polySia.

We identified for the first time that SPNs in the IML were surrounded by polySia-ir. SPNs
innervating cardiovascular fibres such as those supplying the heart and blood vessels receive
continuous tonic input from sympathetic premotor neurons in the rostral ventrolateral medulla
(RVLM), whereas SPNs ultimately innervating brown adipose tissue (Morrison and Cao, 2000),
sweat glands, or muscles responsible for piloerection (for review see (Iriki and Simon, 2012)) are
silent at normal body temperature or under basal conditions. It is clear that sensory regions of the
spinal cord and medulla such as the dorsal horn and Sp5C as well as the NTS receive tonic input
and exhibit abundant polySia so whether expression of polySia is associated with neurons receiving
tonic input, at least in the brainstem and spinal cord remains to be determined. Furthermore,
whether polySia is only associated with SPNs that receive constant input or with ‘silent” SPNs also
remains unknown. This issue could be investigated using selective stimulation of the SPNs and
then studying the chemical codes of types of neurons activated using a marker such as c-Fos,
pCREB, and Arc. Activation of the RVLM which provides tonic excitatory input (Dampney et al.,
2003) related to peripheral vasculature, organ perfusion pressure (Brown and Guyenet, 1985,
Pilowsky and Goodchild, 2002), resting level of arterial pressure (Dampney, 1994a, Guyenet,
2006), and the sympathoadrenal response to glucoprivation (Ritter et al., 2011, Ritter et al., 2001,
Madden et al., 2006) would provide some selectivity of input. Alternatively activating silent
populations of SPNs such as those innervating brown fat could be achieved using cold exposure to

activate cold defence pathways (Morrison, 2011).

There is one piece of evidence to suggest that the expression of polySia in the NTS is dynamic and
controlled by synaptic activity (Bouzioukh et al., 2001). Electrical stimulation of vagal afferents
(30 Hz, 15 min) innervating the polySia rich nucleus of solitary tract resulted in a 30% decrease in

polySia expression 15 min after stimulation, measured by western blotting (Bouzioukh et al., 2001).
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In a similar manner sensory input including mechanical, thermal, chemical and proprioceptive
information from orofacial structures (most of the head, including the face and teeth) is constantly
conveyed to the trigeminal nucleus in the brainstem via the trigeminal ganglia (Iwata et al., 2011,
Bereiter et al., 2000, Hanani, 2005). We have demonstrated that both Sp5C and trigeminal ganglion
(TG) express polySia-ir. Therefore, it would be interesting to increase afferent drive to investigate
the potential alterations in polySia expression level. Such stimulation could be achieved by noxious
stimuli such as pinching (Strassman and Vos, 1993) or the injection of the Complete Freund's
Adjuvant (CFA) (Villa et al., 2010) as these methods have been shown to activate neurons and/or
glia in the TG and Sp5C.

We found polySia-ir around both satellite glial cells (SGCs) and neurons of TG. However, the
labelling was faint or very faint around some cells making it difficult at times to examine whether
the labelling was associated with neurons or its surrounding glia. To determine how much polySia
is associated with glia or neurons, colchicine administration could be used. Colchicine is a drug
used to block cell transport and induces a rapid blockade of recently generated substances from the
rough endoplasmic reticulum to the Golgi and from the Golgi to the cell surface (Malaisse and
Orci, 1978, Alonso, 1988). Theodosis et al. (1999) used tissues from animals that had been treated
with colchicine and observed an increase in polySia labelling in the cytoplasm of astrocytic cell
bodies and processes as well as in the cytoplasm of neuronal somata in the magnocellular nuclei
(Theodosis et al., 1999).

Chapter 3

Our aim here was to identify interacting partners of polySia initially in the dorsal horn of the spinal
cord of adult rats using co-immunoprecipitation (IP) followed by a proteomics approach resulting
in thirteen proteins identified as potential binding partners of polySia. Five of these candidates:
receptor expression-enhancing protein 5 (REEP5), guanine nucleotide-binding protein G(0)
subunit alpha (GNOAL), sodium/potassium-transporting ATPase subunit alpha-2 (ATP1A2),
sodium/potassium-transporting ATPase subunit alpha-3 (ATP1A3), and clathrin heavy chain
(CLTC) were further validated as potential binding partners of polySia. Colocalization of polySia-
ir with ATP1A2- and GNAOL1-ir at the cell surface, neuropil and fine fibres of the dorsal horn and
dorsolateral funiculus was detected using confocal microscopy. Some co-labelling was also

detected in dorsolateral funiculus between polySia and REEP5. The interaction of polySia with

185



GNAOQ1, ATP1A2, and REEP5 was also examined in Sp5C and IML and their polySia interaction
status were confirmed, suggesting that similar interactions occur in functionally different parts of
the CNS. We also showed that the interactions identified in the rat spinal cord dorsal horn similarly
occurred in the mouse dorsal horn. Together, these data expand the rather short current list of
potential interacting partners of polySia and may help to provide insight on the functional role this
sugar has within the areas studied. PolySia may play a role in neuronal signalling as more than half
of the potential partners identified are involved in signalling and these common signalling functions
appear to be present in multiple brain regions and in different species.

As noted in this chapter, polySia is predominantly attached to NCAM in vertebrates (Bonfanti and
Theodosis, 2009) and thus it is possible that some of the potential partners identified in this study
interact with NCAM rather than polySia or even possibly both. The most direct studies to confirm
the identified interactions would be by ELISA using polySia-NCAM or NCAM fused to Fc portion
of human immunoglobulin (PolySia-NCAM-Fc or NCAM-Fc) (Mishra et al., 2010, Theis et al.,
2013) or by immunoaffinity/immunoprecipitation experiments with anti-NCAM antibodies using
ST8Siall, ST8SialV double-knockout animals (Angata et al., 2007, Weinhold et al., 2005)
(however, note lack of viability above). Alternatively, immunoprecipitation, in the absence or
presence of endoN, using an antibody against each interacting partner could be performed and
immunoprecipitates could be probed against NCAM antibodies (Theis et al., 2013). If
immunoprecipitates from untreated samples show larger amounts of NCAM compared to those of
endoN treated samples, the interaction would most probably be with polySia and not with NCAM.

The mechanisms by which polySia may affect these interacting partners and the functional
consequences of the interaction need to be investigated. Functional studies could be performed in
vivo by manipulating polySia level either through enzymatic removal of polySia by endoN or using
transgenic mice lacking both ST8Siall and ST8SialV (Angata et al., 2007, Weinhold et al., 2005)
or NCAM (Cremer et al., 1994) to seek potential alterations in the activity of these binding partners.
Alternatively, an in vitro system using isolated cells (Kanato et al., 2008) or artificial systems
(Hammond et al., 2006, Vaithianathan et al., 2004) could be employed. An increase in polySia
level in vivo or in vitro might also alter the function of its interacting partners. This could be done
via induced expression of polySia by ST8Siall and/or ST8SialV (see Chapter 4), the application of
colominic acid, a bacterially derived polySia (Hammond et al., 2006), or polySia mimetics,

although currently their functional effects are primarily tested in recovery after the CNS injury
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(Bushman et al., 2014, Mehanna et al., 2010, Loers et al., 2017). The advantage of using these
polySia mimetics is that unlike polySia which is cleaved in vivo by neuraminidases and sialidases
(Sumida et al., 2015, Takahashi et al., 2012, Sajo et al., 2016), the mimetics cannot be cleaved
(Loers et al., 2017).

Another question to tackle is whether polySia expression is influenced by the activity of these
protein partners? This could be investigated via inhibiting (or decreasing) (Skou, 1990), or
increasing the activity of these proteins and then examining potential alterations in polySia levels.
In case of the ATPase pump, ouabain or oligomycin could be used as their application inhibits the
activity of the pump or decreases the transport rate of Na* respectively (Skou, 1990, Urayama and
Sweadner, 1988, Edwards et al., 2013). In contrast, during intense neuronal activity caused by
suprathreshold synaptic stimulation, the concentration of sodium in dendrites and spines can
increase radically (Rose and Konnerth, 2001), and the rapid clearance of intracellular sodium is
primarily attributed to ATP1A3 (Azarias et al., 2013), mainly localized to neuronal processes
(Bottger et al., 2011) and dendritic spines (Blom et al., 2016, Kim et al., 2007). The recovery of
intracellular sodium levels after intense neuronal activity thus requires increased ATP1A3 activity
(Azarias et al., 2013). Interestingly, high frequency stimulation of the solitary tract reduced polySia
expression (Bouzioukh et al., 2001b, Bouzioukh et al., 2001a) and polySia removal in the NTS
increased NMDA dependent neuronal transmission (see Appendices). These data suggest that
glycan, and in particular, polySia could optimize the activity of ATP1A3 during intense neuronal
firing.

Moreover, to examine the effect of the activity of these proteins on the expression levels of polySia,
polySia expression could be studied in the human or animal diseases/disorders associated with
mutations or alterations in the activity and/or expression levels of these proteins. For example,
polySia expression was up-regulated in some hippocampal areas such as the dentate gyrus, CA1
subfield, and the entorhinal cortex in Alzheimer's disease patients (Mikkonen et al., 1999) as
well as in CAl and DG subfields after acute administration of amyloid  (Limon et al., 2011,
Mikkonen et al., 1999). In contrast, the activity of Na*, K'-ATPase was significantly lower in the
brains of patients with Alzheimer’s disease than in the brains of normal controls (Liguri et al.,
1990), suggesting a potential interaction of polySia with Na*, K*-ATPase might inhibit the activity

of this pump. Such associations could further be examined as there are well described mutations in
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ATP1A3 that cause three neurological disorders: Rapid Onset Dystonia Parkinsonism (RDP),
Alternating Hemiplegia of Childhood (AHC), and Cerebellar ataxia, areflexia, pes cavus, optic
atrophy, and sensorineural hearing loss (CAPOS) (Holm and Lykke-Hartmann, 2016) and polySia
expression could be evaluated in the phenotypically accurate animal models available. Similarly,
whether or not polySia dysfunctions described in schizophrenia (Castillo-Gomez et al., 2016) could
be associated with neuronal signalling deficits caused by the protein partners described (Goldstein
et al., 2006) could also be evaluated. Although wildly speculative, schizophrenic patients exhibit
disturbances in polySia (Arai et al., 2006, Barbeau et al., 1995) and these changes may be evident
in regions important in cardiovascular control which could alter neuronal transmission (Bokiniec
et al., 2017), potentially providing the missing link explaining why there is such an increased

cardiovascular mortality in schizophrenic patients (Westman et al., 2017).
Chapter 4

Induced expression of polySia has been demonstrated by a few groups both in vitro and in vivo
(Zhang et al., 2007b, Zhang et al., 2007c, Franceschini et al., 2004, EI Maarouf et al., 2006).
However, these studies induced polySia expression mainly in and around an injury site and were
focused on CNS repair mechanisms. Removal of polySia in the NTS of anaesthetized rats, in our
laboratory, reduced AMPA receptor dependent signalling and increased sympathetic nerve activity,
indicating that polySia is required for the normal transmission of information through the NTS
(Bokiniec et al., 2017). Following these findings, our aim was to determine the effect of polySia
overexpression in the NTS; however, in all animals tested little to no expression of the virus was
seen. The NTS is one of the main sources of synaptic input to the RVLM presympathetic neurons
(Dampney et al., 1982, Ross et al., 1985, Koshiya and Guyenet, 1996). As opposed to the NTS
which shows high polySia expression, the RVLM shows relatively little polySia-ir (see Chapter 2)
and thus we sought to investigate the effect of increasing polySia content within the RVLM. Using
a viral based approach, induced expression of polySia in and around the site of injection was
observed in all animals that received a unilateral injection of the virus encoding ST8SialV
(LV/PST). These expression levels were higher compared to the contralateral non-injected side.
Although the injection of the control virus lacking ST8SialV gene (LV/GFP) did result in some
polySia expression, the expression was significantly lower than that of LV/PST transduced
animals. The RVLM plays a crucial role in the tonic and reflex regulation of arterial blood pressure

(AP) and sympathetic vasomotor tone (Feldberg and Guertzenstein, 1976, Guertzenstein and
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Silver, 1974, Ross et al., 1984, Goodchild et al., 1982) as well as in regulation of respiration (Reis
et al., 1994, Koshiya et al., 1993, Sun, 1996, Schreihofer and Guyenet, 2000). However, in the
animals where polySia was overexpressed in the RVLM, no changes in baseline variables of
cardiorespiratory function were altered. A range of cardiorespiratory reflexes are mediated by and
integrated in the RVLM (Pilowsky and Goodchild, 2002, Guyenet, 2006). However, no difference
was observed in cardiovascular and respiratory functions associated with the von Bezold-Jarisch
reflex and the response to hypoxia or hypercapnia in LV/PST injected animals compared to
LV/GFP transduced or naive rats. The only difference found with respect to baroreceptor function
was that the lower plateau of the baroreceptor curve elevated in LV/PST animals although the gain
was unchanged. One explanation could be that sympathetic activity independent of baroreceptor
function was elevated by polySia overexpression however no differences were seen in overall
baseline activity. Whether the lack of a major difference was due to low level of overexpression of
polySiainthe LV/PST injected animals or these reflexes are not affected by polySia overexpression
in the RVLM requires significantly more investigation. Despite a considerable number of animals
injected with LV/PST virus, regulating the level of polySia expression was not uniform and we
need to better understand how this can be better controlled. We certainly cannot conclude that
induced expression of polySia in the RVLM does not alter cardiorespiratory function, still ensuring

this is an important question.

In vivo injection of a purified polyST from Neisseria meningitidis (PSTnm) and its donor substrate
cytidine 5’-monophosphate—activated sialic acid (CMP-Neu5Ac) was used to, and did, induce high
levels of polySia expression in different adult brain regions, including the cerebral cortex, striatum,
and spinal cord. This expression was very rapid occurring in less than 2.5 h post injection, reached
a plateau level by 6 h and reduced within a few weeks (El Maarouf et al., 2012). PSTnm could be
used to overexpress polySia in the NTS and RVLM since it generated abundant polySia expression
in the brain regions in the study performed by El Maarouf et al. (El Maarouf et al., 2012). However,
unlike viral delivery of the vertebrate ST8Siall/ST8SialV genes where the majority of polySia is
made on NCAM (Cremer et al., 1994), although PSTnm was able to add polySia to NCAM, it
mainly added polySia to other cell surface proteins (EI Maarouf et al., 2012). Therefore, induced
polySia might exert different effects on the function of the injected regions as polySia expression
on these proteins might affect their signalling pathways as it does for NCAM (for review see

(Schnaar et al., 2014)). Basically we need to better understand how polySia expression is
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controlled, whether it is present in both neurons and glia and what proteins it is associated with in

every brain region in which it is expressed.
Final thoughts

Our understanding of the distribution and function of polySia at the cellular and tissue level have
radically progressed over the past two decades. We know that polySia contributes to brain
development, function, health, and disease studied mainly in higher brain regions. Here we
investigated the distribution of polySia within the brainstem, spinal cord, and trigeminal ganglion.
We also found polySia interacting partners in the dorsal horn and studied potential functions in the
RVLM. Nevertheless, there are still important areas that require further investigation including, but
not limited to, the potential role and partners of polySia in the many polySia positive regions
identified in this study and the influence of polySia in the function of identified binding partners
and in particular in their signalling pathways. Furthermore, studying polySia alterations in
disease/disorders associated with mutation or alterations of these partners may open new avenues
of future research. Recently, new tools and techniques has emerged in the field of glycobiology
such as new enzymatic tools allowing faster and more efficient release of glycans from proteins
and glycolipids, new fluorescent labelling reagents with the ability to more quickly label N-glycans
and enhance sensitivity in mass spectrometry, intrabodies against ST8Siall and ST8SialV resulting
in a knock-down in polySia level, and high-throughput analytical workflows that can expand the
applicability of glycomics to large sample sets (Albrecht et al., 2016, Stéckmann et al., 2015,
Somplatzki et al., 2017, Lauber et al., 2015). These rapid developments are profoundly enhancing
our understanding of how glycans and in particular polySia may contribute to brain morphogenesis,
development, and function, which in turn may enhance our understanding of human physiology

and pathology.
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Polysialic Acid Regulates Sympathetic Outflow by
Facilitating Information Transfer within the Nucleus of the
Solitary Tract
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Expression of the large extracellular glycan, polysialic acid (polySia), is restricted in the adult, to brain regions exhibiting high levels of
plasticity or remodeling, including the hippocampus, prefrontal cortex, and the nucleus of the solitary tract (NTS). The NTS, located in the
dorsal brainstem, receives constant viscerosensory afferent traffic as well as input from central regions controlling sympathetic nerve
activity, respiration, gastrointestinal functions, hormonal release, and behavior. Our aims were to determine the ultrastructural location
of polySia in the NTS and the functional effects of enzymatic removal of polySia, both in vitro and in vivo. polySia immunoreactivity was
found throughout the adult rat NTS. Electron microscopy demonstrated polySia at sites that influence neurotransmission: the extracel-
lular space, fine astrocytic processes, and neuronal terminals. Removing polySia from the NTS had functional consequences. Whole-cell
electrophysiological recordings revealed altered intrinsic membrane properties, enhancing voltage-gated K ™ currents and increasing
intracellular Ca**. Viscerosensory afferent processing was also disrupted, dampening low-frequency excitatory input and potentiating
high-frequency sustained currents at second-order neurons. Removal of polySia in the NTS of anesthetized rats increased sympathetic
nerve activity, whereas functionally related enzymes that do not alter polySia expression had little effect. These data indicate that polySia
is required for the normal transmission of information through the NTS and that changes in its expression alter sympathetic outflow.
polySia is abundant in multiple but discrete brain regions, including sensory nuclei, in both the adult rat and human, where it may
regulate neuronal function by mechanisms identified here.

Key words: electron microscopy; nucleus of the solitary tract; patch clamp; polysialic acid; sympathetic nerve activity; viscerosensory
afferents

(s )

All cells are coated in glycans (sugars) existing predominantly as glycolipids, proteoglycans, or glycoproteins formed by the most
complex form of posttranslational modification, glycosylation. How these glycans influence brain function is only now beginning
to be elucidated. The adult nucleus of the solitary tract has abundant polysialic acid (polySia) and is a major site of integration,
receiving viscerosensory information which controls critical homeostatic functions. Our data reveal that polySia is a determinant
of neuronal behavior and excitatory transmission in the nucleus of the solitary tract, regulating sympathetic nerve activity. polySia
is abundantly expressed at distinct brain sites in adult, including major sensory nuclei, suggesting that sensory transmission may
also be influenced via mechanisms described here. These findings hint at the importance of elucidating how other glycans
influence neural function. j
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Introduction

The extracellular space is complex, filled with molecularly diverse
matrix, a dynamic structure that influences neuronal function
(Venstrom and Reichardt, 1993; Theodosis et al., 2008). This
extracellular matrix is enriched in proteoglycans, as well as mem-
brane bound glycoproteins and glycolipids commonly termi-
nated by sialic acids, that form elaborate coats around all cells
(Schnaar et al., 2014).

Polysialic acid (polySia) is a long, homopolymer composed of
eight or more a2,8-linked sialic acids (Schauer, 2009; Chen and
Varki, 2010). It is linked predominantly to the neural cell adhe-
sion molecule (NCAM) and its expression is developmentally regu-
lated (Bonfanti et al., 1992; Szele et al., 1994; Oltmann-Norden et al.,
2008). In adult CNS, polySia expression is restricted to discrete
regions that exhibit high levels of synaptic remodeling, including
the hippocampus, cortex, and hypothalamus (Bonfanti et al.,
1992; Rutishauser and Landmesser, 1996; Bonfanti, 2006; Hil-
debrandt and Dityatev, 2015). In these regions, polySia modu-
lates synaptic plasticity and efficacy via a range of postulated
mechanisms, including interactions with cell adhesion com-
plexes, binding of neurotransmitter/neurotrophic substances, or
via actions at glutamate receptors (Rutishauser and Landmesser,
1996; Rutishauser, 2008; Schnaar et al., 2014; Hildebrandt and
Dityatev, 2015). In adults, polySia is also highly expressed in the
nucleus of the solitary tract (NTS) (Bouzioukh et al., 2001a, b;
Bonfanti, 2006). Despite such abundance, the precise location
and function/s exerted by polySia in the NTS are unknown.

The NTS is a major integrative center receiving synaptic input
from peripheral cardiovascular, respiratory, and gastrointestinal
sensors as well as descending drive from higher brain centers, and
is a critical relay of multiple homeostatic reflexes (Andresen and
Paton, 2011; Pilowsky and Goodchild, 2002; Guyenet, 2006;
Browning and Travagli, 2014). Glutamatergic viscerosensory af-
ferents enter via the solitary tract and synapse with second-order
NTS neurons (Talman et al., 1980; Appleyard et al., 2007; Mc-
Dougall et al., 2009; Jin et al., 2010). Information is then relayed
within the NTS or transmitted to more distal nuclei (Aicher et al.,
1995; Hermes et al., 2006), driving a range of autonomic, hor-
monal, and behavioral responses. Plasticity occurs within the
NTS, providing a beneficial adaptive mechanism acutely but
chronically can be maladaptive, resulting in cardiovascular,
respiratory, or gastrointestinal dysfunction (Kline, 2008;
Browning and Travagli, 2010, 2014; Zoccal et al., 2014). Such
plasticity is mediated by changes in presynaptic or postsynap-
tic excitability, via mechanisms, including quantal size, vesicle
turnover, or release probability (Kline, 2008). The contribu-

Received Jan. 19, 2017 revised May 15, 2017; accepted May 25, 2017.

Author contributions: P.B., S.J.M., N.H.P.,and A.K.G. designed research; P.B.,S.5., B.A.B., D.C., [J.L.-S.,and A.K.G.
performed research; M.M., H.H., F.B., and N.H.P. contributed unpublished reagents/analytic tools; P.B., B.A.B.,
1J.L-S., P.G.R.B., S.M., M.C, and A.K.G. analyzed data; P.B., S.J.M., B.A.B., 1J.L-S., P.G.R.B., SM., MM., H.H., M.C,
and A.K.G. wrote the paper.

P.B. is a scholar of the Australian Course in Advanced Neuroscience. This work was supported by the National
Health and Medical Research Council of Australia APP1028183 and APP1030301, Australian Research Council
DP120100920, and Hillcrest Foundation FR2014/0781. We thank Profs. John Bekkers and Javier Stern for helpful
discussions regarding data collection and interpretation; Dr. Lama Bou-Farah for assisting in preliminary data col-
lection; Prof. Rita Gerardy-Schahn for her valuable contribution; and Australian Microscopy and Microanalysis Re-
search Facility (http://ammrf.org.au/) node at the University of Sydney for facilities and scientific and technical
assistance.

The authors declare no competing financial interests.

Correspondence should be addressed to Dr. Ann K. Goodchild, Department of Biomedical Sciences, Faculty of
Medicine and Health Sciences, Macquarie University, Sydney, 2109 New South Wales, Australia. E-mail:
ann.goodchild@mq.edu.au.

DOI:10.1523/JNEUR0SCI.0200-17.2017
Copyright © 2017 the authors ~ 0270-6474/17/376559-17515.00/0

J. Neurosci., July 5, 2017 - 37(27):6558 — 6574 + 6559

tion of glycans to neurotransmission and/or plasticity in the
NTS is unknown.

Only one group has investigated polySia in the NTS, demonstrat-
ing that high-frequency stimulation of the solitary tract reduced
polySia expression (Bouzioukh et al., 2001a, b). Intriguingly, similar
stimulation paradigms modify the effectiveness of excitatory and
inhibitory synapses within the area (Miles, 1986; Glaum and Brooks,
1996; Zhou et al., 1997), resulting in increased sympathetic drive
(Sun and Guyenet, 1987). Together, these data suggest that polySia
in the NTS could modify neuronal function and the transfer of in-
formation to downstream networks, altering sympathetic nerve
activity.

In exploring this hypothesis, we verified the distribution of poly-
Sia immunoreactivity in the adult rat NTS and described its ultra-
structural location. Next, we determined the intrinsic neuronal
properties and signaling mechanisms in the NTS altered by enzy-
matic removal of polySia, using whole-cell recordings in brain slice.
Finally, we examined the consequences of this removal on sympa-
thetic nerve activity in vivo. polySia was present at sites regulating
information transfer: in fine astrocytic processes, the extracellular
space, and axon terminals. We used multiple enzymes (neuramini-
dases) to desialylate glycans, including the polySia-specific enzyme,
endo-N-acetyl-neuraminidase F (endoNF) (Stummeyer et al,
2005). Enzymatic removal of polySia within the NTS altered passive
membrane properties, perturbed both high- and low-frequency vis-
cerosensory afferent input, and increased sympathetic nerve activity.
Our data indicate that, within the N'TS, polySia expression is crucial
for maintaining neuronal function and afferent transmission which,
if altered, impacts signaling at downstream networks modifying
sympathetic outflow.

Materials and Methods

Animal welfare and ethical approval

All experiments were conducted in accordance with the Australian Code
of Practice for the Care and Use of Animals for Scientific Purposes and
were performed with the approval of the Macquarie University Ethics
Committee (Animal Research Authorities: 2012/015, 2014/019, 2014/
041). Animals were housed under constant 12 h light/dark cycles and
allowed standard rat chow ad libitum.

Immunohistochemistry

Immunohistochemical procedures were performed as previously de-
scribed (Parker et al., 2013; Bou Farah et al., 2016). Male Sprague Dawley
rats (n = 4) were anesthetized with sodium pentobarbital (80 mg/kg, i.p)
and transcardially perfused with ice-cold DMEM followed by 4% PFA.
Brains were removed and postfixed overnight in the same fixative. Cor-
onal brainstem sections (40 wm) were cut using a vibrating microtome
(Leica VT 1200S). Free-floating sections were permeabilized in 50% ethanol
for 30 min at room temperature and washed in Tris-PBS (TPBS, 10 mm Tris,
0.9% NaCl, 0.05% thimerosal in 10 mm phosphate buffer, pH 7.4). Sections
were incubated in primary antibodies (diluted in 10% normal horse serum
in TPBS) against polySia (mouse Mab735, 0.1 ug/ml, RRID: AB_2619682)
or synaptophysin (rabbit anti-synaptophysin, 1:500, Synaptic Systems,
#101002, RRID: AB_2619681) for 48 h at 4°C. Sections were washed and
then incubated in fluorescent conjugated secondaries (Cy3-conjugated don-
key anti-mouse IgG, or 488-conjugated donkey anti-rabbit IgG, 1:250, Jack-
son ImmunoResearch Laboratories, #715-165-151, RRID: AB_2315777,
and #711-545-152, RRID: AB_2313584, respectively) overnight at 4°C. Sec-
tions were washed, mounted onto glass slides using Dako mounting me-
dium, and visualized using a Zeiss upright microscope (Axio Imager Z.2).
Images were acquired using ZEN 2012 imaging software (Zeiss). High-
power confocal images were visualized using a Leica confocal microscope
(Leica TCS SP8) and acquired using Leica Application Software AF (Leica).
All images were imported and analyzed using the Image] plugin Fiji (Schin-
delin et al., 2012).
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Electron microscopy

The method for electron microscopic immunocytochemistry was slightly
modified (Llewellyn-Smith et al., 2005). Male Sprague Dawley rats (n =
4,10-12 weeks of age) were anesthetized and perfused as described above
with 4% formaldehyde and 0.3% glutaraldehyde (Electron Microscopy
Sciences) in 0.1 M phosphate buffer, pH 7.4. Brains were removed and
postfixed overnight in same fixative. Coronal sections of the medulla
were cut into 50 wm sections using a vibrating microtome (Leica VT
12008). Free floating sections were then permeabilized in 50% ethanol
for 3 h and washed briefly in phosphate buffer. Sections were blocked using
10% normal horse serum in TPBS for 30 min and subsequently incubated
in primary antibody against polySia (mouse Mab735, 1 ug/ml, RRID:
AB_2619682) diluted in 10% normal horse serum in TPBS for 7 d. Sections
were then incubated in biotinylated anti-mouse Ig (1:500, Jackson
ImmunoResearch Laboratories, #715-065-150, RRID: AB_2307438) for 4 d
followed by exposure to ExtrAvidin-Peroxidase (1:1500, Sigma-Aldrich,
#E2886, RRID: AB_2620165) for a further 4 d. All steps were performed at
room temperature with sections washed in TPBS (3 X 30 min) following
each incubation. Immunoreactivity for polySia was detected with a nickel-
intensified 3,3'-DAB reaction using glucose oxidase. Sections were reacted
for 30 min (or until strong signal was detected), and the reaction was halted
with three washes in TPBS.

After the DAB reaction, sections were washed in 0.1 M PBS, osmicated
in 0.5% osmium tetroxide, stained en bloc with 1% aqueous uranyl ace-
tate, and dehydrated through a graded series of acetone solutions. Sec-
tions were then infiltrated with 1:1 acetone:medium grade EPON resin
and then in 100% resin overnight. Resin was periodically changed over
2 d before sections were flat embedded between glass slides and ACLAR
plastic film and polymerized at 60°C for 48 h. Regions of interest dissected
using a scalpel blade and mounted onto flat blank blocks. Ultrathin sections
(60 nm) were cut using a diamond knife and an ultramicrotome (Ultracut,
Leica). Ultrathin sections were collected onto 200 wm mesh copper grids.
Selected grids were poststained with 2% uranyl acetate and Reynold’s lead
citrate and imaged using a transmission electron microscope (JEM-1400,
JEOL). Electron micrographs were acquired using Digital Micrograph Soft-
ware (Gatan), imported to and analyzed using the ImageJ plugin Fiji (Schin-
delin et al., 2012).

In vitro electrophysiology data collection and analysis

Brainstem slice preparation. Coronal and horizontal brainstem slices were
collected from male Sprague Dawley rats as described previously (Andre-
sen and Yang, 1990; Titz and Keller, 1997). Coronal slices: Rats (weight:
50-250 g; mean age: P41 = 2) were deeply anesthetized using isoflurane
(5% in 100% O,, Cenvet) and once nociceptive reflexes (hindpaw pinch)
were absent, quickly decapitated. The brainstem was rapidly removed
and placed in ice-cold aCSF (in mu as follows: 125 NaCl, 25 NaHCO;, 3
KCl, 1.25 NaH,PO,.H,0, 25 p-glucose, 2 CaCl,, 1 MgCl,, equilibrated
with 95% O,-5% CO,). Coronal sections (300 wm) were cut using a
vibrating microtome (Leica VT 1200S). Slices of the medial NTS (breg-
ma: —13.92 to —13.56 mm) (Paxinos and Watson, 2006) were collected
and placed in warm (34°C) aCSF and allowed to equilibrate for up to 60
min before recording. Horizontal slices: Rats (weight: 150-350 g; mean
age: P56 * 4) were deeply anesthetized using isoflurane (Cenvet, 5% in
100% O,) and once nociceptive reflexes (hindpaw pinch) were absent,
quickly decapitated. The brainstem was rapidly removed and placed in
ice-cold aCSF. The cerebellum was then removed and a wedge of the
ventral surface removed so as to orientate the brainstem at an angle that
allows a 250-um-thick slice to contain both the solitary tract and the
nucleus. Slices were cut using a vibrating microtome (Leica VT 1200S)
and placed in warm (34°C) aCSF. Slices were incubated for 60 min before
recording. For “solitary tract evoked sustained current” protocol, the
brainstem was initially incubated in ice-cold aCSF for 1 min, then sliced
and incubated in Mg? " -free aCSF for 60 min at 32°C.

Recording parameters. Slices were placed in a custom-built chamber
continuously bathed in aCSF warmed to 32°C (Temperature Controller
TC-324B, Warner Instruments). Submerged sections were secured with a
nylon harp and superfused at a rate of 2 ml/min. All recordings were
made from neurons within the intermediate NTS. Neurons were visual-
ized using an Olympus microscope (BX51WI). Patch recording elec-
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trodes (3.5-5.5 M{)) were pulled using a P2000 laser pipette puller (Sutter
Instruments) and filled with a potassium gluconate (K-Glu) internal
solution consisting of (in mm) as follows: 10 NaCl, 130 K-Glu, 11 EGTA,
10 HEPES, 1 CaCl,, 2 MgCl,, 2 Na,ATP, 0.2 Na,GTP, 0.5% biocytin, pH
7.35-7.45, 290-295 mOsm. Recording electrodes were guided using a
micromanipulator (Mp-225, Sutter Instruments).

Recordings were obtained using a Multiclamp 700B patch clamp am-
plifier (Molecular Devices), sampled at 20 kHz, and acquired using a
1401 CED computerized acquisition system (Cambridge Electronic De-
sign), and analyzed offline using Spike2 software (Cambridge Electronic
Design). The selection criteria for usable recordings were based on neu-
ron stability, resting membrane potentials below —45 mV upon breaking
in, series resistances <25 Mm{), and input resistances >200 m{). Series
resistances were not compensated and liquid junction potentials not
corrected. Data were not further analyzed if a =20% change in any of the
parameters mentioned above was observed.

Steady-state outward currents. Coronal slices were initially incubated in
aCSF, neuraminidase (Neu; 0.01, 0.1, 1 U/ml), or endoNF (0.1, 1 ug/ml) for
60 min at room temperature before recording. In whole-cell voltage clamp
(—60 mV clamped potential), membrane potentials were stepped in 10 mV
intervals to determine the currents generated (—70 to 30 mV, A10 mV, 1000
ms step). aCSF and endoNF activated steady-state outward currents tested in
the following paradigms: (1) in the recording pipette, EGTA was substituted
with the calcium-chelating agent BAPTA (10 mm, Sigma-Aldrich #A4926);
(2) the extracellular concentration of CaCl, was lowered to 0.1 mm; and (3)
before and after superfusion of tetraethylammonium (TEA, 10 mm; Sigma-
Aldrich #T2265). Steady-state outward currents were measured as the last 50
ms of the current generated at each voltage step, normalized to baseline
current. Two-way ANOVA with Bonferonni’s correction was used for data
analysis of steady-state outward currents. Unpaired Mann—Whitney test was
used for comparison between enzyme treatments.

Current evoked action potential discharge and after hyperpolarization
(AHP). Coronal slices were initially incubated in either aCSF or endoNF
(1 wg/ml) for 60 min at room temperature before recording. In current
clamp (at resting membrane potentials), neurons were injected with de-
polarizing currents (10—100 pA, A10 pA, 500 ms per step) to evoke action
potential discharge. The number of action potentials generated was then
compared between endoNF and control (aCSF) treatment. The AHP was
measured at the peak change in membrane potential (mV) 5 ms after termi-
nation of 100 pA current injection. AHP amplitude was then compared
between endoNF and control (aCSF) treatment. Two-way ANOVA with
Bonferonni correction was used for data analysis of action potential dis-
charge. Unpaired ¢ test was used for comparison.

Stimulus-evoked action potential generation. In horizontal slices, evoked
action potential generation was investigated in previously identified mono-
synaptically connected neurons (described below). Action potential genera-
tion was induced by solitary tract stimulation (1 Hz, 20 stimuli) recorded in
current-clamp mode. The number of action potentials generated in response
to 20 stimuli (following frequency) was then compared before and 30 min
after endoNF (1 ug/ml) infusion in the same neuron. The latency of action
potential generation was calculated as the time between the stimulus artifact
and the onset of the action potential. Paired t tests were used to compare
responses.

Solitary tract evoked EPSCs and spontaneous EPSCs. A concentric
bipolar stimulating electrode (200 um outer tip diameter, Frederick
Haer) was placed on the distal portion of the solitary tract rostral to the
recording region. Using an Isolated Pulse stimulator (model 2100, A-M
Systems), current shocks (100—800 pA; A50 uA) were delivered to the
solitary tract every 6 s (shock duration 0.5 us) until a compound evoked
EPSC (eEPSC) was observed. The latency of eEPSCs was calculated as the
time between the stimulus artifact and onset of the first eEPSC. Synaptic
jitter between responses was calculated as previously described (Doyle
and Andresen, 2001) and a jitter (SD <200 us) was accepted to identify
neurons connected monosynaptically. Only monosynaptically connected
neurons were further analyzed. eEPSC amplitude and latency of solitary tract
activation were subsequently recorded in the same neurons in the presence
of aCSF and then endoNF (1 ug/ml, 30 min). Spontaneous EPSCs (sEPSCs)
were recorded in the absence of stimulation. sEPSC frequencies and ampli-
tudes were compared in the presence of aCSF and then endoNF (1 pg/ml,
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30 min) in the same neuron. sEPSCs were characterized by having an ampli-
tude >10 pA and interevent interval within 10 ms. Paired ¢ tests were used to
compare responses.

Solitary tract-evoked sustained current. In slices incubated and re-
corded in Mg>*-free aCSF, we first identified monosynaptically con-
nected neurons as described above before delivering high-frequency
current shocks (50 Hz, 5-10 stimuli) to the solitary tract to evoke
NMDA-mediated sustained currents as previously described (Zhao et al.,
2015). The sustained current was measured as the percentage change in
current 100 ms following initiation of the first stimulus in the presence of
Mg?*-free aCSF alone and then following endoNF (1 ug/ml, 30 min)
superfusion, in the same neuron. Paired ¢ tests were used to compare
responses.

Miniature EPSCs (mEPSCs). mEPSCs were recorded in monosynapti-
cally identified neurons, in the presence of the sodium channel blocker
TTX (10 uM, Jomar Bioscience, #1550) and the GABA , receptor antag-
onist gabazine (GBZ; 25 uM, Sigma-Aldrich, #5106). Following record-
ing of baseline mEPSCs (10 min, and until depolarizing steps injected in
current clamp did not evoke action potentials), endoNF (1 ug/ml) was
superfused for 30 min. The presence of glutamatergic mEPSCs was verified
by infusion of the non-NMDA glutamate receptor antagonist CNQX (10 M,
Sigma-Aldrich, #C127) at the end of experimentation. mEPSC frequency was
observed between single mEPSC events with amplitudes >10 pA and interevent
intervals between 10 ms, expressed in 10 s bins. Paired ¢ test was used for data
analysis of all responses measured.

Immunohistochemical characterization of recorded neurons
Following electrophysiological experimentation, slices were incubated
overnight in 4% PFA in PBS at 4°C followed by overnight incubation in
cryoprotectant consisting of the following (in mm): 0.5 polyvinylpyrro-
lidone, 76.7 Na,HPO,, 26.6 NaH,PO,, 876 sucrose, 5 ethylene glycol.
Slices were then processed for polySia immunoreactivity and recovery of
recorded cells as described previously (Gogolla et al., 2006; Bou Farah et
al,, 2016). Briefly, free-floating sections were permeabilized using 0.5%
Triton X-100 in 0.01 M PBS, overnight at 4°C. Slices were then blocked in
5% BSA in PBS for 4 h at room temperature. The antibody against poly-
Sia (mouse Mab735, 0.1 ug/ml, RRID: AB_2619682) was added and
slices incubated for a4 h at room temperature. Slices were then incubated
in secondary antibody (Cy3-conjugated donkey anti-mouse IgG, 1:250,
Jackson ImmunoResearch Laboratories #715-165-151, RRID: AB_2315777)
and fluorophore-conjugated ExtrAvidin (ExtrAvidin-FITC, 1:500, Sigma-
Aldrich #E2761, RRID: AB_2492295) for detection of the biocytin-filled cells,
overnight at 4°C. Slices were washed, mounted onto glass slides using Dako
mounting medium, and visualized using either a Zeiss upright microscope
(Axio Imager Z.2), or Leica confocal microscope (Leica TCS SP8). Images
were acquired and analyzed as described above.

In vivo electrophysiology data collection and analysis

Surgery and electrophysiological recordings. Male Sprague Dawley rats
(n = 26, 10—12 weeks of age) were anesthetized with urethane (1.3 g/kg,
i.p. 10% solution in saline, Sigma-Aldrich). Depth of anesthesia was
assessed throughout each experiment by autonomic responses to hind-
paw pinch. Core temperature was maintained between 36.5°C and 37°C
by a homoeothermic heating blanket (Harvard Apparatus). The left fem-
oral artery and vein were cannulated for measuring blood pressure and
the administration of drugs and saline, respectively. The trachea was
intubated to allow artificial oxygen-enriched ventilation. Rats were then
paralyzed (pancuronium bromide, 0.8 mg/kg, i.v.) and ventilated with
end-tidal CO, maintained between 3.5% and 4.5%. Animals were placed
in a stereotaxic frame and the left greater splanchnic sympathetic nerve
isolated, cut and prepared for recording, using bipolar silver wire elec-
trodes as described previously (Burke et al., 2008). Nerve recordings were
amplified (X10,000; CWE), bandpass filtered (0.1-3 kHz), sampled at
5 kHz (CED Micro 1401, Cambridge Electronic Design) and recorded
using Spike2 software (Cambridge Electronic Design).

NTS microinjection. The dorsal surface of the medulla was exposed by
removal of the occipital plate. NTS injections sites were in accordance
with the location of the intermediate NTS (Paxinos and Watson, 2006).
Following a 30 min baseline period, injections were made with respect to
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the calamus scriptorius 0.4 and 0. 8 mm rostral, 0.5 and 1.0 mm lateral,
and 0.5 and 1.0 mm ventral to the dorsal surface, a total of 12 injections
with a total injection volume of 800 nl. In some cases, vehicle control
injections (12) were made before injection of enzymes. Following injec-
tion, responses were recorded for 60 min and at the end of experimenta-
tion rats were killed with an overdose of sodium pentobarbital (80 mg/kg,
i.v.). Brains were removed and rapidly frozen to —80°C before dissection
of the region containing the NTS (see below). Immunoblot was used to
determine the level of enzymatic digestion of polySia. Neurograms were
amplified, rectified, and smoothed (integrated splanchnic sympathetic
nerve activity [sSSNA], 1 s time constant). Changes were expressed as a
percentage of baseline activity (100%). Time course analysis was ob-
tained from data averaged over 5 min periods, from 5 min before micro-
injection to 60 min after completion of the microinjections. Data analysis
was only performed after the injection period, as injection of any solution
(including vehicle control) evoked fluctuations in sSSNA. Peak responses
were obtained at 60 min after the injection completion. Statistical anal-
ysis was performed using two-way ANOVA with Bonferonni correction.
Comparison of enzymatic treatments was performed using the Mann—
Whitney test.

Western blot

In vitro tissue collection. Coronal brain slices were collected as described
above. Slices were then incubated in either aCSF, neuraminidase (0.1 U/ml,
Sigma-Aldrich #N2876) or endoNF (1 ug/ml) (Stummeyer et al., 2005) for
0,45, and 60 min at room temperature. Slices were then trimmed by remov-
ing the ventral half of the slice below the hypoglossal nucleus and the dorsal
region was stored and frozen at —80°C.

In vivo tissue collection. To extract the brain region containing the
NTS, brains were placed in an ice-cold brain matrix and a 2 mm rostro-
caudal region of the brainstem was isolated as described previously (Da-
manhuri et al., 2012). The section was maintained frozen using dry ice
and the region containing the NTS was hand cut using a scalpel blade
(size 10).

Electrophoresis. Tissue was lysed using lysis buffer consisting of (in
mM) as follows: 320 sucrose, 2 EDTA, 4 HEPES, and 1% SDS. Protein was
extracted by incubating tissue on ice for 10 min, homogenizing with the
FastPrep-24-homogenizer (MP Biomedicals) for 2 X 40 s cycles, and
then centrifuged for 30 min at 13,200 rpm at 4°C. Supernatants were kept
and protein concentrations determined using the BCA protein assay kit
(Thermo Fisher Scientific) according to the manufacturer’s instructions.
Equal amounts of protein (20 ug) were loaded on a 7.5% polyacrylamide gel
for electrophoresis. Proteins were then transferred onto a nitrocellulose
membrane using the Trans-Blot Turbo System (Bio-Rad) and incubated in
primary antibodies (diluted in 5% skim milk in PBS) against either polySia
(mouse Mab735, 1 ug/ml, RRID: AB_2619682) or GAPDH (rabbit anti-
GAPDH, 1:5000, abcam, #ab9485, RRID:AB_307275) overnight at 4°C.
HRP-secondary antibodies (goat anti-mouse IgG H and L, 1:10,000, and
goat anti-rabbit IgG H and L, 1:10,000, R&D Systems, #HAF018, RRID:
AB_573130, and #HAF008, RRID: AB_357235, respectively) were incubated
on the membrane at room temperature for 2 h. Chemiluminescence detec-
tion was then performed using the Bio-Rad ECL kit and imaged using the
Bio-Rad ChemiDoc system. All images were imported into Image]J for den-
sitometric analysis and expressed as a percentage change relative to protein
loading control (GAPDH). One-way ANOVA with Bonferonni correction
was used for comparison between treatments.

Statistical analysis

All values are expressed as mean * SEM. Paired or unpaired ¢ tests were used
as indicated. One- or two-way ANOVA tests with Bonferroni post hoc tests
were used as indicated. Mann—-Whitney tests were used to determine
whether different enzymes evoked different responses in sympathetic nerve
activity. Statistically significant differences were considered at p < 0.05. All
statistical analysis was performed using GraphPad Prism 6.

Drugs, enzymes, and reagents

All drugs, enzymes and reagents, with the exception of endoNF (Stum-
meyer et al., 2005), or TTX (Jomar Biosciences) were purchased from
Sigma-Aldrich.
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polySiaimmunoreactivity in the dorsal vagal complex. 4, polySiaimmunoreactivity (ir) is abundant in the NTS, area postrema (AP), and dorsal motor nucleus of the vagus (10N) but not

the solitary tract (ST) or surrounding regions (bregma level — 14.00 mm). B, polySia-ir is seen throughout the NTS and dorsal motor nucleus of the vagus. Bi, Bii, polySia-ir puncta present throughout
the neuropil and enveloping some unlabeled neurons. Ci, i, polySia-ir (white) closely apposes but rarely colocalizes with synaptophysin-ir (green) within the NTS.

Results
polySia is expressed abundantly within the neuropil of the
NTS predominantly in fine astrocytic processes, the
extracellular space, and apposing some synapses
In the adult brain, polySia is expressed abundantly within NTS,
the adjacent area postrema, and dorsal motor nucleus of the va-
gus (Bonfanti et al., 1992). We confirmed these observations us-
ing the polySia specific antibody Mab735 (Frosch et al., 1985),
demonstrating that a high density of expression was restricted to
this, the dorsal vagal complex (Fig. 1A). polySia immunoreactiv-
ity (ir) was densely distributed throughout the intermediate NTS
(Fig. 1B), as individual puncta or as punctate rings surrounding
unlabeled soma (Fig. 1Bi,Bii). Similar expression patterns were
evident throughout the rostrocaudal extent of the nucleus (data
not shown), suggesting potential influence over all functions
controlled by the NTS: respiratory (caudal), cardiorespiratory
(intermediate), gastrointestinal and gustatory (rostral), and all
states influenced by the region: emotional, behavioral, and auto-
nomic (Craig, 2003).

Electron microscopic immunohistochemistry revealed dense
labeling of polySia in the space around neuronal cell bodies, fi-

bers, and dendrites (Fig. 2A). polySia-ir does not colocalize with
GFAP-labeled astrocytes in the NTS (Bouzioukh et al., 2001a).
The ultrastructural location is therefore consistent with polySia pres-
ent in or on the fine processes of astrocytes that lack GFAP and/or
within the extracellular space or adjacent to plasma membranes (Fig.
2A1,Aii). The labeling pattern is consistent with the punctate rings of
immunoreactivity that surround some neuronal cell bodies identi-
fied by light microscopy (Fig. 1Bi,Bii). polySia-ir was found on the
rough endoplasmic reticulum and Golgi apparatus of some neuro-
nal cell bodies (Fig. 2A) where it may be produced before being
transported extracellularly to the cell surface (as described in the
hypothalamus) (Theodosis et al., 1999). polySia-ir was also present
adjacent to some synapses and in a subset of dendrites and axon
terminals (Fig. 2B-E), consistent with the close association of
polySia and synaptophysin revealed using immunofluorescence
(Fig. 1G5, Cii).

Enzymatic digestion of polySia enhances ionic currents of
neurons in the NTS

To determine whether removal of sialic acids would alter the
ionic conductance of NTS neurons, we first determined the time
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Figure 2.

densities.

required for enzyme incubation of brain slices to remove sialic
acids, measured by Western blot. Brain slices obtained and
treated identically to those used for electrophysiological record-
ings were incubated in either aCSF (n = 3), aCSF containing the
exosialidase neuraminidase from Clostridium perfringens (Neu;
0.1 U/ml, n = 3), which cleaves terminal «2,3-, a2,6-, and «2,8-
linked sialic acids (Taylor, 1996), or aCSF containing the endo-
sialidase, endoNF (1 wg/ul, n = 3), which is specific for polySia,
as it cleaves 2,8 linkages within polymers with >8 sialic acid
residues (Stummeyer et al., 2005; Taylor, 1996).

polySia-ir was stable during incubation in aCSF alone (Fig.
3A), and appeared to increase slightly during slice recovery, pos-
sibly due to increased synaptogenesis that occurs (Kirov et al.,
1999). Densitometric evaluation, however, indicated no signifi-
cant difference in expression during incubation in the absence of
sialidases (4, = 2.007, p = 0.1152; Fig. 3B). In contrast, one-way
ANOVA revealed significant treatment effects when slices were
incubated in exosialidases or endosialidases (F(, s, = 18.01, p =
0.0029), with polySia-ir reducing significantly within 45 min (en-
doNF (green); 0.10 = 0.02 a.u. vs 1.82 * 0.41 a.u,, ¢ = 5.157,
p = 0.0042, n = 3) or 60 min (Neu (blue); 0.02 = 0.07 a.u. vs
1.82 + 0.41 a.u,, fq) = 5.237, p = 0.0039, n = 3).

We next investigated whether enzymatic digestion of polySia
altered the current density profiles of NTS neurons. In whole-cell
voltage clamp recordings of neurons from slices incubated in
aCSF, Neu (0.1, 1,and 10 U/ml), or endoNF (0.1 and 1 pg/ml) for

Ultrastructural location of polySia immunoreactivity. A, Ultrastructural analysis shows polySia-ir (white arrows)
surrounding neuronal soma (Ne), proximal dendrites (de), and fine neuronal processes consistent with expression in fine processes
of astrocytes (As) (white arrows). polySia-iris also found in the rough endoplasmic reticulum and Golgi apparatus of some neurons
(black arrows). Ai, polySia-ir occurs along the exterior surface of the plasma membrane of some astrocytic (As) and neuronal (Ne)
soma (white arrows) indicating its presence in the extracellular space. Aii, Dendrites (de) and axons are sheathed by polySia
labeling. B, polySia-ir (white arrows) was found adjacent to some synapses (sy) likely in astrocytic processes, as a tripartite synapse.
C-E, polySia-ir is found within some dendrites (de) and axon terminals (te) of neurons. Black arrows indicate postsynaptic
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60 min, steady-state outward currents
were evoked by 1000 ms, 10 mV depolar-
izing voltage steps. Two-way ANOVA re-
vealed significant enzymatic effect on
responses when slices were incubated in
0.1 U/ml Neu (F,,; = 2154, p <
0.0001), with increases in current density
observed at mV = 0 mV (0.1 U/ml Neu;
38.05 = 4.73 pA/pF vs aCSF, 19.93 £ 1.70
PA/DE, 15, = 4.290, p = 0.0002, n = 16;
Fig. 3C,Ci). Incubation in 0.01 U/ml Neu
(n = 11) had no effect (F(,,,,, = 0.03,p =
0.858). Although a 10-fold higher concen-
tration (1 U/ml, n = 16) resulted in a sig-
nificantly enhanced response compared
with control (F(, 47, = 25.75, p < 0.0001),
it did not evoke a greater response than
slices incubated in 0.1 U/ml (F/5 =
1.65, p = 0.208) (Fig. 3Ci). Incubation in
endoNF (1 pg/ml) also showed a treatment
effect relative to control (F s, = 35.86,p <
0.0001,n = 36; Fig. 3D),and at 0 mV evoked
a 73% increase in current density (35.84 *
2.45 pA/pF vs 20.66 * 1.10 pA/pF, t(;3,) =
4.504, p < 0.0001, n = 36), a profile match-
ing that of Neu incubation (F5y/500) =
287.24, p < 0.0001). A 10-fold lower (0.1
pg/ml, n = 14) concentration of endoNF
had no effect (F(,,5, = 2.82, p = 0.099, n =
14; Fig. 3D).

The location of 21 recorded neurons
(biocytin-filled; Fig. 3E, left) was plotted
(recovery rate = 55%), and all were found
within the NTS (Fig. 3E). Consistent with
our ultrastructural observations, analysis
of asubset of recovered cells (from control
slices not subjected to enzymatic treat-
ment) consistently revealed punctate expression of polySia-ir en-
veloping both soma and proximal dendrites (Fig. 3E, left).

Enzymatic digestion of polySia enhances K *-mediated
outward currents and increases intracellular Ca** release in
NTS neurons

Delayed rectifier (IKDR) and large conductance calcium-activated
(BK) potassium channels regulate the excitability of NTS neurons
(Champagnat et al., 1986; Dekin and Getting, 1987; Dekin et al.,
1987; Moak and Kunze, 1993; Andresen and Kunze, 1994). We
therefore examined the effect of polySia removal on outward cur-
rents in the presence of TEA (10 mm), a blocker of IKDR. TEA
application significantly reduced the amplitude of steady-state cur-
rents in both endoNF (F,, 4 = 121.72, p < 0.0001) treated and
control slices (F(;;9) = 24.69, p = 0.0006), but no difference in
amplitude was observed between groups (2.78 * 1.53 pA/pF vs
4.67 * 2.10, F; 14y = 1.15, p = 0.30, n = 10; Fig. 4A, Ai), suggesting
that polySia significantly contributes to IKDR channel function.

As TEA-sensitive channels include voltage-gated as well as BK
channels (Coetzee et al., 1999), we investigated the effect of en-
doNF on BK channel activation, using the specific antagonist
iberiotoxin (Ibtx, 50 nm) (Pedarzani et al., 2000). In keeping with
previous observations (Mayer et al., 2009), application of Ibtx in
control slices significantly reduced steady-state outward currents
(Fiy12) = 3.60, p = 0.08, n = 7; Fig. 4B, Bi). In contrast, Ibtx had
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polySia removal enhances current voltage relationship within NTS neurons. A, Representative Western blot using Mab735 to detect polySia during slice recovery, and following

incubation inaCSF (gray/black box), Neu (0.1U/ml, blue box), or endoNF (1 teg/ml, green box). GAPDH was used as a loading control. B, Comparison of the amount of protein detected using Mab735
during slice recovery (black and gray), and incubation in aCSF, Neu, or endoNF. polySia-ir was significantly reduced after 60 min incubation in Neu (blue box, p = 0.0039,n = 3) or 45 minincubation
in endoNF (green box, p = 0.0042, n = 3). Data are normalized to GAPDH with the zero time point value set to 1. Enzymatic removal of polySia in NTS brain slices increases steady-state outward
currents. C, Typical current traces (depolarizing voltage step: A10 mV) from NTS neurons incubated in aCSF (black), or Neu (0.01 U/ml, light blue, 0.1 U/ml, dark blue, and 1 U/ml, aqua, respectively).
Ci, Grouped data reveal that Neu (0.1 and 1 U/ml) significantly increased current density of neurons at depolarized potentials = 0 mV (p = 0.0002,n = 16 and n = 11, respectively). D, Grouped
data show thatincubationin endoNF at 1 .ug/ml (dark green), but not 0.1 ug/ml (light green), significantly increased current density of neurons at depolarized potentials = 0 mV (p <<0.0001,n = 36). Data
aremean == SEM. E, Recovered cell (green) within the NTS surrounded by polySia-ir puncta (white) coating the soma and proximal dendrite. The recovered cell was recorded while superfused with aCSF (control).
Schematic coronal section showing distribution of recorded neurons in the NTS recovered following incubation in aCSF or endoNF. **p << 0.01; ****p << 0.0001; ns, p << 0.05.

no effect in endoNF-treated slices (F(, 5, = 0.30, p = 0.60, n = 4;
Fig. 4 B, Bi), suggesting that BK channel function was perturbed
by polySia removal. Current injections did not alter the number
of action potentials generated (F(,,35 = 0.21, p = 0.65; Fig.
5A,Ai) or the amplitude of the AHP (#,5) = 0.133, p = 0.90; Fig.
5B) in keeping with a reduced ability of Ibtx to close BK channels
following polySia digestion (Yang et al., 2015). These data indi-
cate that IKDR and BK channel function are both altered by the
removal of polySia.

The effect of endoNF on steady-state currents was voltage-
dependent and significantly enhanced at the equilibrium poten-
tial for Ca®" (9 mV under the recording conditions), so we
examined whether polySia altered Ca**currents. We first omitted
Ca’" from the external solution preventing Ca®" influx during

depolarization. Under these conditions, enzymatic digestion of
polySia still enhanced steady-state currents (F(, 5 = 5.40, p =
0.027, n = 15; Fig. 4C) that were indistinguishable from
those evoked by endoNF under normal levels of external Ca®"
(F(1,49) = 0.002, p = 0.96). Next, we substituted EGTA within the
recording pipette for the fast Ca®" chelator BAPTA (10 mm) to
assess the contribution made by internal Ca®" stores. We found
that BAPTA eliminated the enhanced steady-state outward cur-
rents normally observed following polySia digestion (F(, /) =
0.15, p = 0.70, n = 13; Fig. 4D).

Together, these data indicate that removal of polySia from
NTS neurons facilitated currents generated through K™ chan-
nels, reduced inactivation of BK channels, and increased Ca>* via
release from intracellular stores.
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polySia removal enhances K * currents, and intracellular Ca* in NTS neurons. A, Typical current traces (depolarizing voltage step: A10 mV) of NTS neurons recorded following slice

incubation in either aCSF (black), aCSF containing TEA (10 mm, gray), endoNF (1 wug/ml, green), or endoNF containing TEA (10 mw, light green). Ai, Grouped data reveal that TEA treatment reduced
currents generated in aCSF (p = 0.0006, n = 10) and endoNF-treated slices (p << 0.0001, n = 12 and n = 10, respectively) with no difference between groups (p = 0.30,n = 10). B, Typical
current traces (depolarizing voltage step: A10 mV) of NTS neurons recorded following slice incubation in either aCSF (black), aCSF containing Ibtx (50 nm, light gray), endoNF (green), or endoNF
containing Ibtx (50 nm, light green). Bi, Grouped data reveal that Ibtx reduced currents generated in aCSF (p = 0.08, n = 7) but did not alter currents generated in endoNF-treated slices (p = 0.60,
n = 4).Endo NF + Ibtx currents generated were significantly different to aCSF + Ibtx currents (p = 0.0002). €, Typical current traces (depolarizing voltage step: A10 mV) of NTS neurons recorded
following slice incubation in either aCSF or Neu with reduced extracellular a2 concentration ([Ca*],, 0.1 mw, black and blue, respectively). Grouped data show that increased currents were
generated by Neu when [Ca* ], was reduced (p = 0.027,n = 15). D, Typical current traces (depolarizing voltage step: A10 mV) of NTS neurons recorded following slice incubation in either aCSF
or endoNF with EGTA substituted for BAPTA in the recording pipette (10 mu, black and green, respectively). Grouped data reveal no change in currents generated between aCSF and endoNF

(p = 0.70, n = 13). Hyperpolarizing spikes were truncated to aid visual representation. Data are mean = SEM. *p << 0.05; **p << 0.01; ***p < 0.001; **** p << 0.0001; ns, p > 0.05.

polySia contributes to glutamatergic viscerosensory afferent
transmission in NTS

We next investigated whether polySia removal affected visceros-
ensory afferent transmission. In second-order NTS neurons,
identified as receiving monosynaptic input from viscerosensory
afferents, enzymatic cleavage of polySia reduced the fidelity of
action potentials generated by afferent activation (Fig. 6A). Con-
sistent with previous observations (Bailey et al., 2007), consecu-
tive, 1 Hz minimal amplitude electric stimulation generated

action potentials with 86.0 = 5.1% fidelity under control condi-
tions previous shown to be mediated by AMPA receptors. In the
same neurons, following polySia digestion with endoNF, fidelity
decreased to 31.0 * 3.3% (t4, = 9.297, p = 0.0007, n = 5; Fig.
6Ai1). Furthermore, polySia digestion increased the latency of ac-
tion potential propagation following stimulation of viscerosen-
sory afferents (Fig. 6B) by 41.7% (8.79 = 1.56 ms vs 5.12 * 0.61
ms, t4, = 3.96, p = 0.021, n = 5; Fig. 6Bi). No significant differ-
ences were observed in basal action potential parameters, includ-
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Action potential discharge and AHP following current injection are not altered after enzymatic digestion of polySia. 4, Typical current traces of action potentials generated by current

injections (10, 50, and 100 pA) in cells incubated in aCSF (control, black) or endoNF (green). Ai, Grouped data show that enzymatic digestion of polySia did not alter action potential discharge to
current injections (p = 0.65,n = 10). B, Grouped data revealed no change in AHP amplitude following enzymatic cleavage of polySia (p = 0.90, n = 10). Data are mean == SEM.
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Figure 6.

polySia removal reduces viscerosensory afferent signal transmission in the NTS. A, Typical voltage trace of monosynaptically connected NTS neurons with action potentials generated

following viscerosensory afferent stimulation (1 Hz) before (black) and 60 min after (green) endoNF incubation. Ai, Grouped data show that endoNF decreased the following frequency in response
to viscerosensory afferent stimulation from 86% to 31% (p = 0.0007, n = 5). B, Typical voltage trace of monosynaptically connected NTS neuron showing action potential latency following
viscerosensory afferent stimulation (1 Hz) before (black) and after (green) endoNF incubation. Inset, aCSF (black) and endoNF (green) traces overlaid and aligned to the stimulus artifact. B, Grouped
data reveal that endoNF treatment increased the latency in response to viscerosensory afferent stimulation (1 Hz) by 71.6% (p = 0.021,n = 5). Data are mean == SEM. *p << 0.05; ***p << 0.01.

ing membrane potential (—51.60 * 2.14 mV vs —49.20 = 1.72
mV, t, = 2.59, p = 0.061, n = 5), action potential amplitude
(92.03 £ 7.27mV vs 93.18 = 3.50 mV, t,, = 0.27,p = 0.80,n =
5), half-width (1.54 + 0.30 ms vs 1.10 = 0.16 ms, ¢4, = 2.40, p =
0.074, n = 5), rise time (90%—-10%; 1.72 = 0.50 msvs 1.68 = 0.38
ms, t,y = 0.13, p = 0.91, n = 5), spike threshold (—39.80 + 2.22
vs —33.31 * 0.87, t4y) = 2.58, p = 0.061, n = 5), or decay time
(Toon_1006; 196 + 0.21 ms vs 1.64 + 0.17 ms, .4, = 140, p = 0.23,
n = 5). These data suggest that polySia expression enables mono-
synaptic transmission from viscerosensory afferents onto NTS
neurons.

As the fidelity of action potential transmission is perturbed
following polySia removal in the NTS, we investigated whether

excitatory drive from viscerosensory afferents would similarly
decline. As described previously (Doyle and Andresen, 2001),
suprathreshold electrical stimuli applied to viscerosensory affer-
ents evoke large monosynaptic EPSCs (eEPSCs), identified by
low failure rates and jitters (<200 us; 140.60 = 13.63 us, n = 12).
Consistent with effects on action potential probability and la-
tency, enzymatic digestion of polySia increased eEPSC latency by
31.1% (4.97 = 0.44 ms vs 3.79 * 0.38 ms, ¢4, = 3.51, p = 0.0066,
n = 10; Fig. 7A,Ai), and decreased the amplitude of eEPSCs
recorded in voltage-clamp mode by 54.4% (198.60 * 31.14 pA vs
412.20 % 59.93 pA, t) = 5.527, p = 0.0004, n = 10; Fig. 7 A, Aii).
In contrast, jitter (159.90 * 7.30 us vs 134.60 = 10.06 ws, tgy =
2.242, p = 0.0517, n = 10), paired-pulse ratio (EPSC2/EPSC1;
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Figure7. polySiaremovalin the NTS reduces glutamatergic synapticinput. A, Typical current traces of monosynaptically connected NTS neurons with eEPSCs generated following viscerosensory
afferent stimulation (5 Hz) before (black) and after (green) endoNF incubation. Individual trials are represented in gray and light green, respectively. Ai, Aii, Grouped data show that enzymatic
digestion of polySia increased latency by 34.2% (Ai, p = 0.0098, n = 9) and decreased eEPSC amplitude by 54.4% (Aii, p = 0.0002, n = 9). B, Typical current traces of SEPSCs in monosynaptically
connected NTS neurons before (black) and after (green) endoNF incubation. Bi, Bii, Grouped data show that removal of polySia decreased frequency by 47.2% (p = 0.0074, n = 5) and amplitude
by 26% (p = 0.034, n = 5). C, Current trace of NMDA-mediated sustained currents in monosynaptically connected NTS neurons before (black) and after (green) endoNF incubation. Ci, Sustained
current 100 ms (hashed vertical line) after initial stimulus. Gif, Grouped data show that enzymatic digestion of polySia increased sustained current by 42% (p = 0.0031, n = 4) in response to
high-frequency stimulation of the solitary tract. Stimulus artifacts and current response to first shock were truncated to aid visual representation. D, Current traces showing mEPSCs recorded before
(black) and after endoNF treatment (green) with both TTX and GBZ present in the bath. CNQX (gray) was added to the superfusate at the end of experimentation. i, Frequency distribution over time
shows a progressive decrease in mEPSC frequency (10 s bins) following addition of endoNF to the perfusate. D, Diii, Grouped data show that enzymatic digestion of polySia decreased frequency by
71% (p = 0.04, n = 4) but had no effect on mEPSCamplitude (p = 0.156, n = 4). Data are mean == SEM. *p << 0.05; **p << 0.01; ***p < 0.001; ns, p > 0.05.
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0.53 = 0.08 vs 0.58 = 0.05, t5y = 1.54, p = 0.18, n = 6), and
eEPSC decay tau (Togo,-10063 5-67 * 1.70 ms vs 5.65 = 0.60 ms,
tis) = 0.30, p = 0.78, n = 6) remained unaffected following
polySia digestion.

In the same neurons, we examined whether polySia was re-
quired for the maintenance of SEPSCs, arising from spontaneous
glutamate release. Enzymatic digestion of polySia significantly
decreased both the frequency of sEPSC by 58.80% (3.80 =+ 2.30
Hz vs 7.70 = 2.80 Hz, t,, = 5.01, p = 0.0074, n = 5), and
amplitude by 27.80% (22.34 % 5.10 pA vs 30.21 % 3.65 pA, f,, =
3.18, p = 0.034, n = 5; Fig. 7 B, Bii). Together, these data indicate
the importance of polySia expression within the NTS in
facilitating excitatory synaptic transmission from viscerosensory
afferents mediated by AMPA receptor activation.

In a subset of monosynaptically connected neurons, we inves-
tigated the effect of polySia removal on NMDA-mediated sus-
tained currents, recently identified in second-order NTS neurons
(Zhao et al., 2015). Neurons were voltage clamped at —60 mV
and recorded in Mg**-free aCSF to remove the Mg>* block on
NMDA receptors (Mayer et al., 1984). In 4 of 5 neurons tested,
stimulating the solitary tract at 50 Hz consistently evoked large
sustained currents (Fig. 7C,Ci), that were not observed at lower
stimulating frequencies (1 Hz, data not shown). Enzymatic diges-
tion of polySia increased the current generated to high-frequency
stimulation of the solitary tract by 42 = 4.80% (t;, = 8.758,
p = 0.0031, n = 4; Fig. 7Cii).

Collectively, these data suggest that the fidelity of excitatory
synaptic transmission during high- and low-frequency afferent
input is maintained by polySia expression, and that its removal
may alter the appropriate charge required to open and close
AMPA and NMDA receptors as previously suggested (Vaithiana-
than et al., 2004; Hammond et al., 2006).

polySia contributes to presynaptic glutamate release in

the NTS

To determine whether polySia removal impacts neurotransmis-
sion postsynaptically or presynaptically we recorded, in the pres-
ence of TTX (10 um) and GBZ (25 uM), mEPSCs, and measured
responses before and during polySia digestion (Fig. 7D, Di). En-
zymatic digestion of polySia decreased mEPSC frequency by
68.75% (endoNF, 4.00 * 0.57 Hz vs control, 13.75 = 3.30, t5, =
3.47, p = 0.040, n = 4; Fig. 7Dii) without altering amplitude
(62.00 * 15.70 pA vs 74.50 + 22.08 pA, {5, = 1.88, p = 0.156,n =
4; Fig. 7Diii). CNQX was added at the end of experimentation
demonstrating that mEPSCs were dependent on non-NMDA-
type glutamate receptors (Fig. 7D). These data indicate that re-
moval of polySia reduces glutamatergic release from presynaptic
terminals at NTS neurons, and this mechanism likely contributes
to the reduction in viscerosensory afferent transmission (both
evoked and spontaneous) seen following polySia digestion.

Enzymatic cleavage of polySia within the NTS increases
sympathetic nerve discharge in vivo

Finally, as multiple pathways emerge from the NTS that influence
presympathetic neurons regulating the sympathetic outflow
(Guyenet, 2006), we determined whether the changes to intrinsic
neuronal properties and/or viscerosensory afferent transmission
resulting from polySia digestion within the NTS in vitro, would be
sufficient to alter function in vivo. sSNA and arterial pressure
recorded before and after microinjection of neuraminidases di-
rectly into the caudal and intermediate NTS, in urethane-
anesthetized rats. Bilateral microinjections of endoNF (2 ug/ul,
total volume 800 nl) elicited sympathoexcitation (Fig. 8A; F(, 4) =
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34.06, p = 0.0004) with peak increases in sSNA of 140.80 *
7.63% compared with control (saline, 96.50 * 4.48%, t(,0,) =
4.991, p < 0.0001, n = 6; Fig. 8Ai). Brains were removed at the
end of each experiment and the degree of polySia digestion
determined using Western blot analysis. polySia was present fol-
lowing PBS microinjection but absent following endoNF micro-
injection (0.94 * 0.05 a.u. vs 0.09 * 0.02 a.u,, t,;, = 5.71, p <
0.0001, n = 6; Fig. 8Bi,Biv). Microinjection of the neuraminidase
targeting only terminal @23 and a2— 6 sialic acids (a2-3 + a2-6
Neu, 0.1 U/ul) had no effect on sSNA (F, 4y = 2.580, p = 0.15,
n = 5; Fig. 8 A, Ai) and similarly did not alter the expression of
polySia relative to control (t,,, = 0.81, p > 0.99, n = 5; Fig.
8Bii,Biv).

polySia also terminates a2—3 and a2— 6 sialic acid-linked glycans
(Schnaar et al., 2014), which would be untouched by a2-3 + a2-6
Neu; we therefore determined the combined effect of enzymatically
removing polySia together with a2-3- and a2—6-linked sialic acid
residues by combining both enzymes (a2-3 + a2—-6 Neu + en-
doNF). Microinjection of the combined enzymes bilaterally caused
rapid sympathoexcitation (Fig. 8A; F, ;) = 20.43, p = 0.0027) witha
peak effect of 162.50 * 13.73% (t9,) = 4.760, p < 0.0001, n = 5; Fig.
8Ai) and in support of a specific role for polySia, no polySia was
detected at the protein level (0.01 = 0.002 a.u. vs 0.94 = 0.05 a.u.,
ta1) = 5.90,p < 0.0001, n = 5; Fig. 8Biii, Biv). Similarly, microinjec-
tion of Neu (0.1 U/ul) also produced rapid sympathoexcitation
(Fi1,8) = 68.18, p < 0.0001) and peaked at a higher level (179.33 *
14.56%, t(104) = 4.315, p = 0.0005, n = 6; Fig. 9A,Ai) that was
significantly greater than endoNF alone (p = 0.041, Mann—Whitney
U'test, n = 6; Fig. 9B) but did not differ from that evoked by a2-3 +
a2—6 Neu + endoNF (p = 0.628, Mann—Whitney U test, n = 5).

The effects on arterial pressure were more variable following
enzymatic digestion of polySia. Neu evoked the largest and most
rapid sympathoexcitation (see above) which acutely elevated
mean arterial pressure (MAP) compared with control (15 min:
152 + 10.97 vs 87.75 = 7.32 mmHyg, t,;, = 4.425, p = 0.0014,
n = 6; Fig. 9A, B,Ci). This MAP increase however, returned to
baseline within 60 min (108 * 3.1 vs 92.5 = 7.5 mmHg, t,5y =
1.91, p = 0.157, n = 6; Fig. 9Cii). As endoNF evoked smaller and
slower sympathoexcitation, little to no effect on MAP was seen
acutely (15 min: 98.24 = 9.11 vs 87.75 * 7.32 mmHg, t,5, =
0.713, p = 0.97, n = 6; Fig. 9Ci) or at 60 min (95.02 * 6.38 vs
92.5 + 7.5 mmHg, #,3, = 0.301, p > 0.99, n = 6; Fig. 9Ci).

Together these results demonstrate that removal of polySia in
the NTS increases sympathetic nerve activity, which is consistent
with a net disfacilitation in the NTS or experimental visceral
deafferentation (Iggo and Vogt, 1962; Fagius et al., 1985). Thus,
our findings indicate that polySia expression within the NTS is
required to maintain appropriate (i.e., “normal”) levels of sym-
pathetic outflow. Figure 10 depicts the cellular mechanisms and
network effects modified by polySia in the NTS highlighting the
consequences of polySia’s removal.

Discussion

We demonstrate that polySia expression in the dorsal medulla is
required for normal excitatory neurotransmission within the
NTS, and that its disruption is sufficient to acutely increase sym-
pathetic outflow. We draw these conclusions based on the
following observations: First, neurons in the NTS were en-
sheathed by polySia, expressed predominantly in or on the fine
processes of astrocytes and within the extracellular space. Second,
enzymatic removal of polySia-enhanced currents in NTS neu-
rons, mediated by changes at IKDR and BK channels, and altered
release of Ca*" from internal stores. Third, enzymatic removal of
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polySiaremovalin the NTS increases sympathetic nerve activity. A, Integrated and smoothed representative traces of sSSNA recorded in urethane-anesthetized, paralyzed, and ventilated

rats following saline (black), endoNF (green 2 g/pl), @2-3 + a2—6 Neu (magenta, 0.1 U/ul), or «2-3 + «2—6 Neu + endoNF (orange) microinjections bilaterally into the NTS. Gray
represents the period of injection. Ai, Grouped data show that endoNF (n = 6) and «2-3 + «2—6 Neu + endoNF (n = 5) significantly increased sSNA by 40.8% and 62.5%, respectively (p <
0.0001). Microinjection of «2—3 + «2—6 Neu alone had no effect compared with control (p = 0.15, n = 5). B, Western blots of NTS dissected from the animals in (4i) following microinjection
of control, endoNF (Bi, 2 g/ ul, green), a2—3 + 2— 6 Neu (Bii, 0.1U/ ul, magenta), or «2—3 + a2— 6 Neu + endoNF (Biii, orange). Biv, Grouped data showing quantitative changes in polySia
protein (detected using Mab735) from animals in B. polySia-ir was virtually absent following microinjection of either endoNF (green box, p << 0.0001, n = 6) or a«2-3 + «2—6 Neu + endoNF
(orange box, p << 0.0001, n = 5), and was not altered following microinjection of «2—3 + «2— 6 Neu alone (magenta box, p > 0.99, n = 5). Data are mean == SEM. **p << 0.01; ***p < 0.001;

**¥¥p <0.0001; ns, p > 0.05.

polySia reduced AMPA-mediated excitatory transmission fol-
lowing viscerosensory afferent stimulation by decreasing evoked
EPSCs, attenuating action potential generation and propagation
and diminishing spontaneous and mEPSCs, whereas high-
frequency stimulus-evoked NMDA-dependent sustained cur-
rents were increased. Finally, enzymatic removal of polySia from
the NTS in vivo increased splanchnic sympathetic nerve activity,
whereas microinjection of sialidases that do not target polySia
had little effect. Collectively, our studies indicate that polySia
plays a hitherto unrecognized role in the modulation of neural

transmission within the NTS, and demonstrate that polySia ex-
pression is required for the appropriate processing of viscerosen-
sory afferent activity and its transmission to downstream
networks, including the sympathetic outflow.

We extend earlier studies that describe the location of polySia
in the CNS (Bonfanti et al., 1992; Bouzioukh et al., 2001a, b)
demonstrating abundant polySia expression throughout the ros-
trocaudal extent of the NTS. Our ultrastructural analysis revealed
polySia expression at sites that influence neurotransmission: in
the extracellular space and intricate processes of astrocytes that
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Removal of all sialic acids in the NTS causes rapid sympathoexcitation and acute hypertension. 4, Representative traces of integrated and smoothed neurogram of sSNA and arterial

pressure following Neu (blue, 0.1 U/pl) or saline (control) microinjected into the NTS. Gray represents the period of injection. B, Grouped data show the time course of response in sSSNA and MAP
following Neu microinjection (n = 6). sSNAincreased by 79.3% (p << 0.0001) and arterial pressure increased acutely (p = 0.0014), returning to baseline after 60 min (p = 0.157). Ci, Grouped data
at 15 min after injection show that, compared with control, Neu significantly increased sSNA (158.5 = 1.2 uV, p < 0.0001, n = 6) and MAP (152.8 == 10.9 mmHg, p = 0.0014), whereas endoNF
evoked a smallerincrease in SSNA (119.3 == 4.80%, p = 0.0039, n = 6) but did not change MAP (98.24 = 9.12 mmHg, p = 0.977). Gii, Grouped data at 60 min after injection show that, compared
with control, both Neu and endoNF increased sSNA (179.3 = 14.56 and 140.80 == 7.63 .V, p = 0.0004 and p = 0.0357, respectively) but had no significant effect on MAP (108.5 = 3.12 and
95.02 = 6.40 mmHg, p = 0.157 and p > 0.99, respectively). Data are mean = SEM. *p << 0.05; **p << 0.01; ***p << 0.001; ****p < 0.0001; ns, p > 0.05.

envelop neurons and synapses, as well as in some dendrites and
axon terminals, consistent with our synaptophysin/polySia dou-
ble labeling (Fig. 10A). Supporting our finding of polySia expres-
sion in astrocytic fine processes, blockade of microtubular
function in the neurosecretory hypothalamus caused accumula-
tion of polySia in astrocyte cell bodies (Theodosis et al., 1999,
2008). Expression around neurons found here is consistent with
previous studies in the hippocampus, striatum, and cortex where
polySia is linked with synaptic plasticity (Muller et al., 1996; Uryu
et al., 1999; Eckhardt et al., 2000; Hildebrandt and Dityatev,
2015). Enzymatic digestion of polySia has no effect on presynap-
tic or postsynaptic neuronal structures examined by electron mi-
croscopy (Theodosis et al., 1999; Brusés et al., 2002), suggesting
that functional effects result from disruption of signaling mech-
anisms, rather than major morphological changes.

In exploring the cellular mechanisms influenced by polySia in
the NTS, we found that enzymatic removal of polySia increased
TEA-sensitive currents, inhibited the closure of BK channels, and
produced effects consistent with the increased release of Ca**
from intracellular stores (Fig. 10A). The effects of TEA differed to
those of Ibtx, indicating effects at multiple K* channels, includ-
ing at delayed rectified K™ channels, common in NTS neurons
(Andresen and Kunze, 1994). Functional effects of NTS desialy-
lation were not unexpected given that voltage-gated K * channels
present on NTS neurons are heavily glycosylated, often with gly-
cans likely capped by sialic acids (Cartwright and Schwalbe, 2009;
Ednie and Bennett, 2012). A range of effects of desialylation have
been described in other cell types, including both depolarizing

and hyperpolarizing shifts in channel activation (Ednie and Ben-
nett, 2012; Scott and Panin, 2014), which appear dependent upon
the cell type examined and the channel isoform investigated. These
complications arise as desialylation of the same ion channel in dif-
ferent cell types can produce varying effects (Ednie and Bennett,
2012; Scott and Panin, 2014) and channel isoforms can also vary in
the glycan structures they carry (Schwalbe et al., 2008). Curiously
astrocytes express abundant voltage-gated K* channels (Contet et
al,, 2016), so it is possible that polysialylation may also impact K™
spatial buffering. Although both sialic acids and polySia are associ-
ated with voltage-gated Na ¥ channels in rat brain (Zuber et al., 1992;
Bennett et al., 1997; Ednie and Bennett, 2012) we saw no impact of
polySia removal on action potential properties generated by current
injection or following afferent stimulation.

We found that removal of polySia disrupted information
transfer from viscerosensory afferents as evoked and spontane-
ous AMPA-dependent EPSCs were reduced, and NMDA sus-
tained currents increased, indicating a role for polySia in
regulating excitatory neurotransmission (Fig. 10A). As visceros-
ensory afferents innervate both somata and dendrites of NTS
neurons (Anders et al., 1993), the astrocytic, neuronal, and extra-
synaptic location of polySia seen here, together with the close
association with synaptophysin shown by us and others (Bouzi-
oukh et al., 2001a), are consistent with such a role. It is plausible
that polySia on astrocytes may also influence synaptic or extra-
synaptic glutamate availability as astrocytes express abundant
glutamate transporters such as EAAT2 responsible for 90% of
glutamate reuptake in brain.
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A  Element influenced by removal of polySia following high frequency afferent stimulation
# Element influenced by removal of polySia following low frequency afferent stimulation
# Element influenced by removal of polySia
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Figure10.  Overview depicting the structural location of polySia as well as the cellular mechanisms modified and functional consequences following removal of polySia from the NTS. 4, Astrocytic,
terminal, and extrasynaptic expression of polySia influences Kv, intracellular calcium, and viscerosensory afferent glutamatergic transmission: during low-frequency input (magentastars), and high
input (pink stars), maintaining appropriate transmission through the NTS. B, Schematically, the local and network impact of polySia in the NTS under in vivo (Figure legend continues.)
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Within the NTS, variations in synaptic strength usually result
from differences in the number of contact or release sites between
afferent axons and postsynaptic membranes, rather than gluta-
mate release probability or uptake capacity (Bailey et al., 2006b;
Peters et al., 2008). Reduced action potential generation has been
demonstrated in the NTS when K * channels are activated before
viscerosensory afferent stimulation (Bailey et al., 2006a, 2007), or
when glutamate release sites from single afferents are reduced
(Bailey et al., 2006b). It appears paradoxical that polySia is not
present within synapses in the NTS, given that its removal per-
turbs all forms of afferent excitation (e/s/mEPSC). However,
polySia likely modulates transmission via effects directly at K™
channels, and/or by altering availability of glutamate to the post-
synaptic density, or via mechanisms at multiple release site re-
cently described in NTS neurons (Fawley et al., 2016).

Also in keeping with effects seen here on evoked transient and
sustained currents, polySia can modulate AMPA and NMDA re-
ceptor function (Vaithianathan et al., 2004; Hammond et al.,
2006; Varbanov and Dityatev, 2017). Both receptor types are
present within the NTS and are activated by differing afferent
input (Aylwin et al., 1997; Zhang and Mifflin, 1998), with low-
frequency stimulation evoking a large transient AMPA-mediated
current (Andresen and Yang, 1990), and high-frequency stimu-
lation (>5 Hz) a sustained NMDA-mediated current (Zhao et al.,
2015). In support of our findings, activation of AMPA receptors
in reconstituted lipid bilayers, in the presence of bacterially de-
rived polySia, potentiated currents (~67%) and increased the
opening probability of these receptors (~360%) (Vaithianathan
et al., 2004), with opposing effects observed at NMDA receptors
(decreased opening probability in the presence of polySia) (Ham-
mond et al., 2006). Our findings therefore support previous sug-
gestions that the anionic charge of polySia directly influences the
positive amino acid residues of AMPA and NMDA receptors, as
suggested for other polyanionic polysaccharides, such as heparin
(Hall et al., 1996; Sinnarajah et al., 1999) and dextran (Suppira-
maniam et al., 2006; Chicoine and Bahr, 2007). Whether GluN2B
subunits containing NMDA receptors are targeted by removal of
polySia as found previously (Kochlamazashvili et al., 2010) re-
mains to be determined. Nevertheless, it is plausible that the
anionic polySia provides optimal conditions for regulating glu-
tamatergic transmission in the NTS.

The effects seen following polySia removal at the single neu-
ron strongly support our findings in the whole animal, where
enzymatic removal of polySia from the NTS region increased
splanchnic sympathetic nerve activity (Fig. 10B). This finding is
consistent with net disfacilitation of the NTS, effectively reducing
information throughput resulting in sympathoexcitation via in-
creased activity of premotor neurons (Pilowsky and Goodchild,
2002). Baroreceptor afferents provide tonic activation of the NTS
altering activity on a heartbeat to heartbeat basis. Under basal
conditions (as recorded here), baroreceptor firing frequency
is low, favoring AMPA receptor activation with minimal input
from NMDA receptors (Seagard et al., 1990; Gordon and Leone,
1991). When baroreceptor afferent traffic is reduced, sympa-
thetic nerve activity increases (Sved et al., 1997) suggesting that

<«

(Figure legend continued.) conditions. Control conditions (Bf) and highlight effects (Bii) follow-
ing removal of polySia. Under both conditions, afferent input remains constant (equal line
weight); however following removal of polySia, neurotransmission through the NTS is attenu-
ated and intrinsic properties are modified, reducing the gating provided by the inhibitory CVLM
on tonically active sympathoexcitatory premotor RVLM neurons resulting in elevated sympa-
thetic nerve activity.
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polySia could influence such transmission. The inverse relation-
ship between vagal afferent traffic and polySia expression in the
NTS previously described (Bouzioukh et al., 2001a, b), and the
sympathoexcitatory effect evoked by polySia removal seen here,
appears to provide a mechanism to explain why stimulation of
vagal afferents increases lumbar sympathetic nerve activity (Sun
and Guyenet, 1987). The lack of a consistent blood pressure re-
sponse following removal of polySia may be due to a threshold
effect where blood pressure is not increased by the small, slow
changes in sympathetic nerve activity induced by endo N alone,
whereas Neu induced larger and more rapid changes in sympa-
thetic nerve activity elevating blood pressure. Alternatively, poly-
Sia removal in the NTS may result in opposing changes in
different vascular beds or influence splanchnic sympathetic fibers
that innervate targets other than the vasculature. Nevertheless,
the data indicate that sympathetic outflow is dependent on the
expression of polySia within the NTS, which can be modified by
changes to viscerosensory afferent traffic.

Targeting polySia consistently evoked sympathoexcitation.
However, effects were enhanced by exo-neuraminidases that tar-
get a2-3, a2—6, in addition to a2—8 linked sialic acids, suggesting
a role for other types of sialylation in regulating sympathetic
outflow. However, endoNF only cleaves polySia polymers of five
to eight a2—8 linked sialic acids (Stummeyer et al., 2005), poten-
tially leaving some sialic acids (including single, di, or oligo sialic
acids) that could be cleaved by the other enzymes used. Our
Western blotting would not have detected these residual sialic
acids because Mab735 recognizes octamers of :2—8 linked sialic
acids (Evans et al., 1995; Nagae et al., 2013).

Collectively, our data show that removal of polySia alters neu-
ronal properties and transmission of viscerosensory excitatory
traffic through the NTS and that these effects alter transmission
to downstream networks increasing sympathetic outflow (Fig.
10). This study expands the repertoire of signaling molecules,
particularly those located on the cell surface or in astrocytes,
which influence information transfer within sensory nuclei. The
NTS governs autonomic, hormonal, and behavioral activity in-
dicative of the wide spectra of functions that polySia may impact
(Craig, 2003). Furthermore, the findings described here may de-
fine the neuronal mechanisms modified by polySia in higher
brain regions (Rutishauser and Landmesser, 1996; Rutishauser,
2008) as well as at several sensory nuclei expressing abundant
polySia (Bonfanti et al., 1992; El Maaroufet al., 2005). Finally, we
demonstrate the importance of glycosylation modifications, such
as sialylation, in altering neuronal function and show the impor-
tance of the level of polySia expression for appropriate informa-
tion processing in the dorsal medulla, which ultimately regulates
the activity of multiple downstream neural networks.
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