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Abstract	

	 Although	neurotrophins	are	conventionally	associated	with	the	proper	growth	and	

survival	 of	 developing	 neurons,	 there	 is	 increasing	 evidence	 that	 they	 play	 an	 equally	

significant	 role	 in	 the	 functions	 of	 adult	 neurons.	 Specifically,	 brain	 derived	neurotrophic	

factor	 activation	 of	 its	 preferred	 receptor	 TrkB	 is	 essential	 in	 the	 regulation	 of	

motoneuronal	 activity.	 Neurotrophin‐dependent	 and	 independent	 activation	 of	 TrkB	

regulates	the	motoneuronal	dendritic	integrity,	and	maintains	unique	classes	of	synapses.	In	

addition,	it	regulates	the	expression	and	function	of	ion	channels	as	well	as	the	strength	of	

inhibitory	 and	 excitatory	 synapses	 via	 different	 intracellular	 pathways.	 The	 recent	

physiological	 findings	 in	 the	 regulatory	 roles	 of	 TrkB	 are	 implicative	 of	 its	 presence	 on	

motoneuronal	 dendrites.	 Although,	 the	 expression	 of	 TrkB	 in	 the	 soma	 has	 long	 been	

confirmed,	 its	 distribution	 on	 the	 dendritic	 tree	 of	 motoneurons	 remains	 unknown.	 We	

aimed	 to	 examine	 the	 distribution	 of	 TrkB	 in	 the	 cytoplasm	 and	 membrane‐associated	

regions	of	the	dendritic	tree	of	adult	neck	motoneurons.		

	 We	have	determined,	 via	 confocal	microscopy,	 that	TrkB	 is	 present	 and	 abundant	

throughout	the	cytoplasm	and	the	membrane‐associated	regions	of	motoneuronal	dendrites	

as	well	as	the	soma.	TrkB	is	organized	 in	clusters	and	its	distribution	 is	best	described	as	

punctated.	 We	 then	 developed	 a	 technique	 to	 separately	 extract	 and	 quantify	 the	 TrkB	

immunoreactivity	associated	with	the	membrane	and	the	cytoplasm	as	function	of	distance	

from	 the	 soma	 and	 dendritic	 tree.	 We	 have	 demonstrated	 that	 there	 is	 no	 bias	 in	 TrkB	

immunoreactivity	 to	 a	 specific	 region	of	 the	dendritic	 tree	 in	 five	 trapezius	motoneurons.	

These	observations	were	confirmed	for	both	cytoplasmic	and	membrane‐associated	TrkB.	

	 There	 is	 compelling	 evidence	 that	 both	 mature	 full‐length	 and	 immature	

hypoglycosylated	 TrkB	 isoforms	 are	 active	 in	 strengthening	 the	 response	 to	 excitatory	

synapses	in	motoneurons.	We	identified	the	full	length	TrkB	as	well	as	3	hypoglycosylated	
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isoforms	 in	 cervical	 spinal	 segments	 that	 contain	 trapezius	 motoneurons	 and	 phrenic	

motoneurons.		

	 Taken	 together,	 these	 data	 indicate	 that	 TrkB	 is	 likely	 involved	 in	 regulating	 and	

maintaining	different	classes	of	 ion	channels	and	synapses	on	the	dendrites	as	well	as	the	

soma.	Various	isoforms	of	TrkB	may	also	be	involved	in	regulating	motoneuronal	activity.	
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Chapter	1	

Introduction	

1.1 	 Discovery	of	neurotrophins	and	their	Trk	receptor	

During	 the	 development	 of	 the	 central	 and	 peripheral	 nervous	 system	 in	

vertebrates,	 the	number	 of	 neurons	 far	 exceeds	 those	 that	ultimately	 survive	 and	 remain	

functional	 throughout	 adulthood.	 Developing	 neurons	 compete	 for	 a	 limited	 quantity	 of	

neurotrophic	 factors	 that	are	secreted	by	 their	 target	 tissues.	Along	with	cellular	 intrinsic	

mechanisms,	target‐derived	factors	regulate	neuronal	survival.	Consequently,	only	neurons	

that	 interact	 with	 their	 intended	 targets	 survive	 (Oppenheim,	 1989;	 Schecterson	 &	

Bothwell,	1992).		This	concept	is	recognized	as	the	neurotrophic	theory	(Purves	et	al.,	1988;	

Oppenheim,	1989).	

	 The	 neurotrophins	 are	 a	 small	 family	 of	 structurally	 and	 functionally	 related	

proteins.	Although	there	are	other	 families	of	growth	factors,	neurotrophins	are	of	special	

interest	 in	 neuroscience	 because	 they	 exert	 their	 actions	 predominantly	 in	 the	 nervous	

system	 (Lewin	 et	 al.,	 1996).	 The	 discovery	 of	 neurotrophins	 started	 with	 nerve	 growth	

factor	(NGF)	in	the	adult	male	mouse	submandibular	gland		over	six	decades	ago	(Cohen	&	
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Levi‐Montalcini,	 1956).	 NGF	 was	 identified	 as	 a	 soluble	 factor	 vital	 for	 the	 survival	 of	 a	

specific	group	of	developing	neurons	(Segal,	2003).	Cohen	(1960)	later	demonstrated	that	

anti‐NGF	antibodies	injected	to	newly	born	rodents	specifically	led	to	the	disintegration	of	

the	peripheral	nervous	system.	Furthermore,	prenatal	exposure	to	NGF	antibodies	caused	

the	death	of	sensory	neurons	of	spinal	ganglia	in	the	guinea	pig		(Johnson	et	al.,	1983).			

Brain	derived	neurotrophic	factor	(BDNF)	was	identified	as	the	second	member	of	

neurotrophin	growth	 factor	 family.	Using	mediums	of	 glioma	cells	 (neuroglia),	Barde	and	

colleagues	 reported	 the	 presence	 of	 a	 novel	 neuronal	 growth	 factor	 that	 supported	 the	

survival	 of	 cultured	 chicken	 embryo	 dorsal	 root	 ganglion	 cells	 in	 culture	 (Barde	 et	 al.,	

1978).	This	activity	remained	unaffected	when	antibodies	to	NGF	were	introduced.	Similar	

findings	were	 described	 in	 cultured	 astrocytes	 and	 extracts	 of	 rodent	 and	 porcine	 brains	

(Lindsay,	1996).	Later,	a	small	amount	of	BDNF	was	purified	 from	pig	brain	(Barde	et	al.,	

1982).	Subsequent	to	the	discovery	of	NGF	and	BDNF,	two	other	neurotrophins,	NT‐3	(Hohn	

et	al.,	 1990;	Maisonpierre	et	al.,	 1990a;	 Coeddel	et	al.,	 1990;	Ernfors	et	al.,	 1990;	 Jones	&	

Reichardt,	1990)	and	NT‐4	(Berkemeier	et	al.,	1991),	were	identified	in	mammals	and	a	fifth	

member	of	the	neurotrophin	family,	NT‐6,	has	been	reported	in	fish	(Götz	et	al.,	1994).		

	

1.2 	 Neurotrophins	have	a	distinct	preference	for	different	Trk	receptors	

Neurotrophins	 interact	with	 two	distinct	 classes	of	 transmembrane	 receptors:	 the	

tropomyosin‐related	 kinase	 (Trk)	 and	 the	 smaller	 p75	 neurotrophin	 receptor.	 The	 Trk	

family	 of	 receptor	 tyrosine	 kinases	 	 derives	 its	 name	 from	 a	 colon	 carcinoma	 oncogene	

(Martin‐Zanca	et	al.,	1986;	Barbacid	et	al.,	1991;	Barbacid,	1995)	in	which	tropomyosin	was	

fused	to	a	novel	tyrosine	kinase	domain	(Segal,	2003).	The	characterization	of	the	oncogene	
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lead	 to	 the	 discovery	 of	 TrkA	 (Martin‐zanca	 et	 al.,	 1989),	 and	 its	 closely	 related	 genes	

encoding	 TrkB	 (Klein	 et	 al.,	 1989)	 and	 TrkC	 (Lamballe	 et	 al.,	 1991).	 Together,	 these	

receptors	 form	 a	 subfamily	 of	 tyrosine	 kinase	 receptors	 that	 is	 known	 as	 Trk	 receptor	

kinases	 (Benito‐Gutiérrez	 et	 al.,	 2006).	 Trk	 receptors	 have	 a	 common	 large	 extracellular	

binding	 domain,	 a	 single	 trans‐membrane	 domain,	 and	 a	 cytoplasmic	 tyrosine	 kinase	

catalytic	domain	(Kaplan	et	al.,	1991).	

Different	 neurotrophins	 preferentially	 bind	 to	 particular	 Trk	 receptors	 (Fig	 1.1).	

NGF	preferentially	binds	to	TrkA	(Klein	et	al.,	1991a;	Kaplan	et	al.,	1991),	BDNF	and	NT‐4/5	

bind	to	TrkB	(Klein	et	al.,	1991b),	and	NT‐3	selectively	binds	to	TrkC	(Lamballe	et	al.,	1991).	

All	mature	neurotrophins	bind	to	p75NTR	binds	with	approximately	equal	affinity	(Dechant	

&	Barde,	1997).	The	binding	of	neurotrophins	 to	 their	Trk	receptors	can	be	regulated	via	

receptor	dimerization,	structural	modifications	and	association	with	p75NTR.	Trk	receptor	

function	is	regulated	by	p75NTR	in	several	ways:	(1)	p75NTR	increases	the	binding	affinity	

of	neurotrophins	to	Trk	receptors	(Hempstead	et	al.,	1991);	(2)	p75NTR	promotion	of	axon	

growth	 and	 target	 innervation	 leading	 to	 augmented	 accessibility	 to	 neurotrophins;	 (3)	

increase	 of	 Trk	 endocytosis	 and	 its	 transport	 to	 cell	 membrane	 that	 in	 turn	 increase	

neurotrophin‐Trk	signaling	(Skaper,	2012).		
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Figure	1.1	—	Neurotrophins	selectively	bind	to	specific	Trk	receptors.	All	neurotrophins	bind	to	
p75NTR.	The	binding	of	homodimeric	neurotrophins	to	Trk	receptors	results	in	dimerization	of	each	
receptor.	*Adapted	from	(Chao,	2003)	
	

1.3 	 Characterization	of	BDNF	

	 BDNF	 is	 vital	 for	 neuronal	 survival	 and	 proper	 growth	 in	 a	 variety	 of	 neurons	

including	 dorsal	 root	 ganglion	 cells	 (Acheson	 et	 al.,	 1995),	 hippocampal	 and	 cortical	

neurons	 (Huang	 &	 Reichardt,	 2001),	 and	motoneurons	 (Kishino	 et	 al.,	 1997).	 It	 plays	 an	

important	 role	 in	 neuronal	 plasticity	 of	 learning	 and	 memory	 (Rauskolb,	 2008).	 BDNF	

exerts	 its	 biological	 effects	 as	 a	non‐covalently	 linked	homodimer	 (Jungbluth	et	al.,	 1994;	

Kolbeck	 et	 al.,	 1999)	 and	 is	 initially	 expressed	 as	 pre‐pro‐proteins	 in	 neuronal	 and	 non‐

neuronal	cells.	The	pre‐pro	sequence	 is	presumably	cleaved	 in	 the	endoplasmic	reticulum	

and	 the	 pro‐BDNF	 is	 then	 N‐glycosylated	 in	 the	 Golgi	 apparatus	 (molecular	 weight	 ~30	

kDa).	The	precursor	protein	contains	a	signal	peptide,	 sites	 for	glycosylation,	and	pairs	of	

basic	amino	acids	that	are	recognized	by	processing	enzymes	(Chao	&	Bothwell,	2002).	This	

intracellular

extracellular

BDNF / NT-(4/5)NGF NT-3

TrkA TrkB TrkC p75

NGF / BDNF / NT-3 / NT-(4/5)
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protein	is	subsequently	cleaved	to	form	a	mature	monomeric	isoform,	approximately	13kDa	

(Blum	&	Konnerth,	2005).		

	 The	 overall	 concentration	 of	 BDNF	 (and	 other	 neurotrophins)	 is	 very	 low	 in	 the	

nervous	 system.	 Consequently	 very	 little	 is	 known	 about	 its	 processing	 and	 secretion	 in	

vivo.	BDNF	is	widely	expressed	in	the	CNS	with	the	highest	levels	in	the	hippocampus.	In	situ	

hybridization	experiments	have	revealed	that	BDNF	mRNA	is	weakly	expressed	in	the	brain	

during	 fetal	 development.	 Expression	 is	 increased	 post‐natally	 and	 reduced	 during	

adulthood	(Hofer	et	al.,	1990).	Dorsal	root	ganglion	neurons	and	peripheral	targets	of	spinal	

motoneurons	express	BDNF	mRNA	(Maisonpierre	et	al.,	1990a,	1990b;	Ernfors	&	Persson,	

1991;	Schecterson	&	Bothwell,	1992;	Koliatsos	et	al.,	1993)	

	

1.4 	 Characterization	of	TrkB:	Structure,	activation	and	signaling	cascades	

1.4.1 	 Structure	

	 Trk	 receptors	 are	 distinguished	 from	 other	 receptor	 tyrosine	 kinases	 by	 their	

extracellular	domain.		As	shown	in	Fig.	2.1,	this	domain	is	composed	of	an	array	of	3	leucine‐

rich	24‐residue	motifs	that	are	encompassed	by	two	cysteine	clusters	on	each	side	(Ultsch	

et	 al.,	 1999;	 Wiesmann	 et	 al.,	 1999;	 Huang	 &	 Reichardt,	 2003).	 Two	 C2‐type	

immunoglobulin‐like	 (Ig)	 domains	 are	 positioned	 adjacent	 to	 these	 clusters.	 The	

intracellular	domain	consists	of	a	 large	 tyrosine	kinase	catalytic	domain.	The	 intracellular	

domain	of	TrkB	is	much	smaller	than	other	(non‐Trk)	receptor	tyrosine	kinases.	It	contains	

70	amino	acids	before	and	15	amino	acids	after	the	tyrosine	kinase	domain.	The	amino	acid	

sequence	of	this	tyrosine	kinase	closely	resembles	that	of	the	insulin	receptor	(Segal,	2003).		
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Figure	 1.2	—	 A	 schematic	 of	 Trk	 receptor	 domains.	 The	 extracellular	 domain	 contains	 two	
cysteine	clusters	flanking	a	leucine	rich	motif.	The	two	immunoglobulins	(Ig)	are	the	binding	sites	for	
BDNF	and	NT‐4.	The	intracellular	domain	is	composed	of	a	large	catalytic	tyrosine	kinase	and	small	
juxta‐membrane	and	carboxy	terminal	sequences.	*Adapted	from	(Watson	et	al.,	1999)	
	

1.4.2 	 Activation	and	receptor	phosphorylation	

Activation	 of	 downstream	 signaling	 cascades	 via	 TrkB	 receptor	 is	 a	 multi‐phase	

process.	 It	 starts	 by	BDNF	binding	 to	 the	 Ig	 domain	 (Ig2)	 closest	 to	 the	 trans‐membrane	

domain	 of	 TrkB.	 The	 binding	 of	 the	 BDNF	 homodimer	 leads	 to	 the	 dimerization	 and	

internalization	 of	 TrkB	 receptors.	 Receptor	 dimerization	 in	 response	 to	 the	 ligand	 is	 a	

shared	characteristic	of	all	tyrosine	kinases	(Segal,	2003).		

	

1.4.3 	 Receptor	phosphorylation	

	 The	dimerized	receptors	rapidly	phosphorylate	each	other	in	trans	on	three	tyrosine	

residues,	 located	 on	 the	 kinase	 domain	 (Segal,	 2003).	 The	 phosphorylation	 of	 tyrosine	

trans-membrane domain

tyrosine kinase
(catalytic domain)

intracellular

extracellular

cysteine cluster 1 (CC-1)

cysteine cluster 2 (CC-2)

leucine rich motifs

IgG-C2 domains

NH2

COOH
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residues	Y670,	Y674,	and	Y675	in	the	kinase	domain	promotes	tyrosine	kinase	activity	by	

pairing	these	negatively	charged	residues	with	basic	residues	in	their	proximity	(Huang	&	

Reichardt,	 2003).	 The	 active	 tyrosine	 kinases	 in	 turn	 phosphorylate	 two	 additional	

phosphorylation	 sites:	 the	 juxta‐membrane	 site	Y490	 (Stephens	et	al.,	 1994)	 and	 carboxy	

terminus	Y785	(Obermeier	et	al.,	1993,	1994;	Loeb	et	al.,	1994).	These	two	activated	sites	

serve	 as	 docking	 sites	 for	 adaptor	 proteins	 Shc	 and	 phospholipase	 C	 (PLC),	 respectively,	

which	 activate	 two	 downstream	 signaling	 cascades.	 These	 signaling	 mechanisms	 are	

described	in	further	detail	later	in	this	chapter.	

	

1.4.4 	 Glycosylation	

	 Although	 phosphorylation	 of	 TrkB	 plays	 a	 significant	 role	 in	 regulating	 the	

functional	properties	of	TrkB	and	its	downstream	pathways,	N‐glycosylation	is	also	a	major	

contributor	to	the	structural	stability	and	functionality	of	TrkB.	The	extracellular	domain	of	

TrkB	contains	12	consensus	N‐glycosylation	sites	(Klein	et	al.,	1989;	Watson	et	al.,	1999).	

Using	a	deglycosylation	assay,	Haniu	and	colleagues	demonstrated	that	10	of	these	sites	are	

routinely	glycosylated	in	vivo	(Haniu	et	al.,	1995).	Membrane‐bound	TrkB	(and	other	Trk’s)	

must	be	fully	glycosylated	for	insertion	into	the	cell	membrane	(Watson	et	al.,	1999).		

	

1.5 	 Signal	Cascades	 	

	 There	 are	 three	major	 pathways	 that	 are	 regulated	 by	 the	 activation	 of	 TrkB:	 (1)	

PI3K/Akt	(Atwal	et	al.,	2000),	(2)	Ras/MAPK	(Thomas	et	al.,	1992),	and	(3)	PLCγ	(Vetter	et	

al.,	1991).	
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1.5.1 			PLCγ	Signaling	 	

	 Upon	 Y785	 becoming	 phosphorylated,	 it	 directly	 binds	 PLCγ1.	 The	 enzymatic	

activity	of	PLCγ1	is	further	boosted	via	the	phosphorylation	of	critical	tyrosine	residues	by	

TrkB	 (Middlemas	 et	 al.,	 1994).	 Activated	 PLCγ1	 hydrolyzes	 Phosphatidylinositol	 4,5‐

bisphosphate	 to	 generate	 inositol	 tris‐phosphate	 (IP3)	 and	 diacylglycerol	 (DAG).	 IP3	

promotes	 the	 release	 of	 Ca2+	 from	 intracellular	 stores.	 The	 increase	 in	 cytoplasmic	 Ca2+	

concentration	 leads	 to	 the	 activation	 of	 Ca2+‐regulated	 protein	 kinase	 C	 (PKC)	 and	

calmodulin‐regulated	kinase	isoforms.	DAG	in	turn	stimulates	DAG‐regulated	PKC	isoforms	

that	regulate	the	transcription	of	genes	for	various	proteins	(e.g.	sodium	channels)	(Segal	&	

Greenberg,	1996;	Golder,	2008).	In	the	hippocampus,	the	signaling	via	PLCγ	is	vital	for	long	

term	potentiation	(LTP),	a	phenomenon	widely	associated	with	learning	and	memory.	

	

1.5.2 	 Ras/MAP	Signaling	

	 Shc	forms	a	complex	with	effector	proteins	Grb2	and	SOS	and	further	bind	to	Ras	(a	

GTPase).	 SOS	 is	 a	 nucleotide	 exchange	 factor	 that	 activated	 Ras	 via	 the	 conversion	 of	 a	

guanosine	 triphosphate	 into	 guanosine	 diphosphate.	 The	 activated	 Ras	 sequentially	

interacts	with	the	kinase	Raf.	This	chain	of	events	is	continued	with	Raf	phosphorylation	of	

MEK	which	will	in	turn	activate	MAP	kinase	Erk.	This	activated	cascade	ultimately	leads	to	

the	upregulation	of	proteins	involved	in	axonal	growth,	survival	and	synaptic	transmission.	

	

1.5.3 	 PI3K/Akt	Signaling	

	 The	 addition	 of	 GAB1	 to	 the	 Shc‐Grb2‐SOS	 activates	 Phosphoinositide	 3‐kinase	

(PI3K).	 The	 newly	 phosphorylated	 PI3K	 activates	 PDK1	 which	 phosphorylates	 Akt.	 Akt	
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interacts	 with	 a	 range	 of	 promoters	 involved	 in	 axonal	 growth	 and	 survival.

	

	

Figure	1.3	—	Activation	of	 signaling	cascades	by	neurotrophins.	 Neurotrophin	 binding	 to	Trk	
receptor	 leads	 to	 the	 activation	 of	 3	 signaling	 cascades:	 PI3K/Akt	 pathway	 (left),	 PLCγ	 pathway	
(middle),	 and	 Ras/MAP	 pathway	 (right).	 These	 signaling	 cascades	 are	 collectively	 involved	 in	
differentiation,	survival	and	synaptic	plasticity.	
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1.6 	 Ligand‐independent	activation	of	Trk	receptors	 	

	 Activation	of	Trk	 receptors	 typically	 involves	 the	binding	of	neurotrophins.	 In	 the	

past	 decade	 however,	 several	 studies	 have	 reported	 the	 activation	 of	 Trk‐dependent	

signaling	 pathways	 in	 the	 absence	 of	 neurotrophins,	 a	 mechanism	 referred	 to	 as	

transactivation.	This	ligand‐independent	interaction	is	not	exclusive	to	the	Trk	receptors.	G‐

protein	coupled	receptors	(GPCRs)	can	activate	other	classes	of	 tyrosine	kinase	receptors.	

Epidermal	growth	 factor	 receptor	 (EGFR)	 (Daub	et	al.,	1996),	 insulin‐like	growth	 factor	1	

receptor	(IGF1R)	(Delafontaine,	1995)	and	platelet‐derived	growth	factor	receptor	(PDGF‐

R)	(Kotecha	et	al.,	2002)	can	be	transactivated	via	a	GPCR‐dependent	mechanism	to	initiate	

the	MAPK	signaling	pathway	(Rajagopal	et	al.,	2004).	

	 Various	GPCRs	are	capable	of	activating	Trk	receptors.	TrkA	in	PC12	cells	and	TrkB	

receptors	 in	 cultured	 hippocampal	 neurons	 were	 transactivated	 via	 the	 Adenosine	 2A	

receptor	 (A2A).	Trk	 transactivation	 via	A2A	 receptor	 activates	 the	downstream	PI3K/Akt	

pathway	which	 is	associated	with	regulation	of	prosurvival	gene	transcription.	This	A2A	‐

dependent	response	is	similar	to	the	effects	of	BDNF‐	and	NGF‐induced	Trk	activation	(Lee	

&	 Chao,	 2001).	 Another	 class	 of	 GPCRs	 bind	 to	 the	 pituitary	 adenylate	 cyclase‐activating	

polypeptide	 (PACAP)	 and	 promote	 neuronal	 survival	 in	 PC12	 and	 hippocampal	 cells	 by	

activating	 TrkA	 and	 TrkB,	 respectively	 (Lee	 et	 al.,	 2002b).	 The	 most	 striking	 distinction	

between	adenosine‐	and	PACAP‐dependent	Trk	transactivation	with	that	of	other	types	of	

tyrosine	kinase	 receptors	 (e.g.	EGFR)	 is	 the	prolonged	 time	 course	of	60‐90	minutes.	The	

transactivation	of	EGFR	via	the	GPCR	occurs	within	minutes	of	the	application	of	the	ligand.	

This	 time	 course	 difference	 is	 also	 reflected	 in	 the	 slow	phosphorylation	 rate	 of	 proteins	

directly	activated	by	Trk	receptors	in	the	downstream	signaling	cascades.		
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	 The	 transactivation	 of	 Trk	 receptors	 via	 GCPRs	 has	 also	 been	 observed	 in	 spinal	

motoneurons.	 Mitchell	 and	 colleagues	 (2008a)	 reported	 that	 during	 episodes	 of	 acute	

intermittent	hypoxia,	an	A2A		receptor	agonist	mimics	the	effects	of	BDNF/TrkB	interaction	

via	 the	 transactivation	 of	 TrkB	 in	 phrenic	 motoneurons	 of	 rats.	 Similarly,	 TrkB	 can	 be	

activated	via	a	serotonin‐dependent	route	 in	the	absence	of	BDNF.	Serotonin	 initiates	this	

mechanism	 by	 interacting	 with	 its	 5‐HT7	 receptor	 (Hoffman	 &	 Mitchell,	 2011a).	 	 Like	

transactivation	of	other	Trk	receptors	(Lee	&	Chao,	2001;	Lee	et	al.,	2002b;	Rajagopal	et	al.,	

2004),	 in	 phrenic	 motoneurons,	 adenosine	 and	 serotonin	 transactivate	 immature	

hypoglycosylated	isoforms	of	TrkB	that	are	confined	to	the	cytoplasm.		

	

1.7 	 Roles	of	BDNF	and	TrkB	in	the	development	of	the	nervous	system	

	 The	early	studies	on	developing	spinal	motoneuron	that	innervate	skeletal	muscles	

provided	 the	 initial	 observations	 on	 the	 trophic	 dependence	 of	 neurons	 to	 their	 targets.	

These	 experiments	 demonstrated	 the	 changes	 in	 the	 morphology	 and	 physiology	 of	

motoneurons	 by	 injecting	 specific	 neurotrophins	 in	muscles	 or	 suppressing	 neurotrophic	

support	via	nerve	injury.	

	 BDNF	 has	 survival	 and	 growth	 promoting	 actions	 on	 a	 wide	 range	 of	 neurons	

including	 dorsal	 root	 ganglion	 cells	 (Acheson	 et	 al.,	 1995),	 hippocampal	 and	 cortical	

neurons	 (Huang	 &	 Reichardt,	 2001,	 2003).	 Certain	 neurons	 of	 dorsal	 root	 ganglia,	

particularly	those	in	vestibular	and	nodose‐petrosal	ganglia,	depend	on	the	trophic	actions	

of	BDNF	(Binder	&	Scharfman,	2004).	Mutations	in	the	bdnf	gene	led	to	the	absence	of	these	

neurons	 in	developing	mice	 (Huang	&	Reichardt,	 2001).	The	development	of	 sympathetic	

neurons	and	motoneurons	is	however	not	affected	by	the	lack	or	downregulated	expression	
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of	BDNF	(Koliatsos	et	al.,	1993;	Conover	et	al.,	1995;	Liu	et	al.,	1995).	BDNF	homozygous	

knockout	 mice	 survived	 past	 3	 weeks	 and	 those	 with	 heterozygous	 (+/‐)	 knockouts	

remained	viable	with	a	range	of	phenotypic	deficiencies	such	as	 impaired	spatial	 learning	

(Linnarsson	et	al.,	1997)	and	decreased	epileptic	predisposition	(Kokaia	et	al.,	1995).			

	

1.8 	 Regulation	of	neuronal	structure	and	intrinsic	discharge	properties	

	 Dendritic	 spines	 form	 the	 post‐synaptic	 component	 of	 excitatory	 synaptic	

transmission	in	the	brain	(Harris	et	al.,	2003).	BDNF	is	a	vital	constituent	in	the	maturation	

and	synaptogenesis	in	hippocampal	neurons	(Martínez	et	al.,	1998;	McAllister	et	al.,	1999;	

Chao,	 2003).	 In	 addition,	 the	 activity‐dependent	 neural	 plasticity	 known	 as	 long	 term	

potentiation	 (LTP)	 highly	 depends	 on	 BDNF.	 This	 is	 in	 part	 due	 to	 the	 formation	 of	 new	

spines;	a	process	that	requires	BDNF	for	the	new	synthesis	and	transport	of	proteins.			

	 While	the	maintenance	of	dendritic	spines	by	BDNF/TrkB	is	of	great	significance,	it	

is	 irrelevant	to	the	physiology	of	motoneurons.	Spines	on	motoneurons	have	been	seldom	

reported.	With	few	exceptions	(e.g.	hypoglossal	motoneurons	(Odutola,	1976)),	it	is	widely	

accepted	that	motoneurons	are	aspiny	and	synaptic	contacts	are	formed	by	direct	contacts	

of	presynaptic	boutons	with	dendritic	shafts	and	somata.		

	 BDNF	 and	 TrkB	 are	 fundamental	 prerequisites	 for	 the	 appropriate	 formation	 and	

maintenance	 of	 dendritic	 integrity.	 A	 recent	 report	 documented	 that	 the	 suppression	 of	

TrkB	 activity	 is	 essential	 for	 stable	 dendritic	 formation.	 Nucleus	 Magnocellularis	 neuron	

(analog	 of	 human	 ventral	 cochlear	 nucleus)	 of	 developing	 chick	 embryo	 have	 extensive	

dendritic	 arborisation	 that	 retract	 in	 the	 late	 stages	 of	 development	 (E11+)	 for	 proper	

maturation.	 Artificial	 prolonging	 of	 TrkB	 expression	 over	 the	 course	 of	 development	
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hindered	the	normal	retraction	of	dendrites	(Schecterson	et	al.,	2012).	The	prolonged	TrkB	

expression	leading	to	morphological	changes	suggests	that	TrkB	becomes	activated	in	these	

neurons;	although	it	is	unclear	whether	TrkB	activation	was	mediated	by	BDNF‐	or	ligand‐

independent	GPCR	transactivation.		

	 A	 study	by	Gonzalez	 and	Collins	 (Gonzalez	&	Collins,	 1997)	 revealed	 that	 in	 adult	

gastrocnemius	 motoneurons,	 prolonged	 activation	 of	 TrkB	 alters	 the	 anatomical	 and	

electrical	 properties	 of	 gastrocnemius	 motoneurons.	 BDNF‐saturated	 gelfoams	 were	

inserted	 between	 the	 lateral	 and	 medial	 heads	 of	 the	 gastrocnemius	 muscle.	 The	

gastrocnemius	nerve	was	 isolated	 for	 electrical	 recordings	 5	 days	post‐gelfoam	 insertion.	

Electrical	 recordings	 from	 gastrocnemius	 motoneurons	 indicated	 a	 dose‐dependent	

decrease	in	the	rheobase	that	coincided	with	a	decrease	in	the	total	cell	capacitance.	These	

electrical	 alterations	 indicated	 an	 increase	 in	 motoneuronal	 excitability	 coupled	 with	 a	

reduction	 in	 the	 surface	 area,	 respectively.	 Based	 on	 an	 ohmic	 model	 with	 passive	

membrane	properties,	the	neuronal	surface	area	is	proportional	to	capacitance.	It	would	be	

expected	that	a	decrease	in	surface	area	would	result	in	a	reduction	of	rheobase.	Given	that	

the	dendritic	tree	of	spinal	motoneurons	makes	up	over	95%	of	the	surface	area	(Rose	et	al.,	

1985;	 Cullheim	 et	 al.,	 1987;	 Rose	 &	 Neuber‐Hess,	 1991),	 it	 would	 be	 plausible	 that	 a	

reduction	 of	 dendritic	 	 surface	 area	 contributes	 to	 the	 observed	 decrease	 in	 total	 cell	

capacitance.	The	decrease	in	surface	area	described	here	was	presumably	due	to	the	actions	

of	retrogradely	transported	BDNF	in	the	soma	and	proximal	dendrites.	However,	AAV‐BDNF	

injections	 into	 the	 lumbar	 spinal	 tissue	 produced	 a	 similar	 decrease	 in	 rheobase	 where	

BDNF	expression	was	associated	with	the	axon	terminals	of	spinal	 interneurons	(Boyce	et	

al.,	2012b).	These	interneurons	serve	to	control	the	excitability	of	motoneurons	by	making	
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contacts	predominantly	on	the	dendrites	of	motoneurons	(Fyffe,	1991;	Alvarez	et	al.,	1999).	

Thus,	the	actions	of	BDNF	on	TrkB	may	include	the	activation	of	TrkB	distributed	across	the	

soma	and	dendritic	regions	distal	to	the	soma.		

	 Although	 these	 results	 indicate	 that	 BDNF	 acting	 through	 TrkB	 regulates	 the	

dendritic	 structure,	 Gonzalez	 and	 colleagues	 (Gonzalez	 &	 Collins,	 1997)	 illustrated	 the	

activation	of	TrkB	results	in	the	reduction	of	the	dendritic	tree	whereas	during	the	stages	of	

development,	TrkB	activations	maintains	the	dendritic	integrity	(Schecterson	et	al.,	2012).	

Taking	into	account	that	TrkB	regulates	the	dendritic	structure	in	different	ways,	 it	would	

appear	 that	 TrkB	 must	 be	 activating	 signal	 cascades	 locally	 throughout	 the	 dendrites	 of	

motoneurons.	 However,	 without	 a	 detailed	 description	 of	 the	 distribution	 of	 TrkB	 on	

motoneuronal	dendrites	it	cannot	be	determined	if	TrkB	is	confined	to	a	specific	region	of	

the	dendritic	tree	or	soma.	

	

1.9 							Changes	in	electrical	properties:	alteration	in	the	expression	of	ion	channels		

The	previously	described	changes	in	dendritic	retraction	of	Nucleus	Magnocellularis	

neurons	 expressing	 TrkB	 coincided	 with	 changes	 in	 their	 physiological	 properties.	

Recordings	from	embryonic	day	18	(E18)	neurons	that	express	TrkB	were	similar	to	those	

obtained	 from	 much	 younger	 NM	 neurons.	 In	 Nucleus	 Magnocellularis	 neurons,	 the	

discharge	 rate	 is	 highly	 dependent	 on	 low‐	 and	 high‐voltage	 dependent	 K+	 channels.	 In	

response	 to	 a	depolarizing	 current	 step,	TrkB‐expressing	E18	neurons	produced	multiple	

spikes,	broader	action	potentials,	and	had	lower	thresholds	than	their	non‐TrkB	expressing	

neighbours.	The	lack	of	time‐dependent	voltage	sag	and	the	ability	of	TrkB‐positive	Nucleus	

Magnocellularis	 neurons	 in	 generating	 continuous	 action	potentials	 in	 response	 to	 supra‐
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threshold	 current	 injections	 may	 be	 due	 to	 changes	 in	 the	 expression	 or	 function	 of	 K+	

channels.	Considering	that	motoneurons	are	endowed	with	different	classes	of	K+	channels	

(Sah	&	McLachlan,	 1992;	Viana	et	al.,	 1993;	 Talley	et	al.,	 2000;	Muennich	&	Fyffe,	 2004),	

TrkB	may	be	regulate	the	expression	and	function	of	channels	that	are	in	its	vicinity.	Since	

many	of	these	channels	are	positioned	on	the	dendrites,	 it	 is	implicative	that	TrkB	also	be	

distributed	on	the	dendrites	in	specific	regions	corresponding	to	the	distribution	of	certain	

channels.	 	 This	 presumption	 can	 only	 be	 verified	 by	 examining	 the	 TrkB	 distribution	 in	

motoneuronal	dendrites	which	is	currently	absent.	

	 	

1.10 				Maintenance	of	synaptic	compositions	in	motoneurons	

	 TrkB	 is	 also	 directly	 involved	 in	 regulating	 the	 synaptic	 composition	 of	

motoneurons.	 It	 is	 well	 established	 that	 neurotrophins	 produced	 in	 the	 muscle	 are	

transported	via	the	axon	to	the	soma	where	they	interact	with	their	preferred	Trk	receptor	

(Yan	et	al.,	1993;	Koliatsos	et	al.,	1993).	Decline	in	retrograde	neurotrophic	support	(Davis‐

López	 de	 Carrizosa	 et	 al.,	 2009)	 caused	 by	 axotomy	 in	 adult	 abducens	 motoneurons	

coincides	with	synaptic	 stripping	 that	decreases	motoneuronal	 responsiveness	 to	afferent	

inputs	 (Titmus	 &	 Faber,	 1990).	 Physiologically,	 this	 results	 in	 the	 decay	 of	 neuronal	

response	 to	 eye	 movements	 and	 a	 reduction	 in	 the	 amplitude	 of	 synaptic	 potentials	 in	

abducens	motoneurons.	 After	 dissecting	 the	 abducens	 from	 the	 lateral	 rectus	muscle,	 its	

distal	 end	 was	 placed	 in	 a	 nerve	 chamber	 where	 the	 neurotrophins	 could	 be	 applied.	

Injection	 of	 BDNF	 into	 the	 nerve	 chamber	 immediately	 after	 the	 isolation	 of	 the	 nerve	

prevented	the	withdrawal	of	some	afferent	 inputs	(Davis‐López	de	Carrizosa	et	al.,	2009).	

The	application	of	NT‐3	with	BDNF	 immediately	post	axotomy	rescued	all	of	 the	synaptic	
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afferents	 indicating	 that	 each	 neurotrophin	 regulates	 the	maintenance	 of	 a	 unique	 set	 of	

synapses.	Combined	application	of	 these	neurotrophins	15	days	post‐axotomy	produced	a	

partial	recovery	of	synapses.	However,	a	smaller	number	of	synapses	were	recovered	when	

each	neurotrophin	was	administered	independently.	Although	these	morphological	changes	

were	observed	in	the	inhibitory	synapses	on	the	somata,	activated	Trk	receptors	may	also	

regulate	synapses	on	the	dendrites.	Based	on	the	recordings	from	these	motoneurons,	NT‐3	

rescued	 synapses	 involved	 in	 phasic	 firing	 properties	 and	 BDNF	 reverted	 the	 synapses	

attributing	to	tonic	discharge.	These	firing	properties	are	mediated	by	both	excitatory	and	

inhibitory	 synapses	 that	 are	 distributed	 across	 the	 soma	 and	 dendrites.	 Most	 of	 the	

synapses	 on	 motoneurons	 are	 located	 on	 dendrites	 (Ulfhake	 &	 Cullheim,	 1988;	 Rose	 &	

Neuber‐Hess,	 1991).	 Whether	 TrkB	 regulation	 of	 synaptic	 composition	 is	 region‐specific	

remains	unknown.		It	is	well	known	that	many	premotor	inputs	(inhibitory	and	excitatory)	

to	motoneurons	are	not	uniformly	distributed	on	the	dendritic	tree.	It	appears	that	if	TrkB	

expression	 is	 crucial	 to	 the	 maintenance	 of	 different	 classes	 of	 synapses,	 its	 expression	

would	not	be	limited	to	the	soma.	If	these	synapses	are	arranged	in	discrete	regions	of	the	

dendritic	 tree,	 it	 is	 predictable	 that	 TrkB	may	 be	 distributed	 in	 a	 similar	 fashion	 on	 the	

dendrites.	 There	 are,	 however,	 no	 comprehensive	 accounts	 of	 TrkB	 distribution	 in	

motoneurons.	Consequently,	the	relationship	between	the	organization	of	specific	classes	of	

synapses	and	TrkB	cannot	be	determined.	

	

1.11 	 Regulation	of	excitatory	and	inhibitory	synaptic	strength		

	 Perhaps	the	best	documented	role	of	BDNF/TrkB	in	regulating	synaptic	strength	in	

the	adult	nervous	system	is	their	contribution	to	long	term	potentiation	(LTP)	—a	process	
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highly	associated	with	 learning	and	memory.	LTP	 is	 triggered	via	 the	application	of	a	 few	

trains	 of	 high‐frequency	 stimuli	 (e.g.	 theta	 burst)	 which	 initiates	 a	 series	 of	 short	 term	

biochemical	 changes	 as	well	 as	 prolonged	 changes	 due	 to	 gene	 transcription	 and	 protein	

synthesis.	The	maintenance	of	excitatory	synaptic	strength	during	LTP	requires	BDNF	and	

TrkB.	 Deletion	 of	 bdnf	 or	 trkb	 genes	 led	 to	 the	major	 collapse	 of	 the	 early	 phase	 of	 LTP	

(Korte	 et	 al.,	 1995).	While	 LTP	 has	 been	 observed	 in	 the	 hippocampus,	 cerebellum,	 and	

other	 neural	 systems	 (Chao,	 2003;	 Lu	 et	 al.,	 2008;	 Minichiello,	 2009),	 this	 activity‐

dependent	 plasticity	 is	 absent	 in	 motoneurons.	 Alternatively,	 a	 unique	 type	 activity‐

dependent	 plasticity	 known	 as	 long	 term	 facilitation	 has	 been	 described	 in	 phrenic	

motoneurons	will	be	described	in	more	details	later	in	this	section.	

	 Inhibition	occurs	as	a	result	of	Cl‐	 ions	influx	via	the	glycine‐	and	GABA‐dependent	

Cl‐	channels	(Fyffe,	1991;	Schneider	&	Fyffe,	1992).	This	inward	flow	of	Cl‐	ions	results	in	the	

hyperpolarization	(inhibitory	post‐synaptic	potential,	IPSP)	of	the	membrane	potential	and	

thus	makes	the	neuron	less	excitable.	K+/Cl‐	co‐transporter	2	(KCC2)	counters	this	inward	

surge	of	Cl‐	by	removing	chloride	ions	(Rivera	et	al.,	1999;	Doyon	et	al.,	2011;	Chamma	et	al.,	

2012).	KCC2	is	therefore	responsible	for	the	generation	and	maintenance	of	the	Cl‐	gradient	

across	 the	 membrane.	 Since	 the	 Cl‐	 equilibrium	 potential	 (ECl)	 is	 fairly	 close	 to	 the	

membrane	 potential,	 minute	 changes	 in	 the	 Cl‐	 influx	 or	 extrusion	 capacity	 could	

significantly	 impact	 the	 excitability	 of	 the	neuron	 (Staley	&	Smith,	2001;	Raimondo	et	al.,	

2012).	 Downregulation	 of	 KCC2	 mRNA	 expression	 has	 been	 linked	 to	 BDNF	 and	 TrkB	

upregulation	 in	 hippocampal	 neurons	 (Rivera	 et	 al.,	 2002;	 Shulga	 et	 al.,	 2008).	 In	 adult	

lumbar	 motoneurons,	 application	 of	 exogenous	 BDNF	 significantly	 lowers	 the	 relative	

amount	 of	 plasmalemmal	 KCC2	 (Boulenguez	 et	 al.,	 2010).	 KCC2	 expression	 is	
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downregulated	in	these	motoneurons	after	a	spinal	transection.	This	reduced	expression	of	

KCC2	 translated	 to	 an	 intracellular	 Cl‐	 accumulation	 leading	 to	 a	 depolarizing	 shift	 and	

ultimately	hyperexcitability	of	the	motoneuron.	Involuntary	muscle	contractions,	commonly	

referred	to	as	spasticity,	have	been	associated	with	depolarizing	inhibitory	currents	due	to	

KCC2	downregulation	in	motoneurons	(Grillner	et	al.,	2008).	There	are	however	conflicting	

reports	on	the	effect	of	BDNF	administration	on	KCC2	expression	after	spinal	cord	 injury.	

The	relative	amount	of	plasmalemmal	versus	cytoplasmic	KCC2	increased	when	BDNF	was	

administered	 several	 days	 post‐spinal	 cord	 injury	 (Boulenguez	 et	 al.,	 2010).	 On	 the	

contrary,	 BDNF	 downregulated	 KCC2	 in	 ipsilateral	 spinal	 dorsal	 horn	 (Miletic	 &	 Miletic,	

2008),	spinal	lamina	I	neurons	(Coull	et	al.,	2005),	as	well	as	lumbar	motoneurons	(Boyce	et	

al.,	2012a)	post	nerve	injury.	What	emerges	from	these	findings	is	that	BDNF,	through	the	

activation	 of	 TrkB,	 regulates	 the	 expression	 and	 functionality	 of	KCC2.	Although	work	by	

Rivera	 and	 colleagues	 (2004)	 suggests	 the	 involvement	 of	 Shc‐FRS2	 and	 PLCγ‐cAMP	

complexes,	the	signaling	mechanisms	activated	by	TrkB	that	controls	the	transcription	and	

localization	of	KCC2	under	physiological	and	stress	conditions	remains	unknown.	TrkB	may	

exert	 its	 effects	on	KCC2	activity	 in	 the	 soma	as	 the	expression	of	KCC2	 in	motoneuronal	

soma	has	been	confirmed	(Vinay	&	Jean‐Xavier,	2008).	Alternatively,	activation	of	dendritic	

TrkB	may	trigger	a	second	messenger	mechanism	that	mediates	KCC2	function	in	the	soma.	

KCC2	is	also	reported	to	be	present	across	the	dendrites	(Gulyas	et	al.,	2001;	Nichol,	2013).	

Consequently,	 activated	 TrkB	 may	 mediate	 transcriptional	 changes	 in	 KCC2	 in	 the	

dendrites.	In	absence	of	a	thorough	examination	of	TrkB	distribution	on	the	dendritic	tree	

of	 motoneurons,	 it	 remains	 unclear	 how	 TrkB	 regulates	 the	 activity	 of	 somatodendritic	

KCC2.	
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	 Recent	work	by	Mitchell	 and	colleagues	has	 revealed	 that	TrkB	contributes	 to	 the	

regulation	 of	 EPSPs	 in	 phrenic	motoneurons.	 TrkB	 is	 involved	 in	 this	 regulation	 via	 two	

distinct	serotonin‐dependent	pathways:	(1)	BDNF	activation	of	a	mature	membrane‐bound	

TrkB	or	(2)	 transactivation	of	an	 immature	cytoplasmic	TrkB	by	GPCRs	(Dale‐Nagle	et	al.,	

2010).	These	pathways	elicit	an	increase	in	phrenic	nerve	burst	amplitude	that	lasts	several	

hours	after	episodes	of	hypoxia,	a	process	termed	phrenic	motor	facilitation	(PMF).		

	 The	peak	amplitude	of	phrenic	 integrated	neurograms	increased	after	 intermittent	

hypoxia	 and	 lasted	 for	 over	 2	 hours.	 There	 was	 a	 corresponding	 increase	 in	 BDNF	 in	

cervical	 spinal	 regions	 containing	 the	 phrenic	motor	 nuclei	 indicating	 that	 BDNF	may	 be	

involved	in	the	enhancement	of	the	synapses	that	drive	phrenic	activity	(Baker‐Herman	et	

al.,	 2004).	 In	 addition,	 using	 a	 small	 interfering	 RNA	 (siRNA)	 against	 BDNF	 de	 novo	

expression	 of	 BDNF	 was	 inhibited	 and	 PMF	 was	 blocked;	 although	 it	 remains	 unclear	

whether	BDNF	synthesis	occurred	within	 the	phrenic	motoneurons	or	non‐neuronal	 cells	

(microglia).	 When	 the	 tissue	 was	 treated	 with	 a	 non‐specific	 Trk	 inhibitor,	 k252a,	 the	

enhancement	 of	 phrenic	 activity	 did	 not	 occur.	 These	 findings	 collectively	 reveal	 that	

phrenic	motor	 facilitation	 requires	 the	 activation	 of	 TrkB	 via	 interaction	with	 the	 newly	

synthesized	 BDNF.	 This	 pathway	 is	 presumably	 mediated	 by	 the	 activation	 of	 the	 Gq‐

coupled	 protein	 receptor	 5‐HT2A	 which	 is	 widely	 distributed	 in	 the	 vicinity	 of	 phrenic	

motoneurons	(Basura	et	al.,	2001;	Doly	et	al.,	2004).	Similarly,	activated	Gq‐coupled	Alpha‐1	

adrenergic	receptors	were	necessary	and	sufficient	for	the	enhancement	of	phrenic	activity	

(Neverova	 et	 al.,	 2007).	 Hence,	 this	 GqCPR‐dependent	 pathway	 has	 been	 labelled	 the	 Q	

pathway.	
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	 In	contrast	to	the	above	report,	increased	phrenic	motor	output	was	also	elicited	in	

the	absence	of	BDNF.	An	increase	in	peak	amplitude	of	the	phrenic	nerve	bursts	followed	an	

episodic	application	of	an	A2A		(Golder	et	al.,	2008a)	or	5‐HT7	receptor	agonist	(Hoffman	&	

Mitchell,	2011a).	Pre‐treatment	of	the	spinal	tissue	with	a	selective	antagonist	against	these	

receptors	abolished	 this	effect	confirming	 that	 the	phrenic	motor	 facilitation	relies	on	 the	

activation	of	5‐HT7	or	adenosine.	This	pathway	is	called	the	S	pathway	as	Gs‐coupled	protein	

receptors	are	necessary	 for	 the	augmentation	of	phrenic	activity.	The	application	of	a	Trk	

receptor	 inhibitor	 (prior	 to	 the	 introduction	 of	 the	 agonist)	 had	 no	 effect	 on	 the	 phrenic	

activity	 in	 the	 first	90	minutes	but	 suppressed	 the	motor	output	 facilitation	onward.	This	

suggests	 that	 activated	 TrkB	 is	 involved	 in	 the	maintenance	 of	 phrenic	motor	 facilitation	

and	 plays	 no	 role	 in	 the	 initiation	 of	 this	 process.	 Like	 previous	 studies	 reporting	 GCPR‐

dependent	 transactivation	of	TrkB	(Lee	&	Chao,	2001;	Rajagopal	et	al.,	2004;	Wiese	et	al.,	

2007),	 the	 presumption	 is	 that	 phrenic	motor	 facilitation	 occurs	 via	 the	 activation	 of	 an	

immature	TrkB	which	undergoes	autophosphorylation	and	autodimerization	in	the	absence	

of	 BDNF.	 Indeed,	 Golder	 and	 colleagues	 (2008a)	 revealed	 that	 cervical	 activation	 of	 A2A		

receptor	increased	the	synthesis	and	phosphorylation	of	an	immature	TrkB	protein	but	had	

no	effect	on	the	full‐length	TrkB.	

	 Concomitant	 to	 these	 findings,	 recent	 studies	 provide	 compelling	 evidence	 that	

intermittent	 hypoxia	 is	 also	 a	 trigger	 for	 increased	motor	 activity	 in	 other	 motor	 nuclei	

post‐spinal	 cord	 injury.	 Exposing	 adult	 rats	 to	 repetitive	 episodes	 of	 acute	 intermittent	

hypoxia	(AIH)	after	a	cervical	hemisection	(C2	segment)	augmented	phrenic	motor	output	

and	 forelimb	 function	 measured	 using	 the	 horizontal	 ladder	 walking	 (Lovett‐Barr	 et	 al.,	

2012).	 In	 addition,	 there	was	 a	 significant	 increase	 in	 the	 expression	 of	 BDNF	 and	 TrkB	
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localized	in	C4	and	C7	segments.	These	segments	contain	the	phrenic	motor	nuclei	and	the	

nuclei	of	motoneurons	innervating	forelimb	muscles.	A	single	episode	of	acute	intermittent	

hypoxia	 also	 enhanced	 the	 activity	 of	 the	 gastrocnemius	muscle	 in	 82%	 of	 patients	with	

chronic	 spinal	 cord	 injury	 (Hayes	 et	 al.,	 2012;	 Trumbower	 et	 al.,	 2012).	 These	 results	

suggest	 that	 both	 respiratory	 and	 non‐respiratory	motor	 functions	 are	 affected	 by	 acute	

intermittent	 hypoxia	 in	 a	 similar	 way.	 More	 importantly,	 it	 appears	 that	 for	 the	 various	

serotonin‐dependent	pathways	to	activate	TrkB	in	neurotrophin‐dependent	or	independent	

manner,	 TrkB	 must	 be	 localized	 to	 the	 regions	 of	 the	 motoneuron	 where	 serotonergic	

contacts	 are	 present.	 Montague	 and	 colleagues	 (2013)	 have	 reported	 the	 presence	 of	

serotonergic	 contacts	 across	 motoneuronal	 dendrites	 with	 a	 significant	 bias	 to	 small	

diameter	dendrites	distal	to	the	soma.	This	would	suggest	that	TrkB	may	be	present	in	the	

dendrites	 of	 motoneurons	 extending	 several	 hundred	 microns	 away	 from	 the	 soma;	

however	TrkB	distribution	on	the	dendrites	of	motoneurons	remains	unknown.		

	 Neurons	utilize	a	range	of	mechanisms	to	counter	destabilizing	effects	of	plasticity	

and	maintain	discharge	rates	within	functional	limits.	One	of	these	mechanisms	is	synaptic	

scaling,	which	is	when	neurons	integrate	some	prolonged	measure	of	activity	and	transduce	

this	 measurement	 into	 a	 signal	 that	 modifies	 quantal	 release.	 BDNF	 activation	 of	 TrkB	

affects	quantal	amplitude	and	neuronal	excitability	(Leslie	et	al.,	2001).	Pyramidal	neurons	

adjust	 the	 strength	 of	 excitatory	 synapses	 in	 response	 to	 long‐term	 changes	 in	 activity.	

Suppression	 of	 endogenous	 BDNF	 activity	 increased	 miniature	 excitatory	 postsynaptic	

currents	(mEPSC).	In	contrast,	high	concentrations	of	BDNF	led	to	the	increase	of	miniature	

EPSCs	recorded	in	inhibitory	interneurons	(Rutherford	et	al.,	1998)	.	These	effects	have	not	

been	reported	on	motoneurons;	however	since	motoneurons	are	no	exception	to	synaptic	
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scaling	 (Turrigiano	 &	 Nelson,	 2004),	 BDNF	 activation	 of	 TrkB	 may	 also	 regulate	 the	

discharge	 characteristics	 of	 motoneurons	 via	 scaling	 quantal	 amplitude.	 As	 the	 muscle	

fibres	grow,	motoneurons	must	tune	their	discharge	capacities	to	meet	the	changing	motor	

demand.	 The	 amount	 of	 force	 generated	 by	muscles	 is	 in	 part	 determined	 by	 the	 rate	 at	

which	 the	 muscle	 fibers	 discharge	 (Adrian	 &	 Bronk,	 1929).	 It	 is	 conceivable	 that	

involvement	of	TrkB	in	the	synaptic	scaling	would	require	it	to	be	in	proximity	to	dendritic	

synapses,	however	current	findings	provide	very	little	to	add	to	the	role	of	TrkB	in	synaptic	

scaling	in	motoneurons	in	the	absence	of	a	description	of	TrkB	distribution	throughout	the	

dendritic	tree.	

	

1.12 				Distribution	of	TrkB	in	adult	motoneurons	

The	distribution	of	TrkB	 throughout	 the	CNS	has	 long	been	established	via	 in	 situ	

hybridization	 and	 immunohistochemistry.	 Previous	 work	 revealed	 that	 TrkB	 mRNA	 is	

confined	 mainly	 to	 the	 somata	 of	 developing	 and	 adult	 motoneurons	 (Fig.	 1.4	 A	 and	 B)	

(Zhou	et	al.,	1993).		Although,	the	probes	used	against	the	trkB	gene	also	recognized	trk	and	

trkC.	Thus,	it	is	likely	that	the	immunoreactivity	of	other	Trk	receptors	have	contributed	to	

the	expression	patterns	described.	

	 A	comprehensive	immunohistochemical	study	in	1997	examined	the	localization	of	

TrkB	throughout	the	adult	rat	CNS.	TrkB	was	widely	expressed	in	several	classes	of	neurons	

of	the	CNS	(Refer	to	Table	1,	Yan	&	Radeke,	1997,	p.	18)	including	motoneurons	in	all	motor	

nuclei.	 TrkB	 in	 the	 adult	motoneurons	was	 restricted	 to	 the	 somata	 and	 the	 immediately	

proximal	dendrites	(Fig.	1.4	C	and	D)	and	was	found	in	the	cytoplasm	and	the	plasmalemma.	

The	specific	localization	of	TrkB	in	motoneurons	was	confirmed	by	confocal	microscopy	in	
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adult	 feline	 abducens	 motoneuron	 (Benítez‐Temiño	 et	 al.,	 2004).	 The	 intensity	 of	 TrkB	

immunoreactivity	 was	 highest	 in	 the	 somata	 of	 these	motoneurons	 (Fig.	 1.4	 E).	 A	 lower	

intensity	of	immunoreactivity	was	also	observed	in	proximal	dendrites	(Fig.	1.4	F).		

	

	
Figure	 1.4	 —	 TrkB	 distribution	 in	 different	 types	 of	 motoneurons.	 TrkB	 in	 rat	 facial	
motoneurons	 (A)	 in	 the	pons	and	hypoglossal	motoneurons	 (B)	of	 the	medulla	 is	 restricted	 to	 the	
somatic	cytoplasm.	TrkB	appears	to	be	confined	to	the	soma	and	immediately	proximal	dendrites	of	
motoneurons	 in	ventral	horn	of	 rat	spinal	cord	with	(C,	D).	Confocal	 images	of	 illustrate	 that	TrkB	

A B

C D

E F



 

24 

 

puncta	are	predominantly	in	the	cytoplasm	of	somata	(E)	and	proximal	dendrites	of	feline	abducens	
motoneurons	(F).	Motoneurons	are	designated	by	black	(A,	B)	or	white	arrows	(D‐F).	*A,B	adapted	
from	(Zhou	et	al.,	1993).	C,D	are	adapted	 from	(Yan	et	al.,	1997).	E	and	F	are	adapted	 from	(Davis‐
López	de	Carrizosa	et	al.,	2009)	Scale	bars:	A,B:	100	µm;	C:	250	µm;	D:	100	µm	E:	80	µm;	F:	25	µm.	
	 	 	

1.13 				Statement	of	the	problem	

	 To	generate	purposeful	movement,	the	CNS	must	activate	motoneurons	in	a	highly	

coordinated	 fashion.	Motoneurons	are	 the	 sole	 connection	between	 the	CNS	and	muscles.	

All	 premotor	 and	 sensory	 feedback	 signals	 are	processed	by	motoneurons	as	presynaptic	

currents	to	produce	trains	of	action	potentials	or	inhibit	the	generation	of	action	potentials.	

The	 strength	 of	 synaptic	 input	 on	 its	 way	 to	 the	 soma	 is	 regulated	 by	 different	

neuromodulators	such	as	dopamine	and	serotonin	(Montague	et	al.,	2013).	Activated	TrkB	

has	 been	 shown	 to	 act	 as	 a	 neuromodulator	 by	 regulating	 the	 intrinsic	 and	 structural	

integrity	of	motoneurons	and	their	response	to	both	inhibitory	and	excitatory	synapses.		

The	physiological	roles	of	TrkB	in	regulating	the	synaptic	strength	were	described	in	

the	preceding	sections.	These	reports	provide	convincing	evidence	that	TrkB	is	expressed	in	

motoneurons.	The	physiological	recordings	from	abducens	motoneurons	suggest	that	TrkB	

is	 necessary	 for	 the	 phasic	 discharge;	 a	 process	 that	 is	 regulated	 by	 both	 excitatory	 and	

inhibitory	synapses.	 It	 is	well	known	that	over	95%	of	all	synapses	are	distributed	on	the	

dendrites	of	adult	motoneurons	(Ulfhake	&	Cullheim,	1988;	Rose	&	Neuber‐Hess,	1991).	As	

a	 result,	 it	 appears	 that	 TrkB	 must	 be	 present	 on	 the	 dendrites	 of	 motoneurons	 to	

effectively	maintain	 these	 classes	 of	 synapses.	 Activated	 TrkB	 regulates	 the	 Cl‐	 extrusion	

capacity	in	motoneurons.	KCC2	is	distributed	throughout	the	dendritic	tree	of	adult	spinal	

motoneurons	with	a	strong	bias	 towards	distal	dendrites	 (Nichol,	2013).	Additionally,	 the	

serotonin‐dependent	activation	of	TrkB	and	enhancement	of	synaptic	strength	suggest	that	
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TrkB	must	 be	 in	 the	 vicinity	 of	 the	 serotonergic	 contacts	 distributed	 across	motoneuron	

dendritic	 tree	 with	 significant	 presence	 in	 small	 diameter	 dendrites	 that	 include	 distal	

dendrites	(Montague	et	al.,	2013).		

	 Conventionally,	 BDNF	 is	 retrogradely	 transported	 from	 the	muscle	 to	 the	 somata,	

via	the	axons,	where	it	is	released	to	activate	TrkB	(Oppenheim	et	al.,	1991;	Koliatsos	et	

al.,	 1993;	 Funakoshi	 et	 al.,	 1993;	 Griesbeck	 et	 al.,	 1995).	 However	 unless	 there	 are	

dendritic	transport	mechanisms	for	BDNF	and/or	TrkB‐BDNF	complexes	to	the	dendrites,	it	

is	difficult	to	understand	how	somatic	BDNF	could	regulate	signal	cascades	on	dendrites.	If	

TrkB	is	restricted	to	the	somata	and	proximal	dendrites,	its	actions	may	be	exerted	distally	

via	 (1)	 the	activation	of	 a	 second	messenger	 system	or	 (2)	 activity‐dependent	endosomal	

transport	to	dendrites.		

To	date,	no	studies	have	provided	a	quantitative	analysis	of	the	distribution	of	TrkB	

in	 the	 entire	 dendritic	 tree	 of	 motoneurons.	 The	 absence	 of	 such	 examination	 of	 TrkB	

localization	has	hindered	efforts	to	determine	the	role	of	BDNF	and	TrkB	in	regulating	the	

synaptic	 input	 and	 output	 of	 adult	motoneurons.	 Several	 studies	 in	 the	 past	 decade	have	

provided	convincing	evidence	for	the	regulatory	role	of	TrkB	in	input‐output	properties	of	

motoneurons.	 These	 findings	 would	 suggest	 that	 TrkB	 distribution	 is	 not	 limited	 to	 the	

somata	and	hint	at	the	presence	of	TrkB	on	the	dendritic	tree.		

While	a	quantitative	analysis	of	TrkB	distribution	across	the	entire	dendritic	tree	is	

essential	to	confirm	these	speculations,	mapping	the	distribution	of	a	protein	is	not	trivial.	

Current	descriptions	rely	heavily	on	high	resolution	 immunolocalization	of	proteins	using	

electron	or	confocal	microscopy.	 In	spite	of	 the	confirmation	of	TrkB	expression	via	these	

descriptions	(Zhou	et	al.,	1993;	Yan	et	al.,	1997;	Benítez‐Temiño	et	al.,	2004;	Davis‐López	de	
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Carrizosa	 et	 al.,	 2009),	 several	 limiting	 issues	 must	 be	 addressed:	 (1)	 The	 high	 spatial	

resolution	 provided	 by	 electron	 and	 confocal	 microscopy	 allows	 for	 the	 visualization	 of	

membrane‐associated	and	 cytoplasmic	proteins	 (Muennich	&	Fyffe,	 2004;	Davis‐López	de	

Carrizosa	 et	 al.,	 2009;	 Boulenguez	 et	 al.,	 2010;	 Nichol,	 2013;	 Helgager	 et	 al.,	 2013).	 In	

theory,	 intracellular	 staining	 of	 individual	 neurons	 and	 methods	 to	 reconnect	 dendritic	

segments	 dispersed	 through	 multiple	 serial	 histological	 sections	 are	 required	 to	 sample	

immunoreactivity	from	various	dendritic	regions	of	a	single	motoneuron.	(2)	Additionally,	

the	limited	field	of	view	associated	with	confocal	microscopy	restricts	the	dendritic	surface	

area	or	volume	 that	 can	be	quantitatively	examined	 for	 fluorescence	 intensity.	And	 lastly,	

(3)	the	anatomical	descriptions	of	TrkB	in	motoneurons	report	its	immunoreactivity	in	the	

cytoplasm	and	surface	of	the	membrane.	In	light	of	the	recent	evidence	that	functional	TrkB	

is	 also	 localized	within	 the	 cytoplasm	 (Lee	 et	al.,	 2002a;	 Golder	 et	al.,	 2008a;	 Hoffman	&	

Mitchell,	 2011a),	 the	 examination	 of	 TrkB	 distribution	 across	 the	 dendritic	 tree	 must	

distinguish	 between	 the	 cytoplasmic	 and	 membrane‐associated	 immunolocalization	 of	

TrkB.	 	 In	 this	 project,	methods	 have	 been	 developed	 to	 address	 all	 the	 above	mentioned	

issues.	These	techniques	will	be	discussed	in	great	details	in	the	following	chapter.	

	

	

	

	

	

	



 

27 

 

1.14 				Statement	of	the	goal	

This	thesis	aims	to	complete	the	following	tasks:	

(1)	 Provide	 a	 quantitative	 description	 of	 the	 distribution	 of	 membrane‐associated	 and	

cytoplasmic	TrkB	throughout	the	dendritic	tree	of	adult	spinal	motoneurons	as	a	function	of	

distance	from	soma	and	dendritic	diameter.	

	

(2)	Identify	and	compare	the	TrkB	isoforms	located	in	cervical	spinal	segments	that	contain	

neck	motoneurons	(C2	and	C3)	and	phrenic	motoneurons	(C4	and	C5).		
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Chapter	2	

Materials	and	Methods	

2.1 	 Animal	Preparation	

	 All	 surgical	 procedures	 and	 animal	 care	 protocols	 for	 the	 experiments	 were	

approved	 by	 Queen’s	 University	 Animal	 Care	 Committee	 and	 in	 accordance	 with	 the	

guidelines	 established	 by	 the	 Canadian	 Council	 of	 Animal	 Care.	 The	 experiments	 were	

performed	 on	 4	 adult	 female	 felines	 weighing	 3.0–4.9	 kg	 (domestic	 short	 hair,	 Liberty	

Research	Inc.,	Waverly,	NY).	The	animal	was	pre–medicated	with	an	intramuscular	dose	of	

ketamine	 (0.03	mg/kg,	Modern	Veterinary	Therapeutics,	Coral	Gables,	FL),	medetomidine	

(5.0	 mg/kg,	 Bioniche,	 Belleville,	 ON),	 and	 glycopyrrolate	 (0.005	 mg/kg,	 Sandoz,	

Boucherville,	QC)	 to	 induce	anaesthesia.	A	catheter	was	 inserted	 into	 the	 femoral	vein	 for	

intravenous	 injections.	 Deep	 anaesthesia	 was	maintained	 via	 intravenous	 supplementary	

doses	 of	 sodium	 pentobarbital	 (5	 mg/kg,	 Ceva	 Santa	 Animale,	 France)	 if	 the	 heart	 rate	

exceeded	 150	 to	 160	 beats/minute.	 Heart	 rate,	 O2	 saturation,	 and	 end–tidal	 CO2	 were	

continuously	monitored	using	a	Cardell	veterinary	monitor	(model	9500	HD)	connected	to	

a	 tongue	 probe	 (Midmark,	 Tampa,	 FL).	 A	 urinary	 catheter	was	 inserted	 to	 prevent	 cyclic	
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fluctuations	 in	 bladder	 pressure.	 Rectal	 temperature	 was	 monitored	 via	 a	 YSI	 tele–

thermometer	 system	 (Yellow	 Springs,	 OH)	 and	 maintained	 at	 35–37°C	 with	 a	 negative‐

feedback	 controlled	 heating	 blanket.	 Normosol–R	 (Hospira	 Healthcare	 Corporation,	

Montréal,	 QC)	 was	 administered	 through	 a	 catheter	 inserted	 into	 the	 cephalic	 vein	 at	 a	

constant	rate	(10	ml/kg/hour)	to	maintain	body	fluids.			

	 A	dorsal	 laminectomy	was	performed	to	expose	 the	upper	cervical	segments	 from	

C1	to	C5.	To	stabilize	the	upper	cervical	spinal	cord	for	intracellular	recording,	the	animal	

was	placed	 in	a	stereotaxic	 frame	(Transvertex,	AB,	Sweden)	that	secured	the	head	at	20‐

degree	 angle,	 nose	 down.	 The	 upper	 cervical	 segments	were	 positioned	 in	 the	 horizontal	

plane	 by	means	 of	 a	 clamp	 attached	 to	 the	 dorsal	 process	 of	 the	 T1	 vertebra.	 The	 spinal	

accessory	 nerves	 innervating	 the	 trapezius	 muscles	 were	 isolated	 and	 mounted	 on	

stimulating	 electrodes.	 The	 animal	 was	 paralysed	 with	 gallamine	 triethiodide	 (2.5	 –	 5.0	

mg/kg/hour)	 and	 artificially	 ventilated.	 A	 pneumothorax	 was	 performed	 to	 reduce	

respiratory–related	movement.	The	dura	mater	was	removed	from	the	entire	surface	of	the	

exposed	 cervical	 segments.	 Small	 openings	 in	 the	 pia	 were	made	 in	 regions	 selected	 for	

recording.	 To	 reduce	 cardiac‐related	 pulsations,	 a	 small	 pressure	plate,	made	by	 bending	

the	tip	of	a	22‐gauge	needle	into	a	2‐3	mm	diameter	ring,	was	gently	pressed	onto	the	spinal	

cord	around	these	openings.	

	

2.2 	 Identification	of	motoneurons	and	Intracellular	injections	

	 Intracellular	 recordings	 were	 obtained	 by	 using	 glass	 micropipettes	 pulled	 and	

broken	to	yield	a	sharp	tip	(diameter	1.0	–	1.5	µm).	The	micropipettes	were	filled	with	12%	

Neurobiotin	(dissolved	in	0.5M	KCl/0.1M	Trizma	buffer,	pH	8.2,	Sigma–Aldrich,	Saint	Louis,	
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MI,	USA).	A	continuous	injection	of	‐3	to	‐5	nA	was	used	to	prevent	extracellular	leakage	of	

positively	 charged	Neurobiotin	while	 searching	 for	motoneurons.	Trapezius	motoneurons	

in	C2	to	C4	were	antidromically	identified	by	stimulating	(0.1	ms	duration,	2.0	–	5.0	V)	the	

spinal	accessory	nerve	that	innervates	the	trapezius	muscle	(Fig.	2.1	A).	

	 Trapezius	motoneurons	were	injected	with	Neurobiotin	by	passing	positive	current	

pulses	(450ms	at	2	Hz)	of	7	–	9nA	for	3.5	–	5	min	(Fig.		2.1	A).	Total	charge	delivered	varied	

from	21.25	to	32.0	nA‐minutes.	All	stained	motoneurons	used	for	analysis	displayed	a	stable	

membrane	potential	of	at	least	‐55	mV	and	an	action	potential	with	an	overshoot	of	at	least	

10	mV.	To	minimize	overlap	of	dendritic	trees	from	adjacent	trapezius	motoneurons,	each	

Neurobiotin–filled	motoneuron	was	separated	by	a	minimum	of	3	mm	in	the	rostrocaudal	

axis.	To	minimize	the	number	of	sacrificed	animals	for	this	project,	during	each	experiment,	

all	efforts	were	made	to	identify	and	stain	as	many	motoneurons	as	possible.	

	

Figure	2.1	—	Intracellular	injection	and	tissue	processing.	(A)	Motoneurons	were	identified	via	
antidromical	stimulation	and	 injected	with	Neurobiotin.	 (B)	Spinal	 tissue	was	cut	 into	45	µm	thick	
horizontal	sections.	Most	tissue	sections	from	the	ventral	horn	contained	segments	of	the	dendritic	
tree	of	the	stained	motoneuron.	
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Ventral

Medial Lateral

A B

500 µm 

Dorsal
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2.3 	 Perfusion	and	fixation	

	 Prior	to	euthanizing	the	animal,	an	intravenous	dose	of	Heparin	(25,000	IU,	Sigma–

Aldrich,	Saint	Louis,	MO,	USA)	was	administered	to	prevent	blood	coagulation.	Euthanasia	

was	 induced	 by	 administering	 a	 lethal	 dose	 of	 sodium	pentobarbital	 (3ml).	 Subsequently	

the	animal	was	perfused	through	the	thoracic	aorta	with	saline	(1	L)	followed	by	1–2	L	of	

fixative	[4%	paraformaldehyde	in	0.1	sodium	phosphate	buffer	(NaPBS),	pH	7.4].	The	spinal	

segment	 containing	 the	 stained	 motoneurons	 was	 extracted	 and	 stored	 in	 a	 solution	 of	

fixative	overnight	at	4°C.	The	tissue	was	ultimately	stored	in	15%	sucrose	in	0.1	M	NaPBS	

for	a	minimum	of	3	days	before	histological	processes.	The	duration	of	the	time	between	the	

staining	and	 fixation	ranged	 from	1.5	 to	10	hours,	however	 the	difference	 in	duration	did	

not	affect	the	quality	of	staining	in	the	motoneurons	used	for	analysis.	

	

2.4 	 Antibody	Characterization	

	 A	 polyclonal	 rabbit	 IgG	 anti–TrkB	 antibody	 (TrkB	 Antibody	 (794):	 sc–12,	 Lot#	

F1509	or	G2010,	1:750,	Santa	Cruz	Biotechnology,	Santa	Cruz,	CA,	USA)		raised	against	the	

C–terminal	 peptide	of	 the	 tyrosine	 kinase	domain	of	TrkB	 residues	794–808	was	used	 to	

visualize	TrkB	immunoreactivity.	Previously	published	immunoblotting	data	has	confirmed	

the	 specificity	 of	 the	 antibody	 to	 the	 full–length	 TrkB	 in	 rat	 cerebellar	 granule	 cells	

(Zirrgiebel	et	al.,	1995;	Coffey	et	al.,	1997;	Kim	et	al.,	2005),	rat	hippocampal	cells	(Ji	et	al.,	

2005;	Lu	et	al.,	2011),	rat	spinal	microglia	(Skup	et	al.,	2002)	and	monkey	cerebellar	granule	

cells	 (Ohira	 et	 al.,	 1999;	 Ohira	 &	 Hayashi,	 2003).	 However,	 its	 specificity	 in	 feline	 spinal	

tissue	has	not	yet	been	examined.		
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	 The	 antibody	was	used	 to	detect	TrkB	 in	 rat	 and	 feline	 cervical	 spinal	 tissue.	The	

protocol	is	fully	described	in	the	subsection:	Tissue	preparation	and	Immunohistochemistry.	

The	 immunoreactivity	 was	 similar	 in	 both	 species	 using	 both	 lots	 of	 the	 antibody.	 TrkB	

fluorescence	was	notably	visualized	throughout	 the	soma	and	dendrites	of	neurons	 in	 the	

medial	and	lateral	regions	of	the	ventral	horn	(laminas	8‐10)	and	the	dorsal	horn	(laminas	

1‐2)	 (Fig.	 	 2.2	 A‐D	 Column	 1).	 In	 addition,	 staining	 of	 spinal	 tissue	 by	 this	 antibody	was	

abolished	by	pre‐adsorption	with	the	immunising	control	peptide	in	both	species	(Fig.	2.2	

A‐D	Column	2).	
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Figure	2.2	—	Antibody	characterization	of	TrkB	794	sc‐12.	TrkB	immunoreactivity	is	displayed	
in	the	feline	spinal	cord	using	lot	G2010	(A1)	and	lot	F1509	(B1)	viewed	under	an	epifluorescence	
light	microscope	using	a	4x	objective.	The	immunoreactivity	disappeared	when	the	antibody	is	pre‐
absorbed	with	the	immunising	control	peptide	(A2,	B2).	Trk	immunoreactivity	is	also	present	in	the	
rat	spinal	cord	using	lot	G2010	(C1)	and	lot	F1509	(D1)	using	a	4x	objective.	The	immunoreactivity	
disappeared	when	the	antibody	is	pre‐absorbed	with	the	immunising	control	peptide	(C2,	D2).	

Lot G2010 + peptideC2

Lot F1509 + peptideD4

Lot G2010A1 Feline

Lot G2010C1 Rat

Lot F1509B1 Feline

Lot F1509D1 Rat

Lot G2010 + peptideA2

Lot F1509 + peptideB2
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2.5 	 Western	blotting:	Detection	of	TrkB	isoforms	

	 The	Western	blotting	protocol	was	designed	 to	detect	various	 isoforms	of	TrkB	 in	

the	spinal	 cord	by	preparing	rat	and	 feline	spinal	 tissue	containing	phrenic	and	 trapezius	

motoneurons.		

	 For	the	Western	blotting	experiments,	one	female	cat	(4.5	kg,	Liberty	Research	Inc.,	

Waverly,	NY,	USA)	and	one	Spragues	dawley	male	rat	(238	g,	Charles	Rivers	Laboratories,	

Senneville,	 QC)	 were	 sacrificed.	 The	 protocol	 for	 feline	 tissue	 harvest	 was	 described	 in	

sections	 2.1.	 The	 only	 exception	was	 the	 omission	 of	 the	 fixation	 process	which	 impedes	

with	 immunoblotting.	 The	 rat	 was	 pre‐medicated	 with	 2‐3%	 isoflurane	 to	 induce	

anaesthesia.	A	dorsal	laminectomy	extending	from	C1	to	T1	spinal	segment	was	performed	

for	 tissue	 harvest.	 Euthanasia	 was	 induced	 by	 administering	 a	 lethal	 dose	 of	 sodium	

pentobarbital	 (2ml).	The	 exposed	 spinal	 tissue	was	excised	and	 lysed.	 Subsequently,	 they	

were	 placed	 in	 tubes,	 frozen	 in	 liquid	 nitrogen,	 and	 stored	 at	 ‐80°C	 until	 use	 for	

immunoblotting.	

	 Adult	rat	C3–C5	spinal	tissue	and	feline	C2–C6	spinal	tissue	were	excised.	Immature	

hypoglycosylated	 isoforms	 of	 TrkB	 have	 been	 reported	 in	 the	 C4	 segment	 of	 rat	 spinal	

tissue	that	contains	the	phrenic	motor	pool	(Golder	et	al.,	2008a).	Consequently,	the	feline	

spinal	tissue	was	cut	transversely	at	C4	segment	to	create	two	blocks:	C2‐C3	and	C4‐C5.	The	

C2‐C3	 block	 contains	 part	 of	 the	 trapezius	motor	 pool	 and	 the	 C4‐C5	 block	 contains	 the	

phrenic	motor	nucleus	(Cameron	et	al.,	1985;	Gordon	&	Richmond,	1990).		

	 The	 sample	 blocks	 from	 feline	 C2–C3,	 C4–C5,	 and	 rat	 C3–C5	 were	 separately	

homogenized	3	times	for	5	seconds	in	a	T–PER	lysis	buffer	(25mM	bicine,	150mM	sodium	

chloride,	pH	7.6)	on	ice	to	lyse	the	cells.	The	samples	were	then	centrifuged	for	30	minutes	
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at	 14000	 rpm	 speed	 at	 4°C.	 The	 supernatant	 fractions	 were	 removed	 and	 the	 protein	

content	was	determined	by	Bradford’s	assay.	The	samples	were	serially	diluted	to	achieve	3	

concentrations	 of	 30	 (1.95	 µg/µl),	 60	 (2.55	 µg/µl)	 and	 80	 µg	 (3.29	 µg/µl).	 The	 protein	

samples	were	loaded	and	subjected	to	a	7.5%	precast	gel	(#456–1023,	Biorad,	Mississauga,	

ON)	 SDS–polyacrylamide	 gel	 electrophoresis	 for	 90	 minutes	 at	 125	 V.	 The	 gel	 was	

subsequently	 transferred	 onto	 a	 polyvinylidenedifluoride	 (PVDF)	 membrane	 (Millipore	

Corporation,	Billerica,	MA,	USA)	 via	 a	 semi–dry	 technique	 and	blocked	overnight	 in	 fresh	

5%	 milk	 (5	 g	 dry	 non–fat	 dry	 milk	 in	 100	 ml	 TBS)	 at	 4°C	 on	 an	 orbital	 agitator.	 The	

membrane	was	then	incubated	under	gentle	agitation	overnight	with	the	primary	antibody	

(rabbit	polyclonal	IgG	anti–TrkB,	TrkB	Antibody	(794):	sc–12,	Lot#	F1509	or	G2010,	1:750,	

Santa	Cruz	Biotechnology,	Santa	Cruz,	CA,	USA)	 in	a	solution	of	20	ml	Triton	buffer	saline	

(TBS),	5%	skim	milk	(blocker).	Subsequent	to	several	rinses	with	TBS,	the	membrane	was	

incubated	for	1	hour	with	a	horseradish	peroxidase–conjugated	secondary	antibody	(anti–

rabbit,	 1:10000,	 Lot#	 011M4792,	 Sigma–Aldrich,	 Saint	 Louis,	 MI)	 at	 room	 temperature.	

Upon	 further	 washing,	 the	 bands	 were	 visualized	 using	 a	 FluorChem	 8900	 instrument	

(Alpha	 Innotech,	 San	 Leandro,	 CA,	 USA)	 after	 the	 application	 of	 a	 chemiluminescence	

detection	reagent	(Amersham	ECL	Plus,	Lot#	46644,	GE	Healthcare,	Buckinghamshire,	UK).	

	

2.6 	 Tissue	preparation	and	Immunohistochemistry	

	 The	tissue	was	cut	(ventral	to	dorsal)	into	45µm	thick	serial	horizontal	sections	(Fig.	

2.1	 B)	 using	 a	 freezing	 microtome	 (Model	 44011,	 Leitz	 Wetzlar	 Germany).	 The	 sections	

were	 repeatedly	 rinsed	 with	 a	 0.2M	 potassium	 phosphate	 buffer	 solution	 (PBS).	 To	

minimize	autofluorescence,	the	tissue	sections	were	treated	with	1%	Sodium	borohydride	
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for	 40	 minutes,	 followed	 by	 3–4	 rinses	 in	 PBS.	 To	 increase	 the	 binding	 of	 TrkB	 to	 the	

primary	antibody,	the	sections	were	treated	with	sodium	citrate	(pH	6.0)	for	30	minutes	at	

room	temperature	(20°C).	After	several	rinses	in	PBS,	0.3%	hydrogen	peroxide	was	used	for	

30	minutes	to	block	the	endogenous	peroxidase	activity.	To	prevent	non–specific	binding	of	

the	 secondary	 antibody,	 the	 sections	 were	 then	 bathed	 in	 a	 solution	 of	 10%	 NGS,	 0.5%	

TritonX–100,	0.001%	NaAzide	in	dissolved	in	PBS	for	2	hours.		

	 To	 stain	 for	 TrkB,	 tissue	 sections	 were	 incubated	 in	 a	 primary	 antibody	 (TrkB	

Antibody	(794):	sc–12,	Lot#	F1509	or	G2010,	1:750)	in	3%	NGS,	0.5%	TritonX–100,	0.001%	

sodium	azide,	and	PBS	for	2	hour	at	room	temperature	(Fig.	2.3).	After	several	rinses	with	

the	PBS	containing	0.5%	TritonX–100,	fluorescent	labelling	was	achieved	by	incubating	the	

sections	in	a	secondary	antibody	conjugated	to	a	Cy3	fluorochrome	(goat	anti–rabbit,	1:750,	

Jackson	 ImmunoResearch,	 West	 Grove,	 PA,	 USA)	 for	 2	 hours	 at	 room	 temperature.	 To	

visualize	Neurobiotin,	the	sections	were	treated	with	a	solution	of	Alexa	647	or	Alexa	650	

Streptavidin	(1:500,	Jackson	ImmunoResearch,	West	Grove,	PA,	USA)	for	3	hours	and	under	

continuous	 agitation	 (Fig	 2.3	 B).	 Subsequent	 to	 further	 rinses,	 the	 tissue	 sections	 were	

mounted	on	subbed	slides	and	cover–slipped	with	Vectashield	aqueous	mounting	medium	

(Vector	Laboratories,	Burlingame,	CA).	
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Figure	 2.3	—	 Fluorochromes	 used	 to	 visualize	 Neurobiotin	 and	 TrkB	 immunoreactivity.	 A	
polyclonal	 rabbit	 IgG	 anti–TrkB	 primary	 antibody	 raised	 against	 the	 C–terminal	 peptide	 of	 the	
tyrosine	kinase	domain	of	TrkB	residues	794–808	(A,	bottom)	was	used.	A	goat	anti‐rabbit	secondary	
antibody	 conjugated	 to	 a	 Cy3	 fluorochrome	 (A,	 top)	 was	 used	 to	 detect	 the	 primary	 anti‐TrkB	
antibody	 and	 visualize	 TrkB	 immunoreactivity.	 The	 stained	motoneuron	 is	 visualized	 by	 using	 an	
Alexa	647	or	Alexa	650	fluorochrome	conjugated	Streptavidin	that	binds	to	Neurobiotin	(B).	
	

2.7 	 Imaging:	Visualization	of	TrkB	and	Neurobiotin	

	 The	mounted	 sections	were	 initially	 examined	 using	 an	Olympus	BX60	 (Olympus,	

Richmond	Hill,	ON)	 epifluorescence	microscope	 equipped	with	 the	 appropriate	 excitation	

and	emission	filters.	Intracellularly	stained	cells	were	deemed	suitable	for	data	acquisition	

if	the	following	criteria	were	met:	(1)	the	signal	to	background	labelling	for	both	TrkB	and	

Neurobiotin	 were	 high;	 (2)	 distal	 dendrites	 (1500	 µm	 or	 more)	 were	 easily	 detectable	

under	the	40x	objective.			

	 Confocal	images	containing	dendritic	segments	at	various	distances	from	the	soma	

were	 acquired	 using	 a	 Carl	 Zeiss	 LSM	 710	 NLO	 Laser	 Scanning	 Confocal	 microscope	

equipped	with	 a	 63x	 oil	 immersion	DIC	 objective	 (Plan–Apochromat,	NA	1.4,	 pixel	 size	 =	

0.219	 µm	 x	 0.219	 µm).	 Dendritic	 segments	were	 sampled	 predominantly	 from	 dendrites	

projecting	rostrally	or	caudally.	Since	 the	dendritic	 tree	of	 trapezius	motoneurons	 located	
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between	mid	C2	and	C4	are	fusiform	in	shape,	the	majority	of	the	dendrites	are	oriented	in	

the	 rostrocaudal	axis	 (Vanner	&	Rose,	1984;	Rose	et	al.,	 1985).	Twelve	 to	 fourteen	 image	

stacks	 (XY:	 224.7	 µm	 x	 224.7	 µm;	 90–109	 optical	 sections)	 were	 acquired	 from	 each	

examined	motoneuron.	 Each	 stack	was	 a	 composed	 of	 0.4	 µm	 thick	 optical	 sections	 that	

were	captured	 from	top	 to	bottom	of	 the	 tissue	section.	The	Cy3	and	Alexa	647	(or	Alexa	

650)	 fluorochromes	 were	 excited	 with	 543	 nm	 and	 633	 nm	 helium–neon	 lasers,	

respectively.	The	position	of	the	excitation	wavelengths	for	each	laser	(543	nm	and	633	nm)	

is	 designed	 to	 excite	 each	 respective	 fluorochrome	 (Cy3	 and	 Alexa	 647/650)	 maximally	

while	 minimizing	 the	 excitation	 of	 other	 fluorochromes.	 Emission	 light	 from	 each	

fluorochrome	was	isolated	via	a	dichroic	mirror.	The	absorption/emission	spectra	of	Alexa	

647/650	 and	 Cy3	 fluorochromes	 have	 an	 overlapping	 region	 (Fig.	 2.4,	 designated	 in	

yellow).	 The	 acquisition	 range	 for	 the	 emission	 spectrum	 of	 each	 fluorochrome	 was	

adjusted	to	eliminate	the	inclusion	of	fluorescence	from	this	region	and	minimize	cross–talk	

between	 the	channels.	Accordingly,	 the	 fluorescence	emitted	 from	Cy3	was	acquired	 from	

550	nm	to	625	nm	and	emission	from	Alexa	647/650,	the	acquisition	was	between	640	nm	

and	725	nm.	
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Figure	2.4	—	The	absorption	(solid)	and	emission	(dashed)	spectra	for	fluorochromes	Cy3	and	
Alexa	647/650.	Note	that	Cy3	is	excited	using	a	543	nm	(red	line)	laser.	A	633	nm	laser	(blue	line)	
was	used	to	excite	Alexa	647	(650).	The	emitted	fluorescence	in	the	overlapping	region	(yellow)	was	
excluded.	(*Adapted	from	Fluorescence	SpectraViewer,	Life	Technologies,	Carlsbad,	CA)	
	

2.8 	 Reconstruction	of	motoneuron	dendritic	trees	

	 The	 dendritic	 trees	 of	 all	 motoneurons	 were	 reconstructed	 using	 the	

epifluorescence	microscope	Olympus	BX60	(Olympus,	Richmond	Hill,	ON).	To	reconstruct	a	

motoneuron,	 tiled	 image	 stacks	 (75–105)	 containing	 the	 dendritic	 segments	 in	 serial	

sections	were	acquired	with	a	monochromatic	camera	(QImaging	RetigaEXi	Fast	1394,	pixel	

size	=	0.32	µm	x	0.32	µm,	Burnaby,	BC)	equipped	with	an	Alexa	647	filter	(Olympus	UPlanFl	

40x	objective,	NA	0.75	dry)	under	a	40x	objective	(Fig.	2.5	A).	

	 Using	Neurolucida	 (v9.03,	MBF	Biosciences	 –	MicroBrightField,	 Inc.,	Williston,	 VT,	

USA),	 the	dendritic	 trees	were	traced	by	 initially	placing	multiple	connecting	points	along	

the	dendritic	segments	observed	in	the	tissue	section	containing	the	somata.	Each	of	these	

points	has	an	associated	diameter	and	set	of	x,	y,	and	z	coordinates	(Fig.	2.5B).	This	process	

was	 continued	 from	 section	 to	 section	 until	 all	 the	 dendritic	 segments	 acquired	 in	 the	

confocal	image	stacks	were	linked	in	a	continuous	trajectory	that	could	be	followed	back	to	
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the	soma	(Fig.	2.5	C‐D).	Upon	the	completion	of	 the	reconstruction,	the	dendritic	tree	was	

corrected	 for	 tissue	 shrinkage	 in	 the	 z‐axis	 caused	 by	 histological	 processes.	 These	

correction	factors	ranged	from	2.21	to	2.29.	

	

	
Figure	2.5	—	Partial	reconstruction	of	the	dendritic	tree	of	a	trapezius	motoneuron.	A	single	
optical	 section	 displays	 the	 soma	 and	 proximal	 dendrites	 of	 a	 trapezius	motoneuron	 present	 in	 a	
tissue	 section	 (A).	 A	 series	 of	 connecting	 points	 were	 placed	 on	 the	 dendrites	 to	 render	 tracings	
representing	the	soma	and	all	 the	dendritic	segments	illustrated	in	A.	Tracing	of	all	 these	dendritic	
segments	 in	 the	 tissue	 section	 is	 shown	 (B).	 The	 dendritic	 segments	 in	 each	 tissue	 section	 were	
connected	 to	 those	 of	 the	 adjacent	 sections	 (represented	 by	 black	 rectangles	 below	 the	 tissue	
sections	with	traced	dendrites)	(C).	This	created	a	3D	reconstruction	with	all	the	dendrites	connected	
to	the	soma	(D).	
	

2.9 	 Compensation	for	light	dispersion	and	antibody	penetration	

	 The	 acquisition	 of	 image	 stacks	 of	 histologically	 processed	 tissues	 via	 confocal	

microscopy	 is	accompanied	by	 two	problems.	The	 first	 is	 the	attenuation	of	emission	and	

excitation	lights.	The	objective	in	a	confocal	microscope	serves	both	to	pass	 light	to	excite	
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the	fluorochromes	in	the	tissue	section	and	focus	the	light	emitted	from	the	fluorochromes	

back	to	the	microscope	light	detector.	The	excitation	light	is	partly	absorbed	and	dispersed	

in	 the	 tissue	as	 it	 travels	 further	 into	 the	 tissue.	Consequently,	 the	emitted	 light	 from	 the	

deeper	layers	is	attenuated.	In	addition,	some	of	the	light	is	dispersed	as	it	travels	back	to	

objective	for	detection.	The	total	attenuation	of	light	in	both	directions	will	result	in	darker	

images	from	the	deeper	layer	in	comparison	to	those	located	closer	to	the	surface.	

	 The	 second	 problem	 is	 associated	with	 the	 penetration	 of	 antibodies	 used	 during	

histological	processing	of	the	tissue.	This	is	partly	due	to	the	fixation	process	that	produces	

extensive	 crosslinking	 between	 proteins	 via	 the	 formation	 of	 covalent	 bonds	 between	

adjacent	 amine‐containing	 groups.	 These	 crosslinkings	 lead	 to	 a	 protein	 network	 that	

hinders	the	penetration	of	antibodies.	Hence,	the	speed	and	depth	of	antibody	penetration	

are	 inversely	 related	 to	 the	 extent	 of	 fixation	 and	 the	 thickness	 of	 the	 tissue.	 The	 tissue	

sections	 are	 treated	 with	 reagents	 to	 reduce	 the	 protein	 crosslinking	 with	 reagents	 and	

permeabilizing	 detergents	 to	 enhance	 antibody	 penetration	 during	 the	 histological	

processes.	 However,	 the	 limited	 ability	 of	 antibodies	 to	 reach	 the	 middle	 of	 the	 tissue	

section	may	reduce	the	fluorescence	intensity	of	optical	sections	located	midway	from	the	

top	 and	 bottom.	 Hence,	 as	 with	 the	 light	 dispersion	 issue	 during	 microscopy,	 antibody	

penetration	 problems	 must	 be	 accounted	 for	 prior	 to	 the	 quantification	 of	 the	

immunoreactivity.	

	 In	 the	 presence	 of	 light	 dispersion,	 the	 fluorescence	 intensity	 with	 depth	 can	 be	

described	by	an	exponential	decay	function.	In	contrast,	in	the	absence	of	a	light	dispersion	

problem,	 the	 antibody	 penetration	 problem	 can	 best	 be	 presented	 as	 a	 parabolic	 curve	

where	the	fluorescence	intensity	is	highest	at	the	top	and	bottom	surface	and	lowest	at	the	
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centre	of	the	tissue.	Together,	the	loss	of	fluorescence	intensity	due	to	light	attenuation	and	

limited	 antibody	 penetration,	 floss,	 could	 be	 denoted	 by	 the	 composite	 function	 of	 an	

exponential	delay	and	a	parabolic	curve,	

	

floss	(z)	=	Ae−bz	+	cz2	+	dz	+	k	 [2.1]	

	

whereby,	z	is	the	depth;	b	is	the	extinction	coefficient,	k	is	a	constant	representing	minimum	

fluorescence	 intensity;	A	 is	 the	parameter	 from	 the	 exponential	 function	and,	c	 and	d	 are	

parameters	from	the	parabolic	curve.		

	 Using	 this	 function,	 the	 loss	 of	 fluorescence	 intensity	 in	 the	 tissue	was	 corrected.		

For	 all	 tissue	 sections	 examined,	 r2	 was	 always	 greater	 than	 0.95.	 The	 values	 of	 the	

parameters	in	the	equation	were	calculated	for	each	tissue	section.	A	correction	factor	was	

calculated	 for	 each	 optical	 section.	 This	 factor	 was	 based	 on	 the	 ratio	 of	 the	 average	

fluorescence	 intensity	 of	 each	 optical	 section	 using	 equation	 (2.1)	 and	 the	 fluorescence	

intensity	of	the	most	superficial	optical	section	where	the	fluorescence	loss	was	expected	to	

be	 minimal.	 All	 voxels	 of	 each	 optical	 section	 were	 assumed	 to	 suffer	 the	 same	 loss	 of	

fluorescent	intensity.	Subsequently,	the	fluorescence	intensity	of	each	voxel	was	multiplied	

by	the	correction	factor.		

	

2.10 	 Determination	of	the	intracellular	to	extracellular	boundary	

	 The	 fluorescene	 intensity	 of	 the	 intracellular	 stain	 from	 all	 voxels	 in	 each	 image	

stack	 was	 distributed	 bimodally	 (Figure	 2.6	 A).	 The	 large	 peak	 at	 near	 0	 represents	 the	

voxels	 in	 the	 space	 between	 the	 stained	 somata	 and	 dendrites.	 Some	 of	 the	 these	 voxels	
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contain	a	small	degree	of	background	staining	that	contribute	to	the	fluorescence	intensity	

values	 close	 to	 0.	 The	 smaller	 peak	 at	 approximately	 97	 corresponds	 the	 pixels	 that	 are	

within	the	intracellular	stained	volume	of	the	somata	and	dendrites.	

	

Figure	 2.6	 —	 The	 distribution	 of	 fluorescence	 intensity	 in	 an	 image	 stack	 containing	
intracellularly	 stained	dendritic	 segments.	The	 fluorescence	 intensity	 of	 all	 voxels	 in	 an	 image	
stack	 that	 contained	 one	 or	 more	 intracellularly	 stained	 dendritic	 segments	 (fluorescence	 was	
measued	 using	 an	 8‐bit	 scale)	 display	 a	 bimodal	 distribution	 (A).	 The	 fluroescence	 intensity	 of	 all	
voxels	 in	 an	 image	 stack	 that	 did	 not	 contain	 intracellularly	 stained	 dendrites	 or	 somata	 were	
confined	to	a	small	range	of	values	close	to	zero	(B).	
	

	 To	determine	the	range	of	the	voxel	intensities	that	correpond	to	the	region	outside	

the	intracellular	stained	dendrites,	the	fluorescence	intensity	of	voxels	from	several	image	

stacks	with	no	Neurobiotin	labelling	was	measured.	In	all	of	these	image	stacks,	there	was	a	

sharp	peak	at	a	fluorescence	intensity	of	zero	or	close	to	zero.	The	number	of	voxels	with	a	

fluorescence	intensity	of	greater	than	zero	rapidly	declined	at	higher	levels	of	fluoresence.	

(Fig.	2.6	B).	The	fluorescence	in	these	voxels	was	attributed	to	the	Poisson	noise	inherent	to	

the	 stoichastic	 detection	 of	 photons	during	 image	 formation	 and	 auto‐fluorescence	 of	 the	

tissue.	 The	maximum	 fluorescence	 intensity	 value	 of	 these	 voxels	was	 defined	 as	 Ithreshold.	

Due	to	the	inherent	variability	of	auto‐fluorescence	in	tissue	taken	from	different	regions	of	

Fluorescence intensity

0 20 40 60 80 100 120 140 160 180 200 220 240

N
um

be
r o

f v
ox

el
s

0

5x104

105

2x105

2x105

3x105

3x105

6x107

8x107

Fluorescence intensity

0 20 40 60 80 100 120 140 160 180 200 220 240
N

um
be

r o
f v

ox
el

s

0

5.0x105

106

1.5x106

2.0x106

2.5x106

3.0x106
3.0x107

3.5x107

A B

5x107



 

44 

 

the	 same	 spinal	 cord	 or	 from	 different	 spinal	 cords,	 the	 Ithreshold	 value	 was	 determined	

independently	for	each	motoneuron.		

	 The	voxels	contained	in	image	stacks	with	intracellular	stained	dendritic	segments	

and/or	somata	were	separated	in	two	populations.	One	population	included	all	voxels	with	

a	 fluorescence	 intensity	 less	 than	or	equal	 to	 Ithreshold.	The	second	population	contained	all	

other	voxels.	All	voxels	 that	had	a	value	 less	 than	or	equal	 to	 the	 Ithreshold	were	assigned	a	

gray‐scale	 value	 of	 0.	 The	 voxels	with	 a	 value	 greater	 than	 Ithreshold	were	 assigned	 a	 gray‐

scale	 value	 of	 255	 (8‐bit)	 or	 65536	 (16‐bit).	 This	 produced	 a	 binary	 image	 stack	 that	

contained	one	or	more	inracellularly	stained	dendritic	segments.	

	 The	 method	 described	 above	 was	 a	 reliable	 means	 of	 defining	 the	 outer	 edge	 of	

most	stained	dendrites.	However,	some	image	stacks	with	 intracelluarly	stained	dendrites	

contained	a	significant	number	of	pixels	with	a	 fluorescence	 intensity	close	to	 Ithreshold,	but	

much	 less	 than	 the	 peak	 fluorescence	 of	 pixels	 in	 regions	 containing	 Neurobiotin.	 The	

source	of	 this	 fluorescence	 is	not	known,	but	visual	 inspection	of	 the	binary	 images	mode	

stacks	revealed	grossly	distorted,	large	diameter	dendrites	that	were	often	surrounded	by	a	

halo	of	scattered	white	pixels.	These	features	were	assumed	to	arise	from	the	inclusion	of	

pixels	 that	 were	 outside	 of	 the	 regions	 occupied	 by	 intracellularly	 stained	 dendrites.	

However	 using	 a	 single	 Ithreshold	 value	 to	 all	 dendritic	 segments	would	 inevitably	 result	 in	

errors	 since	 the	 staining	 intensity	 varies	 in	 different	 dendrites.	 The	 extent	 of	 strongly	

stained	dendrites	would	be	overestimated	and	the	extent	of	weakly	stained	dendrites	would	

be	 underestimated.	 Hence,	 all	 dendritic	 segments	 were	 visually	 inspected	 using	

ImageProPlus	 (MediaCypernetics,	 Silverspring,	 MD,	 USA)	 and	 the	 threshold	 value	 was	

manually	adjusted	to	correctly	define	the	boundary	for	the	intracellular	volumes	(Fig.	2.7).	
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Figure	2.7	—	Post‐hoc	adjustment	of	the	Ithreshold	 for	each	dendritic	sample.	A	confocal	optical	
section	 of	 an	 intracellularly	 stained	 dendritic	 segment	 is	 shown	 in	 (A).	 The	 corresponding	 binary	
volume	representation	when	the	Ithreshold	is	underestimated	(B).	The	isolation	of	the	voxels	from	the	
original	dendritic	segment	confined	to	this	volume	includes	voxels	in	the	extracellular	space	(E).	The	
volume	set	by	a	correct	adjustment	of	the	Ithreshold	(C)	includes	all	the	green	voxels	acquired	in	A	but	
excludes	the	green	halo	associated	with	extracellular	voxels	adjacent	to	the	outermost	layer	(F).	The	
green	halo	is	a	1‐pixel	layer	that	is	extracted	along	with	all	the	pixels	associated	with	the	intracellular	
volume	 (refer	 to	 next	 section	 for	 the	 extraction	 process).	 Alternatively,	 when	 the	 Ithreshold	 is	
overestimated	(D),	a	significant	portion	of	the	green	voxels	are	not	included	(G).	
	

	

2.11 	 Extracting	the	cytoplasmic	TrkB	immunoreactivity	 	

	 A	 Matlab	 program	was	 previously	 used	 to	 distinguish	 voxels	 associated	 with	 the	

immunoreactivity	of	HCN1	(hyperpolarization‐activated	cyclic	nucleotide‐gated	channel	1)	

that	 is	predominantly	 associated	with	 the	membrane	 from	 the	voxels	 associated	with	 the	

cytoplasm	(Zhao	2012)	in	ImagePro	Plus	(image	processing	software).	As	described	in	the	

previous	 section,	 the	 membrane‐cytoplasm	 border	 was	 defined	 by	 the	 perimeter	 of	 the	

volume	 containing	 all	 the	 voxels	 of	 the	 intracellularly	 stained	 dendrites	 (Fig.	 2.8	 A).	 The	

volume	 containing	 all	 the	 voxels	 was	 assigned	 with	 a	 gray‐scale	 value	 of	 255	 (8‐bit)	 or	

65536	 (16‐bit)	 was	 extracted	 from	 the	 remaining	 voxels	 in	 the	 image	 stack.	 In	 that	

approach,	 the	outermost	region	of	 this	volume	was	reduced	by	1	voxel	 in	x,	y,	and	z.	This	
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volume	was	defined	as	the	cytoplasmic	space	(Fig.	2.8C).	 In	 this	study,	 this	 technique	was	

used	to	isolate	the	TrkB	fluorescence	confined	to	the	cytoplasm	(Fig.	2.8	D)	from	the	overall	

TrkB	 fluorescence	 in	 the	 image	 stack	 (Fig.	 2.8D).	 Zhao	 (2012)	 extended	 this	 method	 to	

acquire	 the	 membrane‐associated	 HCN1	 immunoreactivity.	 The	 outermost	 region	 of	 this	

volume	was	reduced	by	1	voxel	 in	x,	y,	and	z	and	also	expanded	by	1	voxel	 to	create	a	2‐

voxel	 wide	 volume	 that	 contained	 the	 membrane‐associated	 HCN1	 immunoreactivity.	

However,	 as	 will	 be	 described	 in	 the	 next	 section,	 the	 extraction	 of	 the	 membrane‐

associated	voxels	using	the	described	method	above	was	modified	to	deliver	a	much	more	

robust	representation	of	the	membrane‐associated	TrkB	immunoreactivity.			

	

	
Figure	2.8	—	Extraction	process	 for	the	cytoplasmic	TrkB	 fluorescence.	Serial	optical	sections	
containing	intracellularly	stained	dendritic	segments	were	rendered	into	a	3D	volume	(A).	The	total	
TrkB	 fluorescence	captured	 in	all	 the	optical	sections	shown	 in	A	 (B).	The	 image	stack	 from	A	was	
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partitioned	 into	 voxels	 belonging	 to	 the	 intracellular	 stain	 (gray)	 and	 voxels	 belonging	 to	 the	
background	(black)	(C).	The	gray	volume	was	reduced	by	1	voxel	in	x,	y,	z	and	defined	as	cytoplasmic	
volume.	TrkB	fluorescence	confined	to	the	cytoplasmic	volume	seen	in	C	(D).	
	

2.12 	 Extracting	the	membrane‐associated	TrkB	immunoreactivity	

	 As	shown	in	Fig.	2.8	D,	the	fluorescence	due	to	TrkB	immunoreactivity	 is	high	and	

distributed	throughout	the	cytoplasmic	volume.	Simple	examination	of	the	stained	dendritic	

tree	 indicates	 that	 Neurobiotin	 was	 uniformly	 distributed	 and	 restricted	 to	 dendritic	

cytoplasm	(Fig.	2.8	A).	As	shown	in	Fig.	2.9,	the	technique	to	determine	the	intracellular	to	

extracellular	 boundary	 by	 defining	 the	 outermost	 layer	 of	 the	 intracellularly	 stained	

dendrite	 (layer	 0)	 was	 used	 to	 acquire	 the	 mean	 fluorescence	 confined	 to	 a	 volume	

composed	 of	 concentric	 layers,	 each	 1‐voxel	 thick.	 The	 mean	 fluorescence	 intensity	 of	

Neurobiotin	was	acquired	for	single	layers	of	a	dendritic	segment	starting	from	within	the	

cytoplasmic	volume	(layer	3)	and	extending	into	the	extracellular	space	(layer	‐3)	(Fig.	2.9	

A).	The	mean	fluorescence	intensity	for	Neurobiotin	acquired	from	each	layer	of	a	proximal	

and	 a	 distal	 dendritic	 segment	 is	 illustrated	 in	 Fig.	 2.9B	 and	 C,	 respectively.	 The	 TrkB	

fluorescence	 intensity	 from	the	same	layers	was	also	acquired	and	presented	 in	Fig.	2.9	B	

and	C.	The	mean	fluorescence	intensity	values	of	TrkB	and	Neurobiotin	in	each	layer	were	

normalized	against	the	TrkB	fluorescence	intensity	value	acquired	in	layer	1.	This	layer	was	

chosen	 as	 a	 reference	 layer	 because	 the	 fluorescence	 intensity	 acquired	 in	 this	 layer	 is	

strictly	cytoplasmic.	

	 The	Neurobiotin	 and	TrkB	 fluorescence	 intensity	 acquired	 from	 the	 proximal	 and	

distal	dendritic	segments	decreased	stepwise	from	layer	3	to	layer	‐3.	The	Neurobiotin	and	

cytoplasmic	 TrkB	 fluorescence	 intensity	 decreased	 gradually	 into	 the	 extracellular	 space.	
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However,	the	comparison	of	the	change	in	the	Neurobiotin	and	TrkB	fluorescence	revealed	

that	while	both	undergo	a	stepwise	decrease,	 the	change	 in	TrkB	 fluorescence	 in	 layers	0	

and	‐1	deviates	from	that	observed	in	Neurobiotin.	This	divergence	indicates	that	the	TrkB	

fluorescence	 in	 these	 two	 layers	 is	 not	 entirely	 cytoplasmic	 and	 must	 contain	 the	

fluorescence	 from	 TrkB	 that	 is	 exclusively	 from	 the	membrane.	 Consequently,	 these	 two	

layers	were	selected	as	the	volume	that	defined	the	membrane‐associated	region.	

	

	

Figure	 2.9	 —	 The	 extraction	 of	 individual	 voxel	 layers	 in	 the	 cytoplasmic	 volume	 and	
extracellular	space.	The	outermost	 layer	(layer	0)	can	be	used	as	a	reference	to	 isolate	 individual	
layers	 within	 (positive	 numbers)	 the	 dendritic	 volume	 or	 in	 the	 extracellular	 space	 (negative	
numbers)	 (A).	 The	mean	 fluorescence	 intensity	 of	Neurobiotin	 and	TrkB	 acquired	 from	 individual	
layers	of	a	proximal	(B)	and	distal	(C)	dendritic	segment.	
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	 Independent	 observations	 based	 on	 the	 immunoreactivity	 of	 other	 membrane‐

associated	proteins	revealed	that	this	2‐voxel	volume	provides	an	accurate	representation	

of	the	membrane‐associated	region.	Examination	of	the	change	in	the	fluorescence	intensity	

of	membrane‐associated	proteins	HCN1,	KCC2	and	Gephyrin	along	the	dendrite	revealed	a	

sharp	 increase	 in	 the	 fluorescence	 confined	 to	 the	2‐voxel	 volume	designated	by	 layers	0	

and	‐1.	

	
Figure	2.10	—	Extraction	of	TrkB	 fluorescence	 from	membrane‐associated	voxel	 layers.	 The	
normalized	mean	 fluorescence	 intensity	of	 TrkB	acquired	 in	 layers	 ‐1	 (Itrkb(‐1))	 and	0	 (Itrkb(0)).	 	 The	
sum	of	these	values	is	divided	by	the	combined	normalized	fluorescence	intensity	of	Neurobiotin	in	
layers	‐1	(Inb(‐1))	and	0	(Inb(0)).	
	

	 To	 quantify	 the	 fluorescence	 that	 was	 exclusively	 from	 the	membrane‐associated	

TrkB,	 the	 contribution	 from	 the	 cytoplasmic	 fluorescence	 was	 subtracted	 from	 the	 total	

fluorescence	 in	 layers	 ‐1	 and	 0.	 As	 presented	 in	 Fig.	 2.11,	 the	 mean	 TrkB	 fluorescence	
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intensity	from	layers	(0)	and	(‐1)	were	defined	as	Itrkb(‐1)	and	Itrkb(0),	respectively.	Similarly,	

the	 corresponding	 mean	 Neurobiotin	 fluorescence	 intensities	 were	 defined	 as	 Inb(‐1)	 and	

Inb(0).	 The	 sum	 of	 the	 Itrkb	 in	 this	 volume	 represented	 the	 sum	 of	 both	 cytoplasmic	 and	

membrane‐associated	TrkB	fluorescence	intensity.	The	Neurobiotin	fluorescence	intensities	

acquired	 in	 layers	 (‐1)	 and	 (0)	was	used	as	 a	measure	of	 the	TrkB	 fluorescence	 that	was	

associated	 with	 the	 cytoplasm.	 The	 overall	 contribution	 of	 the	 cytoplasmic	 TrkB	

fluorescence	to	the	total	fluorescence	acquired	in	layers	(‐1)	and	(0)	can	be	represented	as	

the	following	ratio	(y):	









nb(0)nb(-1)

trkb(0)trkb(-1)

I  I

I  I
y 	 [2.2]	

	

Equation	 1.3	 illustrates	 the	 relationship	 between	 the	 cytoplasmic	 TrkB	 and	 the	 sum	 of	

cytoplasmic	and	membrane‐associated	TrkB	fluorescence:	

c

mc
y


 	 [2.3]	

	

where	 c	 is	 the	 cytoplasmic	 and	m	 is	 the	membrane‐associated	 TrkB	 fluorescence.	 These	

equations	 were	 rearranged	 to	 calculate	 the	 membrane‐associated	 TrkB	 fluorescence	 as	

follows:	

  nb(0)nb(-1)nb(0)nb(-1) I  I)I  I()( yccym 	 [2.4]	
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2.13 			Statistical	Analysis	

The	methods	described	in	sections	2.11	and	2.12	were	used	to	extract	and	quantify	

the	 cytoplasmic	 and	membrane‐associated	 TrkB	 fluorescence	 intensity,	 respectively.	 The	

nonparametric	 statistical	 analysis	 Spearman’s	 Rank	 Order	 Correlation	 was	 used	 to	

determine	 if	 TrkB	 fluorescence	 covaries	 with	 distance	 from	 soma	 or	 alternatively	 with	

dendritic	diameter.	This	nonparametric	statistical	analysis	is	used	to	measure	the	strength	

of	 association	between	 two	 ranked	variables.	 Statistical	 significance	was	 set	 at	P<0.05.	 In	

addition,	 if	 n=5,	 then	 each	 sequential	 pair	 of	measurements	must	 display	 the	 same	 trend	

(e.g.	increase	or	decrease)	to	reach	statistical	significance.		
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Chapter	3	

Results	

3.1 	 Distribution	of	TrkB	 immunoreactivity	 in	 the	ventral	horn	and	 spinal	

motoneurons	

	 TrkB	 immunoreactivity	 was	 found	 throughout	 the	 ventral	 horn	 of	 the	 second	 to	

fourth	 cervical	 segments	 of	 the	 spinal	 cord.	 Large	 somata	 and	 proximal	 dendrites	 were	

easily	 identified	 due	 to	 their	 dense	 TrkB	 immunoreactivity	 (Fig.	 3.1.A).	 Many	 of	 these	

somata	 were	 located	 in	 regions	 that	 corresponded	 to	 the	 position	 of	 neck	 motoneuron	

nuclei,	 including	 the	 spinal	 accessory	 nucleus	 that	 contains	 trapezius	 motoneurons		

(Richmond	et	al.,	1978,	1994;	Vanner	&	Rose,	1984;	Gordon	&	Richmond,	1991;	Liinamaa	et	

al.,	1997).		In	addition,	many	small	diameter	processes	were	visible	in	the	neuropil	between	

the	somata	(Fig.	3.1	B).	Due	to	their	diameters,	typically	1	to	5	µm	and	predominate	rostro‐

caudal	orientation,	these	processes	closely	resembled	dendrites	of	neck	motoneurons	(Fig	

3.1	C)	(Rose,	1981;	Vanner	&	Rose,	1984).	
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Figure	 3.1	 —	 TrkB	 immunoreactivity	 in	 the	 ventral	 horn	 of	 the	 spinal	 cord.	 TrkB	
immunoreactivity	in	the	somata	and	proximal	dendrites	of	neurons	extended	from	lateral	to	medial	
regions	of	the	ventral	horn	at	low	magnification	(A).	The	higher	magnification	representation	of	TrkB	
(designated	by	the	dashed	outline)	was	acquired	via	epifluorescence	microscopy	(B).	It	was	observed	
that	dendrites	resembling	neck	motoneurons	contained	TrkB	immunoreactivity	(C).	
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3.2 	 Distribution	of	TrkB	immunoreactivity	in	trapezius	motoneurons	

	 TrkB	 immunoreactivity	 was	 found	 in	 the	 somata	 and	 dendrites	 of	 intracellularly	

stained	 trapezius	 motoneurons	 (Fig.	 3.2).	 As	 shown	 in	 Figures	 3.2A	 and	 B,	 TrkB	

immunoreactivity	 was	 present	 throughout	 the	 cytoplasm	 of	 the	 soma	 and	 proximal	

dendrites.	 It	 is	 also	 apparent	 that	 TrkB	 immunoreactivity	 was	 not	 restricted	 to	 these	

regions.	Figures	3.2	C	and	D	show	that	TrkB	immunoreactivity	was	also	easily	detected	in	

dendrites	400	and	800	µm	from	the	soma.	

	
Figure	3.2	—	Colocalization	of	neurobiotin	 and	TrkB	 in	 a	 trapezius	motoneuron.	 In	 the	 left	
panel,	 a	 stained	 trapezius	 motoneuron	 (KILO	 10B)	 from	 a	 horizontal	 section	 acquired	 using	 a	
standard	epifluorescence	microscope	is	presented.	Boxes	labelled	A,	B,	C,	and	D	indicate	the	location	
of	 image	 stacks	 of	 somata,	 proximal,	 intermediate	 and	 distal	 dendrites	 acquired.	 Single	 optical	
sections	 from	 the	 confocal	 image	 stacks	 show	 	TrkB	 immunoreactivity	 and	Neurobiotin	 in	 somata	
(A1‐2),	proximal	(B1‐2),	intermediate	(C1‐2),	and	distal	(D1‐2)	dendritic	segments.	
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Higher	magnification	 of	 TrkB	 immunoreactivity	 in	 regions	 containing	 the	 stained	

dendrites	 revealed	 that	TrkB	 is	punctate	and	organized	 into	 clusters	 ranging	 in	 size	 from	

0.3	to	1	µm2	(Fig.	3.3	C1	and	C2).	TrkB	immunoreactivity	confined	to	the	stained	dendritic	

volume	was	extracted	as	described	in	the	Materials	and	Methods	(Fig	3.3	D1	and	D2).	Closer	

examination	of	the	TrkB	distribution	in	the	dendritic	segments	revealed	that	TrkB	is	easily	

detectable	in	the	dendritic	cytoplasm.		
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Figure	3.3	—TrkB	fluorescence	 intensity	corresponding	to	stained	dendrites.	Extended	depth	
of	 field	view	of	an	 image	stack	acquired	via	confocal	microscopy	of	stained	dendrites	(A1)	and	the	
corresponding	 TrkB	 immunoreactivity	 (A2)	 in	 motoneuron	 KILO	 10B.	 Dendritic	 segments	 were	
examined	 for	 TrkB	 immunoreactivity	 (B1,	 B2).	 Total	 TrkB	 immunoreactivity	 from	 the	 sampled	
dendritic	 regions	 designated	 in	 (B1	 and	 B2)	 (C1,	 C2).	 TrkB	 immunoreactivity	 confined	 to	 the	
cytoplasm	and	membrane‐associated	regions	(D1,	D2)	(see	Materials	and	Methods	for	details).	
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3.3 	 Quantitative	 analysis	of	 the	distribution	of	TrkB	 immunoreactivity	 in	

the	dendritic	trees	of	trapezius	motoneurons	

	 Five	 trapezius	 motoneurons	 from	 3	 adult	 cats	 were	 examined.	 The	 mean	

fluorescence	intensities	of	membrane‐associated	and	cytoplasmic	TrkB	immunoreactivity	of	

dendritic	segments	at	different	diameters	and	distances	from	the	soma	were	acquired	and	

compared.	 Between	 39	 and	 83	 dendritic	 samples	 were	 acquired	 from	 each	motoneuron.	

These	dendritic	segments	ranged	from	31	µm	to	1942	µm	from	the	soma	and	were	between	

0.6	 µm	 to	 15.3	 µm	 in	 diameter.	 These	 motoneurons	 were	 selected	 from	 a	 large	 sample	

based	 on	 the	 quality	 of	 the	 intracellular	 staining.	 Only	 well	 stained	 motoneurons	 were	

chosen.	 This	was	 indicated	 by	 uniformly	 stained	 dendrites	with	 no	 large	 gaps	 and	 easily	

detectable	from	the	background.	

	

3.3.1 	 Trapezius	 motoneurons	 display	 a	 uniform	 proximal	 to	 distal	

distribution	of	cytoplasmic	and	membrane‐associated	TrkB	

	 The	proximal	 to	distal	distribution	of	TrkB	 immunoreactivity	 from	one	of	 the	 five	

motoneurons	 (BARK	 42B7)	 is	 displayed	 in	 Fig.	 3.4.	 The	 distance	 between	 each	 dendritic	

segment	and	the	soma	is	plotted	against	the	mean	fluorescence	intensity	of	the	cytoplasmic	

(Fig.	3.4	A)	and	membrane‐associated	(Fig.	3.4	B)	TrkB	immunoreactivity.	There	was	a	high	

degree	 of	 variability	 in	 the	mean	 fluorescence	 intensity	 of	 both	 the	 cytoplasmic	 and	 the	

membrane‐associated	 TrkB.	 	 The	 TrkB	 fluorescence	 varied	 from	 0.86	 to	 3.02	 a.u.	 in	 the	

cytoplasm	and	from	0.15	to	2.11	a.u.	in	the	membrane‐associated	region.	To	determine	the	

relationship	 between	 the	 TrkB	 distribution	 and	 distance	 from	 the	 soma,	 the	 median	
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intensity	 of	 TrkB	 fluorescence	 was	 calculated	 based	 on	 dendritic	 segments	 that	 were	

located	1‐250	µm,	251‐500	µm,	501‐750	µm,	751‐1000	µm,	and	more	than	1000	µm	from	

the	soma.	The	distance	ranges	were	chosen	to	ensure	that	each	zone	contained	data	from	at	

least	5	dendritic	segments.				

	 There	 was	 no	 significant	 change	 in	 the	 median	 value	 of	 cytoplasmic	 TrkB	

immunoreactivity	 as	 a	 function	 of	 distance	 (ρ=0.5,	 P>0.05;	 Spearman's	 Rank‐Order	

Correlation)	(see	Table	3.1).	The	relationship	between	the	membrane‐associated	TrkB	and	

distance	was	also	not	significant	(ρ=0.2,	P>0.05;	Spearman's	Rank‐Order	Correlation).	

	 To	minimize	the	variability	in	the	TrkB	immunoreactivity	due	to	differences	in	the	

histological	 processing	 of	 tissue	 sections	 that	 contained	 dendrites	 from	 different	

motoneurons,	the	fluorescence	intensities	of	cytoplasmic	and	membrane‐associated	TrkB	of	

each	 dendritic	 segment	 were	 divided	 by	 the	 average	 TrkB	 fluorescence	 observed	 in	 the	

image	stacks	(224.7	µm	×	224.7	µm;	x‐y	plane)	that	contained	the	dendritic	segments.	
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Figure	 3.4	 —	 Uniform	 distribution	 of	 cytoplasmic	 and	 membrane‐associated	 TrkB	
immunoreactivity	in	a	single	trapezius	motoneuron	displayed	as	a	function	of	distance	from	
the	soma.	Partial	reconstruction	of	a	dendritic	tree	of	the	motoneuron	(BARK	42B7)	is	illustrated	in	
the	 left	panel.	The	areas	designated	by	the	colour	red	correspond	to	the	dendritic	segments	where	
TrkB	 immunoreactivity	was	 quantified.	 In	 the	 right	 panel,	 the	 distance	 of	 each	 dendritic	 segment	
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from	 the	 soma	 was	 plotted	 against	 the	 TrkB	 fluorescence	 intensity	 for	 that	 segment	 (open	 gray	
circles)	 in	 the	 cytoplasm	 (A)	 and	 membrane‐associated	 (B)	 regions.	 The	 black	 (filled)	 circles	 are	
median	values	of	data	in	each	distance	zone.	 	

	 The	 proximal	 to	 distal	 distribution	 of	 cytoplasmic	 TrkB	 followed	 a	 similar	

distribution	 in	 the	 other	 motoneurons.	 Figure	 3.5	 illustrates	 the	 cytoplasmic	 and	

membrane‐associated	TrkB	distribution	of	all	five	motoneurons.	Although	three	of	the	five	

motoneurons	 had	 a	 small	 increase	 distally,	 the	 cytoplasmic	 TrkB	 immunoreactivity	 in	 all	

five	 motoneurons	 did	 not	 have	 a	 significant	 correlation	 as	 a	 function	 of	 distance.	 The	

membrane	associated	TrkB	immunoreactivity	of	all	five	motoneuron	was	also	not	related	to	

distance	(see	Table	3.1).	To	examine	the	relationship	between	TrkB	immunoreactivity	and	

the	distance	 from	 soma	 of	 the	motoneurons	 as	 a	 population,	 the	median	 intensity	 values	

from	each	region	were	averaged.	The	statistical	analysis	for	the	population	was	performed	

using	 all	 median	 values	 from	 all	 bins.	 The	 TrkB	 immunoreactivity	 in	 the	 cytoplasm	 and	

membrane‐associated	 regions	 for	 the	 population	 of	 the	 examined	motoneurons	was	 also	

not	significant	(ρ	=0.4,	P>0.05	and	ρ=0.7,	P>0.05,	respectively).	

Table	3.1	—	 Summary	of	 the	 statistical	 analysis	of	TrkB	 immunoreactivity	as	 a	 function	of	
distance.	The	analysis	Spearman’s	Rank	Order	Correlation	was	used	to	detect	covariance	between	
TrkB	 immunoreactivity	 and	 distance	 from	 the	 soma	 in	 each	 motoneuron	 and	 also	 for	 all	
motoneurons	 as	 a	 population.	 ρ	 corresponds	 to	 the	 correlation	 coefficient	 and	 P	 is	 the	 level	 of	
significance.	 For	 n=5,	 a	 ρ	 value	 greater	 than	 0.9	 (critical	 Spearman’s	 correlation	 coefficient)	 is	
required	for	significance	defined	on	a	P	value	smaller	than	0.05.	

distance	 	 cytoplasmic membrane‐associated

	 samples	(n=) bins ρ	(rs) P ρ	(rs)	 P

BARK	42B5	 75	 5 0.9 0.08 0.1	 0.95

BARK	42B8	 50	 5 0.5 0.45 0.7	 0.23

BARK	42B7	 39	 5 0.5 0.45 0.2	 0.78

KILO	8A2	 51	 5 0.8 0.13 ‐0.1	 0.95

KILO	10B	 83	 5 0.9 0.08 0.8	 0.13

all	cells	 	 0.4 0.24 0.7	 0.23
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Figure	3.5	—	Distribution	of	cytoplasmic	and	membrane‐associated	TrkB	immunoreactivity	in	
trapezius	 motoneurons	 displayed	 as	 a	 function	 of	 distance	 from	 the	 soma.	 	 The	 TrkB	
fluorescence	corresponding	to	the	cytoplasmic	region	was	plotted	against	distance	from	the	soma	for	
all	 five	 motoneurons	 (A).	 The	membrane‐associated	 TrkB	 fluorescence	 intensity	 was	 plotted	 also	
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plotted	 as	 a	 function	 of	 distance	 from	 the	 soma	 (B).	 The	 plots	 in	 gray	 represent	 the	 TrkB	
immunoreactivity	 for	 individual	 motoneurons.	 The	 average	 of	 median	 values	 combined	 from	 all	
motoneurons	is	designated	in	black.	
	

3.3.2 	 The	distribution	of	cytoplasmic	and	membrane	associated	TrkB	

immunoreactivity	is	not	affected	by	dendrite	diameter	

	 The	distribution	 of	 cytoplasmic	 and	membrane‐associated	TrkB	 immunoreactivity	

was	also	examined	as	function	of	diameter.	Figure	3.6	shows	the	relationship	between	TrkB	

fluorescence	and	the	dendritic	diameters	for	the	same	dendritic	segments	shown	in	Fig.	3.4.	

To	determine	 if	 this	 relationship	was	 statistically	 significant,	 each	dendritic	 segment	was	

placed	in	5	bins	with	the	first	4	bins	including	dendritic	segments	with	diameters	ranging	

from	 0.1	 µm	 to	 6.0	 µm	 (0.1‐1.5	 µm;	 1.6‐3.0	 µm;	 3.1‐4.5	 µm,	 4.6‐6.0	 µm).	 The	 last	 bin	

contained	dendritic	segments	with	diameters	greater	than	6.0	µm	(>6.0).	

	 The	 median	 intensity	 of	 TrkB	 fluorescence	 in	 the	 cytoplasm	 did	 not	 depend	 on	

dendritic	 diameter	 (Fig.	 3.6)	 (ρ=−0.1,	 P>0.05;	 Spearman's	 Rank‐Order	 Correlation)	 (See	

Table	3.2).	The	median	 fluorescence	 intensity	of	membrane‐associated	TrkB	also	was	not	

dependent	on	dendritic	diameter	(ρ=−0.9,	P>0.05;	Spearman's	Rank‐Order	Correlation).	
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Figure	 3.6	 —	 Uniform	 distribution	 of	 cytoplasmic	 and	 membrane‐associated	 TrkB	
immunoreactivity	 in	 a	 single	 trapezius	 motoneuron	 displayed	 as	 a	 function	 of	 dendritic	
diameter.	 The	 diameter	 of	 each	 dendritic	 segment	 collected	 from	 motoneuron	 (BARK	 42B7)	 is	
plotted	against	the	TrkB	fluorescence	intensity	for	that	segment	(open	gray	circles)	in	the	cytoplasm	
(A)	and	membrane‐associated	(B)	regions.	The	black	(filled)	circles	are	the	median	TrkB	fluorescence	
in	each	bin	extending	from	0.75	to	7.6	µm.	
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	 Figure	 3.7	 illustrates	 the	 relationship	 between	 dendritic	 diameter	 and	 TrkB	

immunoreactivity	 in	 the	 cytoplasm	 and	 the	 membrane‐associated	 regions	 for	 all	 five	

motoneurons.	 The	 data	 for	 each	 motoneuron	 was	 assigned	 to	 different	 diameter	 ranges	

described	 in	 the	 previous	 paragraph.	 For	 two	 of	 the	 five	motoneurons,	 the	 intensities	 of	

TrkB	 immunoreactivity	had	changes	based	on	dendritic	diameter.	One	motoneuron	(KILO	

10B)	 displayed	 a	 30%	 increase	 in	 TrkB	 immunoreactivity	 in	 large	 diameter	 dendrites	

whereas	 TrkB	 immunoreactivity	 in	 another	 motoneuron	 (BARK	 42B5)	 showed	 a	 bias	 to	

small	 diameter	 dendrite	 (35%	 increase).	 However,	 the	 TrkB	 immunoreactivity	 in	 the	

cytoplasm	of	all	five	motoneurons	was	statistically	not	significant	as	a	function	of	dendritic	

diameter.	

	

Table	3.2	—	Statistical	analysis	of	TrkB	immunoreactivity	as	a	function	of	dendritic	diameter.	
The	 analysis	 Spearman’s	 Rank	 Order	 Correlation	 was	 used	 to	 detect	 covariance	 between	 TrkB	
immunoreactivity	 and	 dendritic	 diameter	 in	 each	 motoneuron	 and	 also	 for	 all	 motoneurons	 as	 a	
population.	 For	 n=5,	 a	 ρ	 value	 greater	 than	 0.9	 (critical	 Spearman’s	 correlation	 coefficient)	 is	
required	for	significance.	Significance	is	also	denoted	by	a	P	value	smaller	than	0.05.	

diameter	 	 cytoplasmic membrane‐associated

	 samples	(n=) bins ρ	(rs) P ρ	(rs)	 P

BARK	42B5	 75	 4 ‐ ‐ ‐	 ‐

BARK	42B8	 50	 5 ‐0.8 0.13 ‐0.7	 0.23

BARK	42B7	 39	 5 ‐0.1 0.95 ‐0.9	 0.08

KILO	8A2	 51	 4 ‐ ‐ ‐	 ‐

KILO	10B	 83	 4 ‐ ‐ ‐	 ‐

all	cells	 	 ‐0.3 0.68 0.3	 0.68
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	 Four	of	the	five	motoneurons	displayed	a	uniform	distribution	of	membrane‐

associated	 TrkB	 immunoreactivity	 as	 a	 function	 of	 diameter.	 One	 motoneuron	

displayed	an	increase	in	TrkB	by	2.4	folds	in	larger	diameter	dendrites	(see	Fig.	3.7,	

KILO	10B).	The	TrkB	immunoreactivity	in	the	membrane‐associated	region	was	not	

dependent	on	the	dendritic	diameter	in	all	five	motoneurons	based	on	the	statistical	

test.	

	 In	three	cells,	the	data	were	placed	in	only	4	bins.	In	one	motoneuron,	there	

were	fewer	dendritic	segments	than	the	minimum	5	in	the	bin	(>6.0	µm).	Two	other	

motoneurons	did	not	have	the	minimum	number	of	dendritic	segments	for	the	bin	

(0.1‐1.5	µm)	 (Table	3.2).	The	non‐parametric	 statistical	analysis	Spearman’s	 rank‐

order	 correlation	 requires	 a	 minimum	 of	 5	 data	 points.	 For	 n<5,	 the	 statistical	

analysis	was	not	completed.	The	median	TrkB	fluorescence	intensity	values	in	each	

dendritic	 diameter	 range	 from	 all	 motoneurons	 were	 combined	 for	 a	 statistical	

analysis	of	the	population.	

	 The	 average	 TrkB	 immunoreactivity	 for	 both	 cytoplasmic	 and	 membrane‐

associated	regions	calculated	based	on	the	median	values	from	each	dendritic	range	

in	 all	 five	 motoneurons	 is	 presented	 in	 Fig.	 3.7.	 The	 statistical	 analysis	 for	 the	

population	was	performed	using	all	median	values	 from	all	bins.	The	statistical	analysis	

revealed	 that	 there	 was	 no	 significant	 change	 in	 TrkB	 immunoreactivity	 as	 a	

function	 of	 distance	 in	 the	 cytoplasm	 and	 the	 membrane‐associated	 regions	 (see	

Table	3.2)	for	the	population	of	five	cells.	
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Figure	3.7	—	Distribution	of	cytoplasmic	and	membrane‐associated	TrkB	immunoreactivity	in	
all	 five	trapezius	motoneurons	displayed	as	a	 function	of	diameter	 from	the	soma.	The	TrkB	
fluorescence	corresponding	to	the	cytoplasmic	region	was	plotted	against	dendritic	diameter	for	all	
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five	 motoneurons	 (A).	 The	 membrane‐associated	 TrkB	 fluorescence	 intensity	 was	 plotted	 also	
plotted	 as	 a	 function	 of	 dendritic	 diameter	 (B).	 The	 data	 in	 gray	 represents	 the	binned	data	 from	
individual	motoneurons.	The	data	points	in	each	bin	were	averaged	to	yield	5	bins.	This	created	an	
overall	representation	of	distribution	against	dendritic	diameter	which	can	be	statistically	examined	
(designated	in	black).	
	

3.4 	 Full	 length	TrkB	and	 immature	hypoglycosylated	TrkB	are	present	 in	

the	spinal	cord	

	 Western	blotting	was	utilized	to	detect	TrkB	isoforms	with	varying	levels	of	

glycosylation	 (see	 Fig.	 3.8	 A).	 Two	 strong	 bands	 approximately	 at	 50	 and	 65	 kDa	

were	detected	 in	 feline	 spinal	 tissue	 containing	 the	phrenic	 (C4‐C5)	and	 trapezius	

motoneurons	(C2‐C3).		These	bands	were	also	present	but	at	lower	intensities	in	the	

rat	spinal	immunoblots.	The	band	at	50	kDa	is	the	core	unglycosylated	TrkB	protein	

(Watson	et	al.,	 1999;	Golder	et	al.,	 2008a).	 	 Other	 band	between	50	 and	150	kDa	

most	 likely	 represent	hypoglycosylated	 isoforms	of	TrkB.	A	 less	distinct	band	was	

detected	at	80	kDa	in	the	feline	C2‐C3	and	C4‐C5	blots.	This	band,	however,	was	not	

detectable	in	the	rat	spinal	sample.		

	 A	weak	set	of	double	bands	with	higher	molecular	weight	was	also	detected	

in	all	three	samples.	Consistent	with	previous	immublotting	results	using	this	anti‐

TrkB	antibody	in	the	spinal	cord	(Zirrgiebel	et	al.,	1995;	Skup	et	al.,	2002;	Zhang	&	

Huang,	2006),	these	bands		were	at	approximately	145	kDa	to	150	kDa	(Fig.	3.8	B).		
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Figure	3.8	—Representative	 immunoblots	of	TrkB	using	whole	 feline	and	rat	spinal	 tissues.	
Several	bands	corresponding	to	isoforms	of	TrkB	with	different	levels	of	glycosylation	were	detected	
(A).	The	full	length	(FL)	TrkB	was	detected	after	contrast	enhancement	of	the	region	in	dashed	lines	
of	the	immunoblot	shown	in	A	(B).	
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Chapter	4	

Discussion	

4.1 	 Overview	of	findings	 	

	 The	 primary	 goal	 of	 this	 study	 was	 to	 investigate	 the	 distribution	 of	 TrkB	

throughout	the	dendritic	tree	of	adult	trapezius	motoneurons.	TrkB	immunoreactivity	was	

detected	 in	 abundance	 and	 organized	 as	 puncta	 in	 spinal	 motoneurons.	 TrkB	 was	

distributed	 throughout	 the	 soma,	 proximal	 and	 distal	 dendrites	 of	 intracellularly	 stained	

motoneurons.	 Two	methods	 were	 used	 to	 isolate	 and	 quantify	 the	 TrkB	 confined	 to	 the	

cytoplasm	 and	 the	 membrane‐associated	 region	 separately.	 Independent	 observations	

based	on	the	acquired	fluorescence	of	three	membrane	proteins,	KCC2,	Gephyrin	and	HCN1	

from	 the	 volume	 corresponding	 to	 the	 2‐voxel	membrane‐associated	 region	 in	 this	 study	

confirmed	 the	 accuracy	 and	 robustness	 of	 the	 membrane	 extraction	 method.	 TrkB	 was	

present	 in	 the	 somatodendritic	 cytoplasm	 and	 the	 membrane‐associated	 region	 of	 the	

dendritic	trees.	The	proximal	to	distal	distribution	of	cytoplasmic	and	membrane‐associated	

TrkB	 immunoreactivity	across	 the	dendritic	 tree	was	 found	to	have	no	specific	 trend.	The	

distribution	 of	 TrkB	 immunoreactivity	 in	 the	 cytoplasm	 and	 the	 membrane‐associated	
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region	 was	 also	 not	 dependent	 on	 the	 dendritic	 diameter.	 The	 immunoreactivity	 in	 the	

membrane‐associated	region	corresponds	to	mature	full‐length	TrkB	receptor.	The	absence	

of	 a	 bias	 in	 the	 dendritic	 distribution	 of	 TrkB	 suggests	 that	 it	 may	 be	 necessary	 for	

regulation	of	different	classes	of	 synapses	and	 ion	channels	 throughout	 the	dendritic	 tree	

that	are	distributed	throughout	the	dendritic	tree.	

	 The	second	goal	of	this	study	was	to	determine	the	presence	of	full	length	TrkB	and	

its	 immature	 hypoglycosylated	 isoforms	 in	 trapezius	 motoneurons.	 Immunoblots	 using	

feline	and	rat	spinal	 tissue	confirmed	the	presence	of	a	core	unglycosylated	protein,	a	 full	

length	 protein,	 and	 several	 hypoglycosylated	 isoforms	 with	 molecular	 weights	 ranging	

between	that	of	 the	core	protein	(50	kDa)	and	the	 full	 length	receptor	protein	(145	kDa).	

The	 fluorescence	 in	 the	 cytoplasmic	 region	 is	 then	 most	 likely	 indicative	 of	 clusters	 of	

immature	 TrkB	 isoforms	 and	mature	 TrkB	 contained	 within	 intracellular	 membranes	 or	

vesicles.	

	

4.2 	 Methodological	considerations	

4.2.1 	 The	number	of	examined	motoneurons	was	small	 	

	 Previous	 studies	 of	 TrkB	 distribution	 in	 motoneurons	 have	 only	 confirmed	 the	

presence	of	TrkB	in	motoneurons	but	provided	no	quantitative	analysis	of	its	distribution	in	

individual	motoneurons.	In	this	study	five	motoneurons	were	examined	which	is	typical	of	

studies	like	this	(Rose	et	al.,	1995;	Murphy	et	al.,	1995;	Burke	&	Glenn,	1996;	Alvarez	et	al.,	

1998;	Nichol,	 2013;	Montague	et	al.,	 2013).	 The	 question	 that	 remains	 to	 be	 answered	 is	

whether	the	TrkB	distribution	pattern	from	these	five	motoneurons	is	representative	of	all	

trapezius	 motoneurons.	 Examining	 a	 much	 larger	 number	 of	 cells	 would	 be	 the	 only	
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definitive	 way	 to	 answer	 this	 question.	 Due	 to	 the	 small	 sample	 size,	 this	 study	 was	 in	

principle	designed	to	identify	common	features	to	all	identified	motoneurons.	A	number	of	

measures	 were	 considered	 to	 ensure	 that	 there	 was	 no	 bias	 in	 the	 examination	 of	

motoneurons.	 Trapezius	 motoneurons	 in	 cats	 are	 located	 between	 the	 C2	 and	 C6	 spinal	

segments	(Vanner	&	Rose,	1984).	(1)	To	create	a	representative	sample	 from	these	spinal	

segments,	2	cells	were	selected	from	the	C2,	2	were	from	the	C3	and	1	from	the	C4	segment.	

(2)	To	avoid	a	bias	to	one	animal,	the	motoneurons	were	collected	from	3	different	animals.	

(3)	In	addition,	data	collected	from	each	motoneuron	contained	a	minimum	of	35	dendritic	

segments	that	spanned	from	the	soma	to	at	least	1000	µm	away	from	the	soma	to	provide	a	

valid	representation	of	TrkB	immunoreactivity	in	all	regions	of	the	dendritic	tree.			

	

4.2.2 	 Consequences	of	differences	in	pixel	resolution	in	the	z	dimension	vs.	x	

and	y	

	 To	acquire	the	TrkB	immunoreactivity	in	the	spinal	tissue,	confocal	microscopy	was	

used	which	emits	a	single	beam	of	light	focused	to	illuminate	a	single	point	in	the	specimen.	

This	 beam	 then	moves	 across	 the	 x,	 y,	 and	 z	planes	 to	 scan	 the	 specimen	point	 by	point;	

ultimately	creating	an	image	stack.	In	this	study,	confocal	image	stacks	were	acquired	using	

a	63x	oil	immersion	objective.	The	voxels	in	the	images	have	a	lateral	resolution	(x	and	y)	of	

0.22	 µm	 and	 an	 axial	 resolution	 (z	 axis)	 of	 0.4	 µm.	 Since	 the	 resolution	 in	 the	 z	 axis	 is	

elongated,	 the	 resolution	 is	 lower	 compared	 to	 those	 of	 the	 x	 and	 y	 axis.	 This	 difference	

results	 in	the	elongation	of	 features	and	loss	of	details	along	the	z	axis.	This	may	result	 in	

the	 overestimation	 of	 the	membrane	 surface	 area	 and	 cytoplasmic	 volume.	 To	 avoid	 this	
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issue,	 the	 fluorescence	 intensity	 values	 reported	 for	 the	 membrane‐associated	 and	

cytoplasmic	TrkB	immunoreactivity	were	expressed	per	voxel	rather	than	per	µm3.	

4.3 						Immunoblotting	results	are	not	limited	to	spinal	motoneurons	

	 Homogenates	 of	 whole	 spinal	 tissue	 from	 cervical	 segments	 (C3‐C5	 rat;	 C2‐C6	

feline)	were	used	for	the	Western	blotting	experiments.	 	Although	the	presence	of	several	

TrkB	isoforms	has	been	confirmed,	these	homogenates	include	motoneurons	located	in	the	

ventral	horn	that	innervate	different	muscles	as	well	as	neurons		in	the	intermediate	region	

and	 the	 dorsal	 horn.	 Consequently,	 the	 presence	 of	 all	 the	 detected	 isoforms	 in	

motoneurons	 cannot	 be	 confirmed.	 Homogenates	 of	 isolated	 ventral	 spinal	 cord	 can	 be	

prepared	to	examine	the	various	isoforms	of	TrkB	in	motoneurons	with	higher	confidence.	

	

4.4 						Motoneuronal	dendrites	contain	various	isoforms	of	TrkB	

	 Using	Western	blot	analysis,	we	have	shown	identified	the	mature	full‐length	TrkB	

with	the	approximate	molecular	weight	of	145	kDa(Klein	et	al.,	1989)	in	the	feline	and	rat	

cervical	spinal	 tissue.	Although	a	set	of	double	bands	close	 to	145	kDa	were	detected,	we	

presume	 that	 the	 lower	 band	may	be	due	 to	 a	 small	 degree	 of	TrkB	protein	degradation.	

TrkB	exists	in	a	number	of	glycosylation	states	within	neurons	(Klein	et	al.,	1989;	Watson	et	

al.,	 1999).	 There	 are	 compelling	 evidence	 for	 the	 presence	 of	 immature	 TrkB	 proteins	 in	

motoneurons	 (Mojsilovic‐Petrovic	 et	 al.,	 2006;	 Wiese	 et	 al.,	 2007;	 Golder	 et	 al.,	 2008a;	

Hoffman	&	Mitchell,	2011a).	We	found	that	there	are	at	 least	3	hypoglycosylated	forms	of	

TrkB	present	in	the	spinal	tissue	containing	the	phrenic	and	trapezius	motoneurons	in	two	

species.	A	band	at	50	kDa	corresponds	to	a	TrkB	backbone	protein	that	has	undergone	little	

or	 no	 post‐translational	 glycosylation	 (Watson	 et	 al.,	 1999;	 Hoffman	 &	 Mitchell,	 2011a).	
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Other	 bands	 at	 higher	molecular	 weights	 of	 65	 kDa	 and	 80	 kDa	were	 also	 detected.	We	

propose	 that	 these	 bands	 correspond	 to	 immature	 TrkB	 isoforms	 that	 have	 become	

partially	glycosylated.	To	our	knowledge,	there	are	no	clear	accounts	of	all	the	glycosylated	

isoforms	of	TrkB	in	the	nervous	system.	This	 is	partly	due	to	the	unstable	nature	of	 these	

isoforms	 that	undergo	numerous	modifications	 (Fryer	et	al.,	 1996).	Additionally,	multiple	

forms	 of	 carbohydrate	 attachments	 may	 occur	 at	 a	 number	 of	 the	 glycosylation	 sites	

generating	glycoproteins	with	various	molecular	weights	(Martin‐zanca	et	al.,	1989).	

In	this	experiment,	we	have	confirmed	the	presence	of	TrkB	in	the	somatodendritic	

cytoplasm	of	trapezius	motoneurons	(see	Fig.	3.2).	In	accordance	with	the	immunoblotting	

results,	the	cytoplasmic	immunoreactivity	in	part	corresponds	to	immature	TrkB	isoforms	

since	hypoglycosylated	Trk	proteins	are	primarily	localized	to	the	cytoplasm	(Watson	et	al.,	

1999;	 Rajagopal	 et	 al.,	 2004;	 Arévalo	 et	 al.,	 2006)	 and	 must	 undergo	 substantial	

glycosylation	 (Martin‐zanca	 et	al.,	 1989)	 for	 trafficking	 to	 the	membrane.	 It	 is	 postulated	

that	 in	 the	 absence	 of	 glycosylation,	 immature	 TrkB	 proteins	 lack	 the	 signal	 required	 to	

localize	to	the	plasma	membrane.	Furthermore,	endocytic	vesicles	containing	mature	TrkB	

in	 transition	 to	 and	 away	 from	 the	 cell	 surface	 also	 presumably	 contribute	 the	 observed	

cytoplasmic	immunoreactivity.	

	

4.5 						Maintenance	of	different	classes	of	synapses	across	the	dendritic	tree	of			

motoneurons	

Activated	 TrkB	 promotes	 the	 establishment	 of	 hippocampal	 Schaffer	 collateral	

synapses	(Luikart	et	al.,	2005)	and	dendritic	growth	in	cortical	pyramidal	neurons	(Xu	et	al.,	

2000;	 Yacoubian	&	 Lo,	 2000).	 It	 is	 also	 a	 requisite	 for	 dendritic	 retraction	 in	 developing	
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chicken	 Nucleus	 Magnocellularis	 neurons	 (Schecterson	 et	 al.,	 2012).	 Retrogradely	

transported	BDNF	prevents	synaptic	 stripping	of	abducens	motoneurons	membranes	 that	

reduce	responsiveness	to	afferent	signals	(Davis‐López	de	Carrizosa	et	al.,	2009;	Davis‐lo	et	

al.,	2010).	BDNF/TrkB	is	thought	to	maintain	inhibitory	synapses	(designated	by	VGAT)	in	

the	 soma	and	proximal	dendrites	 since	VGAT	 immunoreactivity	 remains	unaffected	when	

BDNF	is	administered	immediately	post	nerve	injury.	In	contrast,	the	recordings	of	the	tonic	

discharge	 suggest	 that	 TrkB	maintains	 different	 sets	 of	 functionally	 related	 synapses	 (i.e.	

inhibitory	and	excitatory).	The	current	 functional	roles	of	TrkB	in	regulating	the	dendritic	

integrity	 and	 synaptic	 strength	 are	 implicative	 that	 TrkB	 may	 be	 confined	 to	 a	 specific	

region	 of	 the	dendritic	 tree	 in	motoneurons.	These	 classes	 of	 synapses	must	be	 arranged	

differently	 across	 the	 dendritic	 tree.	 If	 the	 bias	 in	 the	 distribution	 of	 these	 synapses	was	

similar	 (e.g.	 distal	 dendrites),	 TrkB	 would	 have	 been	 expected	 to	 follow	 a	 similar	

distribution	pattern.	The	absence	of	a	trend	in	TrkB	immunoreactivity	across	the	dendritic	

tree	 of	 adult	 motoneurons	 appears	 to	 be	 in	 agreement	 with	 the	 presumption	 that	 TrkB	

operates	 in	 proximity	 to	 different	 classes	 of	 synapses	 that	 are	 present	 throughout	 the	

dendritic	tree	of	motoneurons.		

	

4.6 						TrkB	 transactivation	may	 be	 a	 common	 regulatory	mechanism	 in	 all	

motoneurons	

	 Although	 the	 functional	 roles	of	hypoglycosylated	TrkB	proteins	are	not	 very	well	

understood,	the	transactivation	of	one	immature	isoform	has	been	shown	to	lead	to	a	long	

lasting	 increase	 in	 phrenic	 motor	 output.	 In	 phrenic	 motoneurons,	 episodes	 of	 acute	
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intermittent	 hypoxia	 activate	 A2A	 	 receptors	 (Baker‐Herman	 et	 al.,	 2004)	 or	 5‐HT7	

receptors	(Hoffman	&	Mitchell,	2011a)	which	 in	 turn	activate	 immature	cytoplasmic	TrkB	

(80	 kDa)	 that	 enhances	 the	 phrenic	 output.	 The	 presence	 of	 a	 80	 kDa	 hypoglycosylated	

TrkB	in	feline	spinal	tissue	containing	the	phrenic	and	trapezius	motor	nuclei	(see	section	

3.4)	suggests	that	transactivation	of	 immature	TrkB	may	be	a	common	feature	of	all	adult	

motoneurons.	Moreover,	transactivation	of	TrkB	may	be	a	general	regulatory	mechanism	in	

motoneurons	 in	 the	 absence	of	 stress	 such	 as	hypoxia.	 For	 example,	 repeated	 spinal	A2A		

receptor	 activation	 has	 been	 shown	 to	 elicit	 an	 increase	 in	 phrenic	 burst	 amplitude	 in	

absence	of	hypoxic	episodes	(Golder	et	al.,	2008a).	Transactivation	of	Trk	proteins	has	been	

reported	 to	 be	 restricted	 to	 the	 intracellular	 membranes	 (Golgi	 apparatus)	 where	 they	

presumably	 autodimerize	 and	 autophosphorylate	 to	 activate	 downstream	 signaling	

cascades	(Lee	et	al.,	2002b;	Rajagopal	et	al.,	2004;	Schecterson	et	al.,	2010).		

	 	

4.7 	 TrkB	 in	 distal	 dendrites	 may	 be	 involved	 in	 the	 enhancement	 of	

response	to	excitatory	synapses	

	 In	 this	 study	 the	 presence	 of	 TrkB	 throughout	 the	 dendritic	 tree	 of	motoneurons	

including	distal	dendrites	has	been	illustrated	(Fig.	3.2)	Prior	to	the	quantification	of	TrkB	

distribution,	it	was	hypothesized	that	TrkB	would	be	distributed	with	a	bias	to	serotonergic	

contacts.	 As	 described	 in	 sections	 3.3,	 motoneuronal	 TrkB	 shows	 no	 specific	 bias	 to	 a	

certain	 region	 of	 the	 dendritic	 tree.	 This	 is	 an	 apparent	 trend	 for	 both	 cytoplasmic	 and	

membrane‐associated	TrkB.	In	a	series	of	studies,	Mitchell	and	colleagues	examined	the	role	

of	 BDNF	 and	 TrkB	 in	 the	 phrenic	motoneurons(Baker‐Herman	 et	al.,	 2004;	 Golder	 et	al.,	

2008a;	Hoffman	&	Mitchell,	2011a).	Phrenic	motor	output	undergoes	a	persistent	increase	
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via	 several	distinct	mechanisms;	 two	of	which	 involve	 the	upregulation	of	BDNF	or	TrkB.	

The	 Q	 pathway	 involves	 the	 activation	 of	 motoneuronal	 5‐HT2	 receptors	 which	 in	 turn	

upregulate	 the	 new	 synthesis	 of	 TrkB	 and	 its	 ligand,	 BDNF.	 These	 effects	 are	 induced	

through	 acute	 intermittent	 hypoxia	 or	 direct	 episodic	 application	 of	 serotonin	 agonists	

(MacFarlane	et	al.,	2008).	The	serotonin‐dependent	enhancement	of	response	to	excitatory	

synapses	through	TrkB	activation	suggests	that	TrkB	receptors	function	in	the	vicinity	of	5‐

HT	receptors.	5‐HT	synapses	are	widely	distributed	across	the	motoneurons’	dendritic	tree	

with	a	strong	bias	to	small	diameter	dendrites	in	neck	motoneurons	(Montague	et	al.,	2013).	

Our	 observations	 indicate	 that	 TrkB	 is	 present	 in	 the	 cytoplasm	 and	 the	 membrane‐

associated	regions	of	the	distal	dendrites.	Consequently,	the	serotonin‐dependent	activation	

of	 TrkB	 described	 by	Mitchell	 and	 colleagues	may	 be	 a	 common	 feature	 to	 all	 classes	 of	

motoneurons.			

	 In	this	study,	the	animals	were	anesthetized	with	sodium	pentobarbital	for	general	

anesthesia.	Sodium	pentobarbital	has	been	shown	to	reduce	the	actions	of	serotonin	(5‐HT)	

on	motoneurons	(Lee	&	Heckman,	2000).	Consequently,	serotonin‐dependent	activation	of	

TrkB	 may	 have	 become	 altered	 due	 to	 pentobarbital.	 This	 could	 have	 contributed	 to	

absence	of	a	bias	in	TrkB	immunoreactivity	in	distal	dendrites	where	5‐HT	axon	terminals	

are	abundant	(Montague	et	al.,	2013).	Whether	the	changes	in	serotonin	activity	affect	the	

BNDF‐dependent	activation	and	transactivation	of	TrkB	requires	the	control	of	serotonergic	

activity.	 The	 application	 of	 sodium	 pentobarbital	 can	 be	 avoided	 via	 performing	 a	

decerebration.	 The	major	 advantage	 is	 that	 decerebration	 allows	 for	 the	 investigation	 of	

neurotransmission	without	the	confounding	effects	of	anesthetics	on	ligand‐gated	receptors	

(Brandes	 et	 al.,	 2006).	 The	 presence	 of	 a	 bias	 to	 distal	 dendrites	 in	 the	 cytoplasmic	 or	
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membrane‐associated	 TrkB	 immunoreactivity	 of	 the	 motoneurons	 from	 a	 decerebrate	

animal	may	provide	a	better	understanding	of	which	TrkB	activation	mechanisms	(BDNF	vs.	

transactivation).	

	

4.8 						Activation	of	membrane‐associated	TrkB	is	not	limited	to	muscle‐

derived	neurotrophins	

	 It	has	 long	been	established	that	BDNF	is	retrogradely	transported	via	the	axon	to	

the	soma	in	motoneurons	where	it	instigates	various	signaling	mechanisms	(Oppenheim	et	

al.,	1991;	Koliatsos	et	al.,	1993;	Funakoshi	et	al.,	1993;	Griesbeck	et	al.,	1995).	The	apparent	

TrkB	 immunoreactivity	 in	 the	 soma	 and	 immediately	 proximal	 dendrites	 of	 trapezius	

motoneurons	are	in	agreement	with	these	observations.	Very	little	is	however	known	about	

the	neurotrophic	support	in	motoneuronal	dendrites.	This	is	partly	due	to	the	low	levels	of	

neurotrophins	present	under	normal	physiological	conditions.	The	distribution	of	TrkB	 in	

intermediate	and	distal	dendrites	of	trapezius	motoneurons	is	indicative	of	BDNF	action	in	

these	regions.	To	activate	intracellular	signaling	via	membrane‐bound	TrkB,	BDNF	must	be	

synthesized	 in	 the	 vicinity	 of	 these	 receptors	 or	 transported	 through	 the	 dendritic	 tree.	

Neurons	 that	 depend	 on	 BDNF	 support	 are	 thought	 to	 express	 the	 neurotrophin	

(Schecterson	 &	 Bothwell,	 1992;	 Acheson	 et	 al.,	 1995;	 Buck	 et	 al.,	 2000).	 In	 the	 current	

working	models	presented	by	Mitchell	and	colleagues	(Baker‐Herman	et	al.,	2004;	Lovett‐

Barr	 et	 al.,	 2012),	 BDNF	 synthesis	 presumably	 takes	 place	 in	 the	 dendrites	 of	 phrenic	

motoneurons.	 The	 localization	 of	 BDNF	 mRNA	 and	 protein	 and	 5‐HT2A	 receptors	 in	

motoneurons	 (Basura	 et	 al.,	 2001;	 Fuller	 et	 al.,	 2005;	 Noga	 et	 al.,	 2009)	 provided	

circumstantial	 evidence	 for	 this	 presumption.	 Alternatively,	 BDNF	 may	 be	 delivered	 to	
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motoneuronal	 dendrites	 via	microglia	 (Coull	 et	al.,	 2005;	 Trang	 et	al.,	 2011),	 or	 released	

from	 excitatory	 presynaptic	 dense	 core	 vesicles	 (Dieni	 et	 al.,	 2012),	 specifically	 the	

descending	noradrenergic	axons	(Fawcett	et	al.,	1998)	

	

4.9 						Truncated	TrkB	may	regulate	the	activation	of	signaling	cascades	

Although	 several	 immature	 TrkB	 proteins	 were	 detected	 in	 the	 Western	 blots	

including	 the	 full	 length	 TrkB	 receptor,	 a	 number	 of	 truncated	 TrkB	 transcripts	 can	 also	

result	 from	 the	 alternative	 splicing	 of	 the	 trkB	 mRNA	 (Middlemas	 et	 al.,	 1991).	 The	 full‐

length	membrane	associated	TrkB	typically	displays	catalytic	kinase	activity	and	activates	

intracellular	signaling	cascades	upon	phosphorylation.	In	contrast,	truncated	TrkB	isoforms	

[TrkB.T1	 and	 TrkB.T2]	 lack	 the	 catalytic	 domain	 and	 are	 therefore	 incapable	 of	

neurotrophic	signaling.	While	the	expression	of	mRNA	transcript	for	the	truncated	TrkB	has	

been	confirmed	in	motoneurons	(Armanini	et	al.,	1995),	the	presence	of	a	functional	protein	

is	 not	 well	 established.	 The	 presence	 of	 these	 truncated	 TrkB	 receptors	 and	 their	

hypoglycosylated	 immature	 isoforms	 could	 not	 be	 ruled	 out	 in	 trapezius	 motoneurons	

based	on	the	immunoblotting	results	shown	in	this	study.	The	epitope	for	the	antibody	used	

is	located	on	the	carboxy	terminal	of	the	receptor	protein	which	is	absent	in	the	truncated	

isoforms.	 Truncated	 TrkB	 isoforms	may	 restrict	 the	 full	 length	 TrkB	 signaling	 in	 several	

ways:	 (1)	 function	 as	dominant	negative	 receptor	when	 co‐expressed	with	 the	 full	 length	

TrkB	 (Eide	 et	 al.,	 1996;	 Haapasalo	 et	 al.,	 2001),	 (2)	 sequester	 BDNF	 and	 thus	 limit	 its	

availability	 in	non‐neuronal	cells	 (Biffo	et	al.,	1995;	Fryer	et	al.,	1997)	and	(3)	reduce	 the	

expression	of	 the	 full	 length	TrkB	on	 the	membrane	 (Haapasalo	et	al.,	2002).	Considering	

the	 roles	of	 truncated	TrkB,	 it	 is	 crucial	 to	examine	 its	distribution	 in	 comparison	 to	 full‐
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length	TrkB	 in	motoneurons	 to	better	understand	 the	mechanisms	 involved	 in	 regulating	

intracellular	signaling	cascades	post‐ligand	binding.		

	

4.10 			Dendritic	TrkB	distribution	represents	monomers	and	homodimers	

The	 conclusion	 of	 the	 current	 study	 is	 that	 TrkB	 monomers	 and	 dimers	 are	

homogenously	distributed	across	the	dendritic	tree	of	motoneurons.	Although	expressed	as	

monomers,	many	 receptor	 tyrosine	 kinases	 including	TrkB	 are	only	 functional	 as	dimers.	

The	binding	of	BDNF	to	TrkB	triggers	the	coupling	of	two	monomers	which	phosphorylate	

each	 other.	 Immature	 hypoglycosylated	 TrkB	 monomers	 behave	 similarly	 to	

autophosphorylate	 and	 autodimerize.	 	 The	 presumption	 is	 that	 the	 reduced	 presence	 of	

oligosaccharides	 on	TrkB	 glycoprotein	 backbone	 renders	 the	 protein	more	 susceptible	 to	

phosphorylation.	 The	 distribution	 of	 the	 TrkB	 reported	 here	most	 likely	 represents	 TrkB	

monomers	and	homodimers	as	the	antibody	does	not	differentiate	between	the	two	states.	

In	theory,	a	comparison	of	the	fluorescence	intensity	on	a	voxel‐by‐voxel	basis	may	prove	to	

be	 constructive	 in	 differentiating	 the	 oligomeric	 states	 of	 TrkB.	 Future	 studies	 of	 TrkB	

quantification	should	make	use	of	spatial	 intensity	distribution	analysis	(SpIDA)	(Godin	et	

al.,	 2011)	 which	 has	 successfully	 been	 used	 to	 separate	 monomers	 and	 homodimers	 of	

intracellular	TrkB	(Swift	et	al.,	2011)	and	membrane‐bound	KCC2	(Doyon	et	al.,	2011).	
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4.11 	 Concluding	statements	

	 This	 is	 the	 first	 study	 to	 provide	 a	 quantitative	 description	 of	 the	 distribution	 of	

cytoplasmic	 and	 membrane‐associated	 TrkB	 in	 adult	 motoneurons.	 Previous	 studies	

indicate	 that	TrkB	 regulates	 and	maintains	dendritic	 structure	 (Gonzalez	&	Collins,	 1997;	

Schecterson	et	al.,	2012),	suggesting	that	TrkB	is	present	on	the	dendrites	of	motoneurons.		

The	 presence	 of	 TrkB	 throughout	 the	 dendritic	 tree	 of	motoneurons	 shown	 in	 this	 study	

reaffirms	the	role	of	TrkB	in	the	maintenance	of	dendritic	integrity.	Since	TrkB	is	involved	

in	 the	 maintenance	 of	 inhibitory	 synapses	 (Davis‐López	 de	 Carrizosa	 et	 al.,	 2009),	 its	

distribution	on	the	dendritic	tree	may	match	that	of	the	inhibitory	synapses.	These	synapses	

are	most	likely	distributed	in	a	region‐specific	manner	and	TrkB	distribution	would	not	be	

uniform.	 TrkB	 also	 regulates	 the	 expression	 and	 function	 of	 KCC2	 (Rivera	 et	 al.,	 2002;	

Boulenguez	et	al.,	 2010;	Boyce	et	al.,	 2012a),	 and	augmentation	of	 response	 to	 excitatory	

synapses	via	a	5‐HT7	receptor	activation	and	in	the	absence	of	BDNF	(Golder	et	al.,	2008b;	

Hoffman	&	Mitchell,	2011b).	Based	on	these	regulatory	roles,	the	distribution	of	TrkB	may	

resemble	the	non‐uniform	distribution	of	KCC2	on	motoneuronal	dendrites	(Nichol,	2013)	

or	that	of	the	5‐HT7	receptor	that	is	present	on	motoneurons	(Schmidt	&	Jordan,	2001;	Doly	

et	al.,	2005).	Thus,	TrkB	distribution	may	match	the	distribution	of	more	than	one	class	of	

synapses	 or	 receptors	 which	 most	 likely	 are	 biased	 to	 specific	 regions	 of	 the	 dendrites.	

Accordingly,	 the	 absence	 of	 a	 significant	 trend	 in	 the	 dendritic	 distribution	 of	 TrkB	

presented	 in	 this	 study	 may	 be	 due	 to	 an	 overlap	 in	 distribution	 of	 different	 proteins	

regulated	by	TrkB.	
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