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Abstract 

 The pathophysiology of cerebral ischemia or acute ischemic stroke involves what is 

called neuronal "excitotoxicity", where an initial failure in intracellular energy metabolism 

causes excessive pre-synaptic glutamate release that over-stimulates ionotropic receptors, 

particularly the N-Methyl-D-aspartate (NMDA) receptor. Pharmaceutical research endeavours in 

the past decade that developed and tested therapeutics against glutamate neurotoxicity have 

exhibited dose-limiting adverse CNS effects in several large scale stroke clinical trials. Given 

their involvement in glutamatergic neurotransmission, serotoninergic compounds offer a method 

to modulate glutamate neurotoxicity without evoking unacceptable side effects.   

 A novel neuroprotective mechanism against NMDA induced excitotoxicity involves 

cross-talk between 5-hydroxytryptamine (serotonin) type 7 (5-HT7) receptor and a growth factor 

receptor called the platelet-derived growth factor β receptor (PDGFRβ). In primary hippocampal 

neurons, long-term (24 hour) activation of the 5-HT7 receptor by small molecule ligands increase 

the expression of PDGFRβ that in turn phosphorylates a downstream effector which 

differentially regulates NMDA receptor subunit expression to prevent NMDA-induced 

neurotoxicity. Direct activation of platelet-derived growth factor (PDGF)β receptors in primary 

hippocampal and cortical neurons inhibits NMDA receptor activity and attenuates NMDA 

receptor-induced toxicity. This study aimed to determine if such a neuroprotective pathway could 

be active with short-term application of a 5-HT7 receptor agonist. Western blot analysis revealed 

that 2 to 4 h activation of 5-HT7 receptors in primary hippocampal neurons increased tyrosine 

1021 phosphorylation (PLCγ binding site responsible for down regulating NR2B containing 
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NMDA receptors), as well as TrkB-FL receptor expression and phosphorylation. In addition, 

sustained increases in PLCγ1 expression and Akt activation were observed. Cell viability assays 

performed in primary hippocampal neurons showed that 2 and 4 h pre-treatment with LP 12 was 

neuroprotective against NMDA insults.  

 Similar results were observed in HT22 cells. After extensive characterization of the cell 

line, we determined that differentiated HT22 cells were susceptible to NMDA-induced 

excitotoxicity. Similar to primary neurons, HT22 cells treated with 4 h LP 12 resulted in an 

increase in tyrosine 1021, ERK1/2, PLCγ1, and Akt threonine 308 phosphorylation. MTT 

viability assays in differentiated HT-22 cells suggested that neuroprotection against NMDA can 

be observed with 4 h LP 12 pre-treatment and that a sustained rise in 5-HT7 receptor expression 

occurs during neuronal excitotoxicity.  

 These findings expand the potential role of 5-HT7 receptors as a drug target beyond 

neuropsychiatric illnesses and provide further evidence for the possibility of producing growth 

factor receptor-dependent neuroprotective effects using small-molecule ligands of G protein-

coupled receptors for neuronal excitotoxicity. 
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Chapter 1: Introduction 

This chapter begins with a brief review of all the different topics pertinent to the research 

question in this thesis. The scope of this chapter is to firstly introduce three key components of 

the research: GPCRs, RTKs, and neuronal excitotoxicity. Second, the chapter will aim to explain 

the cross-talk between the three components and create rationale for my hypothesis.  

1.1 G-protein coupled receptors and serotonin signalling 

1.1.1 G-protein coupled receptors 

 G-protein coupled receptors represent a large and diverse family of transmembrane 

receptors which all function by transducing signals from external stimuli to internal responses 

that may be either physiological or pathophysiological in nature [1]. All GPCRs have an 

extracellular amino terminus, seven membrane-spanning α-helices, and a cytosolic carboxyl 

terminus [1]. GPCRs are bound to a select variety of heterotrimeric G proteins (as their name 

suggests) in the cytosol that, upon activation, are responsible for signal transduction [1]. 

Heterotrimeric G proteins are composed of α, β, and γ subunits and upon activation the α subunit 

separates from the βγ complex and both may then interact with effector proteins [1]. Ligand 

binding to a GPCR incurs a conformational change of the receptor to an active state where the 

cytosolic guanine exchange factor domain in the GPCR results in the release of bound GDP and 

the binding of GTP to the Gα subunit, thus activating and separating the Gα subunit from the βγ 

complex [1, 2]. The intrinsic GTPase activity of the Gα subunit can terminate a transduced signal 

by hydrolyzing the bound GTP to GDP leading to the reattachment of the Gα subunit with the βγ 



 

 2 

complex and subsequent reassociation with the GPCR [1, 2]. The variation in cellular and 

physiological consequences of G protein activation is largely a result of the effectors the Gα 

subunit interacts with [2], though Gβγ dimers have also been shown to modulate downstream 

effectors [3]. To date, there are 16 known Gα subunits, where the four most prominently found 

and rigorously studied are classified into four subgroups: Gαs (stimulate adenylate cyclase, AC), 

Gαi/o (inhibit AC), Gαq (activate phospholipase C, PLC) and Gα12 (activate Rho guanine-

nucleotide exchange factors, Rho GEFs ) [1,2].                      

 For the majority of GPCRs, inactivation occurs when certain threonine and serine 

residues on their C-terminal tails are phosphorylated, obstructing their physical association with 

the G protein binding domains [2]. This phosphorylation can be achieved by active protein 

kinase A (PKA) and protein kinase C (PKC) [4] and/or GPCR kinases (GRKs) [4]. Upon 

phosphorylation of GPCRs, β-arrestin molecules interact with the phosphorylation site and link 

the complex to clathrin-coated pits, leading to the internalization of GPCRs into endosomes 

[4,5]. Once internalized, the association of β-arrestins to GPCRs in endosomes determines if the 

receptor is recycled back to the membrane or undergoes lysosomal degradation [4,5].       

1.1.2 Serotonin and serotonin receptors  

 5-hydroxytryptamine (5-HT) or serotonin is a monoamine isolated in the late 1940s from 

blood serum and was first characterized mainly as a vasoconstrictor [6]. In mammals, 5-HT is 

widely distributed in blood, platelets, brain and nervous tissue, gastrointestinal enterochromaffic 

cells and smooth muscle [6]. Interestingly, 5-HT exerts its strongest actions in the brain even 

though only only 1% of the body's total 5-HT is produced in the central nervous system [7]. 
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Neurons that produce 5-HT (serotonergic neurons) are concentrated in the raphe nuclei of the 

midbrain and their fibers diffusely project to the cerebral cortex, limbic system, hypothalamus, 

hippocampal formation, and the spinal cord [8]. 5-HT has been recognized as a major CNS 

neurotransmitter that is involved in the regulation of anxiety and aggression, circadian rhythms 

and sleep, mood and perception, pain, and feeding behaviour [9]. Fourteen structurally and 

pharmacologically distinct mammalian 5-HT receptor subtypes (divided into seven main classes 

5-HT1 to 5-HT7) have been identified to date [10]. All the 5-HT receptors are of the rhodopsin 

family of GPCRs with the exception of the 5-HT3 receptor which is a ligand-gated ion channel. 

5-HT1 and 5-HT5 are Gαi-coupled receptors, 5-HT2 receptors are Gαq-coupled and finally 5-

HT4,6&7 are Gαs-coupled (stimulate AC) where the 5-HT7 receptor has also been reported to 

couple with Gα12 [10, 11]. Table 1 presents a summary of all 5-HT receptor G protein coupling, 

their major signal transduction mechanism(s), and what neurochemical event occurs (excitation 

or inhibition) at the level of a single neuron. 
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Table 1: Overview of 5-HT Receptor Subtypes As adapted from [10, 11]  

5-HT Receptor 

Family 

Gα Protein Unit 

Coupling 

Signal 

Transduction 

Mechanism  

Response at the 

single neuron level 

5-HT1 Gαi/o Inhibits AC 

(decreasing 

cellular cAMP 

levels) 

Inhibitory 

5-HT2 Gαq Activates PLCβ to 

produce IP3 and 

DAG, increasing 

cellular cAMP 

levels 

Excitatory 

5-HT3 Ligand-gated Na
+
 

and K
+

  cation 

channel 

Depolarization of 

plasma membrane 
Excitatory 

5-HT4 Gαs Stimulate AC,  Excitatory 

5-HT5 Gαi/o Inhibits AC Inhibitory 

5-HT6 Gαs Stimulate AC  Excitatory 

5-HT7 Gαs or Gα12 Stimulate AC, 

Stimulate Cdc42 

and RhoA 

(involved with 

cytoskeleton 

remodelling) 

Excitatory 
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1.2 5-HT7  receptors  

1.2.1 5-HT7 receptor properties  

 The 5-HT7 receptor is the most recently identified member of the 5-HT receptor family. 

To date 5-HT7 receptors have at least five splice variants (5-HT7a-e) in human (contains a,b, d), 

mouse (contains a,b,c) and rat (contains a,b,c,e) which differ in their C-terminal tail however 

differences in their pharmacology and/or functionality have not yet been elucidated [12-14]. 

 One established 5-HT7 receptor signalling pathway is the activation of Gαs protein which 

in vitro can activate all AC isoforms [15]; though it has been reported that the 5-HT7a isoform 

can specifically stimulate AC1 and AC8 [16]. Upon activation of AC, there is a surge in the 

levels of the intracellular second messenger molecule, cyclic adenosine monophosphate (cAMP); 

this activates the enzyme PKA which phosphorylates downstream effector proteins [16]. PKA 

can catalyze the activation of several intracellular signalling cascades which include the 

neuroprotective extracellular signal-regulated kinases (ERK) and Akt (protein kinase B) 

pathways [16].           

 5-HT7 receptors are also coupled to the Gα12 proteins that mainly activate Rho GEFs 

(among many other effectors) to ultimately initiate downstream signalling from Rho family of 

small GTPases (mainly Rho and Cdc42) [16]. Activation of Gα12 by 5-HT7 receptors appears to 

selectively activate RhoA and Cdc42 and is involved in cytoskeletal remodelling [16]. 5-HT7 

receptor-dependent activation of Cdc42 has now been shown to stimulate neurite outgrowth in 

primary cultures of cortical, hippocampal and striatal neurons in pathways that also involve the 

activation of ERK and the mammalian target of rapamycin (mTOR) [17]. A recent study by 
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Kobe et al. in 2012 showed that 5-HT7/Gα12 signalling in the hippocampus is more pronounced 

in cultured organotypic hippocampal slices from juvenile mice compared to older mice as 

measured by assessing neuronal morphology, synaptogenesis, and synaptic plasticity [18]. This 

same study further confirmed the strong developmental regulation of 5-HT7/Gα12 signalling in 

the hippocampus by reporting a progressive decrease in 5-HT7 and Gα12 protein levels in older 

neuronal cultures [20], further supporting their role in activity dependent structural and 

functional plasticity 

     5-HT7 receptors can exist as homodimers  but can also form heterodimers with the Gαi 

coupled 5-HT1A receptors in neuroblastoma N1E-115 cells and mouse hippocampal neurons [19]. 

5-HT7/5-HT1A heterodimerization increases internalization kinetics of 5-HT1A receptors (thus 

decreased activation of Gαi signalling) but spares the Gαs signalling of 5-HT7 receptors [21]. The 

physiological consequences of 5-HT7 receptor heterodimer formation has not been fully 

investigated.        

1.2.2 5-HT7 receptor functions 

 Various techniques and pharmacological compounds have been used to study 5-HT7 

receptor activation and deactivation in vitro and in vivo. The recent development of selective 5-

HT7 agonists (AS-19, LP-44, LP-12, LP-211, and E-55888), antagonists (SB-258719, SB-

269970, and SB-656104) and 5-HT7 receptor knockout mice have been used to study the 

signalling of the receptor as well as its involvement in CNS pathologies like anxiety, depression, 

schizophrenia, sleep disorder, epilepsy, and obsessive compulsive disorder (OCD) (see reviews 

[20-22]). The 5-HT7 receptor is expressed in both the CNS and the PNS. In the PNS, the 5-HT7 
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receptor is predominately found in smooth muscle cells and is involved with smooth muscle 

relaxation [23]. In the CNS, the 5-HT7 receptor is extremely abundant in the cortex, 

hypothalamus, thalamus and the hippocampus [24]. Much information has become available 

regarding the physiological role of the 5-HT7 receptor activation in the CNS being pertinent to 

regulating circadian rhythms (facilitates circadian phase shift and REM sleep) [25, 26], 

thermoregulation (induces hypothermia) [27, 28], and cognitive processes like memory 

(facilitates long and short-term memory consolidation)  [20, 29-31].     

 Given the established presence of 5-HT7 receptors in key cerebral areas coupled with the 

finding that several antipsychotics and antidepressants have high affinity for the 5-HT7 receptor, 

much attention has been dedicated to elucidating the role of 5-HT7 receptors in neuro-psychiatric 

disorders like depression, anxiety, schizophrenia and sleep disorders [32, 33]. Despite requiring 

further validation, pre-clinical studies completed to date support using 5-HT7 receptor 

antagonists to ameliorate effects of schizophrenia, anxiety and especially depression. For 

depression, the pharmacological inhibition of the 5-HT7 receptor synergistically enhances the 

anti-depressive effects of clinically used antidepressants [34, 35]. New individual therapies for 

neuropsychiatric disorders targeting the blockade of 5-HT7 receptors in combination with using 

current antidepressants are currently under investigation [22]. 5-HT7 receptor blockade is one of 

the key pharmacological features of vortioxetine, an atypical antidepressant that was approved 

by the U.S. FDA for the treatment of major depressive disorder in 2013 [36]. 
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1.3 Neurotrophic factors and receptor tyrosine kinases (RTKs) 

 In general, neurotrophic factors or growth factors bind to cell surface receptors or 

receptor tyrosine kinases (RTKs) and initiate signaling cascades like phosphatidylinositol 3-

kinase (PI3K) /Akt (cell survival), MAP Kinase (neurite outgrowth and neuronal differentiation), 

and PLC-γ (activity dependent plasticity) that result in the proliferation and growth of different 

cell types [37, 38]. Strictly speaking, the two major families of neurotrophic factors are the 

neurotrophin family and the glial cell line-derived neurotrophic factor (GDNF) family [38]. The 

neurotrophins comprise of nerve growth factor (NGF), neurotrophin-3, neurotrophin 4 (NT-3, 

NT-4) that bind to the tropomyosin related kinase (Trk) family of receptor tyrosine kinases A, B 

and C that can all activate the previously mentioned signalling cascades [38]. These particular 

neurotrophins can also bind to the p75 neurotrophin receptor that can initiate cell death pathways 

[44]. In contrast, the glial cell line-derived neurotrophic factors (GDNF) comprise of GDNF, 

neurturin, and persephin which all exhibit distant homology with the transforming growth factor 

beta (TGFβ) family of ligands [38]. They signal through a receptor complex composed of the Ret 

tyrosine kinase and glycosyl-phosphatidyl inositol-anchored coreceptor (GFRα family: GFRα1, 

α2, α3, and α4) making them potent axon-promoting growth factors in vivo for developing 

sympathetic and parasympathetic neurons [38].      

 Any growth factor that promotes neuronal survival and growth could be described as a 

neurotrophic factor. Binding of the neurotrophic factor causes receptors to dimerize, resulting in 

the intracellular kinase catalytic domains coming into close proximity and becoming 

phosphorylated [39]. The phosphorylation of the kinase domain activation site leads to the trans-
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autophosphorylation of several other tyrosine kinase residues in the intracellular tail, allowing 

the phosphorylated tyrosine residues to become docking sites for signaling enzymes and adaptor 

proteins, which predominately initiate pro-survival proliferative signaling cascades mentioned 

earlier [39]. Based on this classic definition, factors known for their hormone functions and 

peripheral effects like insulin-like growth factor 1 (IGF-1), epidermal growth factor (EGF), 

platelet derived growth factor (PDGF), vascular endothelial growth factor (VEGF), and 

fibroblast growth factor (FGF) should also be considered in the scheme of neurotophic factors 

which act on RTKs. Two important growth factors are relevant to this proposed research: 

platelet-derived growth factor (PDGF) and brain-derived neurotrophic factor (BDNF) which bind 

to RTKs called PDGF receptors (PDGFRs) and tropomyosin-receptor kinase (Trk) neurotrophic 

receptors, respectively. 

1.3.1 Platelet derived growth factor receptors 

 PDGFs are powerful mitogens that act on a range of cell types which include CNS 

neurons, smooth muscle, fibroblasts and vascular endothelial cells [39]. PDGFs have been 

divided into four subtypes (A to D) with PDGF-A and PDGF-B being the most extensively 

researched [37]. PDGFs are typically found as homodimers . PDGF-BB can bind to PDGFβ 

receptors (PDGFRβ) whereas the α receptor binds all but PDGF-DD [37]. The work presented in 

this thesis is pertinent to the PDGFβ receptors given their exclusive expression in pyramidal 

neurons of the hippocampus [40] (it should be noted that PDGFα receptors do express in the 

hippocampus albeit showing higher expression in non-neuronal cells [37]).  Upon PDGFβ 

receptor activation, the trans-autophosphorylation of several tyrosine residues on the cytoplasmic 
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tails serve as docking sites for some key signalling enzymes and adaptors that generally initiate 

proliferative signalling (see Table 2). PDGFβ receptors are found in caveolae and ligand 

activation can also quickly internalize the receptor in a clathrin-dependent manner [39, 41].  

 The physiological role of the PDGFβ receptor is critical in mammalian development and 

normal function. PDGFβ receptor knockout mice display severe perinatal defects that include 

kidney failure, cardiovascular defects, limited ability to repair wounds, and pulmonary 

abnormalities [42]. In the CNS, PDGF signalling is required for proliferation of oligodendrocytes 

and the production of myelin [37]. Conversely, excessive activity of the PDGFβ receptor activity 

is implicated in atherosclerosis and fibrosis as well as tumor formation and progression [43].            

1.3.2 Neurotrophins and TrkB receptors 

 Neurotrophin binding to Trk receptors predominantly promotes survival and maintenance 

of neurons especially during pathophysiological CNS events that cause neuron damage [43].  

Each Trk receptor subtype has different affinities for different neurotrophins: TrkB receptors can 

bind BDNF, NT-3, or NT-4 [44], while TrkA receptors bind NGF, and TrkC receptors bind NT-

3 [43]. Similar to PDGFRβ, the TrkB receptor dimerizes upon ligand binding leading to kinase 

domain activation and transautophosphorylation of its intracellular tyrosine residues that act as 

docking sites for signalling enzymes and adapter proteins (see Table 3).      

 Three alternatively spliced isoforms of the TrkB receptor in humans are responsible for 

much of the neurotrophin signalling. The first isoform is the full length (TrkB-FL) receptor that 

dimerizes upon ligand binding and is responsible for intracellular signalling. The other two 

isoforms are the truncated TrkB-T1 and TrkB-Shc which have a ligand binding and 
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transmembrane domain but lack the intracellular kinase domain. Despite being truncated, TrkB-

T1 and TrkB-Shc are able to modulate the activity of the full-length TrkB receptor by forming 

heterodimers with the full length receptor and also by competing for BDNF [38, 45]. Synaptic 

activity that causes a strong post-synaptic calcium ion influx (such as in long-term potentiation) 

can cause clathrin-dependent internalization of BDNF bound TrkB receptors [46]. Additionally, 

and much like the PDGFβ receptor, ligand binding also causes clathrin-dependent internalization 

of TrkB receptors but internalization does not mean deactivation given internalized TrkB 

receptors still participate in downstream signalling [47].   

Table 2. PDGFβ receptor signalling as adapted from [39] 

Signaling 

Molecule 

RTK 

phosphorylation site 

Pathways activated and signaling consequences 

PDGFβ receptor 

kinase domain 

activation site 

Y857 Activation of receptor kinase activity and trans-

autophosphorylation of other tyrosine residues on the 

cytoplasmic tail. 
 

PLCγ1 Y1021 and Y1009 Ca
2+

signaling, mitagenicity and in some cell migration, 

inhibition of NMDA and GABAA receptors 

PI3K Y740 and Y751 Akt/PKB pathway 

Grb2 Y716 and Y775 Sos/Ras/MAPK pathway 

Grb7 Y716 and Y775 Migration of neuronal cells in embryo 

Stat5 Y579, Y581 and Y775 Activation and translocation to nucleus leads to gene 

expression related to proliferation, differentiation and 

apoptosis 

Shc Y579, Y740,  Y751, 

Y771 

Grb2/Ras/MAPK pathway 

Nck Y751 Proliferation 

SHP-2 Y1009 and Y763 Negatively: dephosphorylates autophosphorylation site 

Tyr740/Tyr751/Tyr771. Positively: Grb2/Ras/MAPK 

pathway, Src/MAPK pathway  
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Table 3. TrkB receptor signaling as adapted from [48] 

Signaling Molecule RTK 

phosphorylation 

site 

Pathways activated and signaling consequences 

Shc which then binds 

Grb2/SOS 

 

 

Y515 Activation of the MAPK signalling cascade promoting 

neuronal differentiation and growth through extracellular 

signal-regulated kinase (ERK). 

Activation of the phosphatidylinositol 3-kinase (PI3K) 

cascade promoting survival and growth of neurons 

through Ras or GRB-associated binder 1 (GAB1). 

PLCγ1 Y816 Generation of inositol-1,4,5-trisphosphate (Ins(1,4,5)P3) 

(IP3) and diacylglycerol(DAG).  

 

DAG stimulates protein kinase C (PKC) isoforms and IP3 

promotes the release of Ca2+ from internal 

stores and subsequent activation of Ca2+/calmodulin 

(Ca2+/CaM)-dependent protein kinases (CaMKII, 

CaMKK and CaMKIV). 

 

1.4 GPCR regulation of RTKs   

 Apart from the ligand-dependent activation of RTKs described previously, several studies 

to date have shown that dimerization and transautophosphorylation of RTKs can occur in a 

ligand-independent manner. The most common type of ligand-independent RTK activation is 

GPCR-induced transactivation. Examples of GPCR mediated activation of RTKs outside the 

nervous system include angiotensin II (agonist of angiotensin receptor II) activating PDGFβ 

receptors in vascular smooth muscle cells [49], thrombin (agonist of protease-activated receptor) 

activating insulin growth factor-I receptor (IGFR-1) in aortic smooth muscle cells [50] and 

endothelin-1 or lysophosphatidic acid (LPA) or thrombin induced activation of epidermal growth 

factor receptor (EGFR) in rat-1 fibroblasts [51] (see review [52] among many others).  
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 In the nervous system, agonists of GPCRs can also activate RTKs in a transient fashion 

i.e., short exposure of GPCR to agonist bringing about a short-lived activation of a RTK. Some 

prominent examples include dopamine 4 (D4) and the dopamine 2 (D2) receptor stimulation 

activating PDGFRs in Chinese hamster ovary (CHO-K1) cells [53]. Activation of 5-HT1A 

receptor with 5-HT transactivates PDGFRβ and TrkB in human SH-SY5Y neuroblastoma cell 

line as well as mouse primary cortical neurons [54, 55]. Similarly, D2-class dopamine receptor 

transactivation of PDGF receptors in ex vivo hippocampal neurons [56].  

1.4.1 5-HT7 regulation of PDGFβ receptor 

 Research continues to clearly elucidate the physiological relevance and exact 

mechanisms of ligand-independent transactivation of RTKs [55]. A related series of studies 

described in Beazely lab (University of Waterloo School of Pharmacy) suggest that long-term (2-

24 h) exposure of 5-HT7 receptors to 5-HT, 5-carboxamidotryptamine (5-CT) or 5-HT7 receptor 

selective agonist (LP 12) increase PDGFRβ expression and basal phosphorylation at the PLCγ 

binding site in primary mouse hippocampal, and cortical neurons as well as the SH-SY5Y 

neuroblastoma cell line [57]. Figure 1 (adopted from [62]) shows that 24 hour treatment of 

primary hippocampal neurons with 300 nM LP 12 increased PDGFRβ receptor expression; an 

increase that was blocked by SB 269970 (an inverse 5-HT7 receptor agonist) and SB 258719 

(neutral 5-HT7 receptor antagonist) (see Figure 1A and B). Similar increases in PDGFRβ 

expression were seen after 24 h treatment of primary cortical neurons and SH-SY5Y 

neuroblastoma cells by 300 nM LP 12 (Figure 1C and D). Accordingly, Vasefi et al., (2012) 

investigated if LP 12 was able to increase PDGFRβ expression as well as phosphorylation at the 
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PLCγ binding site at shorter time frames (4 h to 18 h). In primary mouse hippocampal neurons, a 

significant bimodal effect on PDGFRβ expression at 8 h and 24 h LP 12 treatment was shown, 

though the non-significant increase at 4 h should not be ignored (Figure 2A). In primary mouse 

cortical neurons, an LP 12 time-course only shows a significant increase on PDGFRβ expression 

at 24 hours (Figure 2B). Interestingly, 4 h and 24 h LP 12 administration showed significant 

increases in PDGFRβ expression in SH-SY5Y cells (Figures 2B and 2C are unpublished data 

sets that belong to first author of [62]).       

 In summary, Vasefi et al (2012) has shown that 24 hour treatment with a selective 5-HT7 

receptor agonist like LP 12 is sufficient to significantly increase the expression of PDGFRβ 

expression and phosphorylation at the PLCγ binding site where the natural ligand PDGF-BB was 

not involved. The LP 12 administration time course for 4 h to 8 h 5-HT7 exposure to agonist was 

inconclusive where additional experiments that test the same mechanism between 1-8 h agonist 

exposure form an important part of the current investigation. 
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Figure 1. 24 h LP 12 treatment increases PDGFβ receptor expression in primary 

hippocampal and cortical neurons as well as in SH-SY5Y neuroblastoma cell line.      

A) Hippocampal neurons were incubated for 24 h with LP 12 (300 nM) with or without or 1 μM SB 

269970, a 5-HT7 receptor inverse agonist. LP 12 increased PDGFβ receptor expression and this was 

reduced by co-incubation with SB 269970 (n = 7). B) LP 12 (300 nM) was added to hippocampal cultures 

for 24 h in the presence or absence of the neutral 5-HT7 receptor antagonist SB 258719 (1 μM, n = 5). C) 

LP 12 (300 nM) was added to cortical cultures for 24 h in the presence or absence of the neutral 5-HT7 

receptor antagonist SB 258719 (1 μM, n = 4).  D) LP 12 (300 nM) was added to SHSY5Y cells for 24 h 

in the presence or absence of the neutral 5-HT7 receptor antagonist SB 258719 (1 μM, n= 5). For A* p 

<0.01, ANOVA analysis with Dunnett’s post-test. For B-D * p < 0.05, ANOVA analysis with Dunnett’s 

post-test. The fold-change in PDGFRβ expression was determined by quantification of Western blots.  

Figure As adapted from [57]. 

Hippocampal neurons Hippocampal neurons 

Cortical neurons SH-SY5Y Cells 

C D 

B A 
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Figure 2. LP 12 time course for PDGFβ receptor expression in hippocampal and cortical 

neurons and SH-SY5Y neuroblastoma cell line.                           

A) Hippocampal cultures were incubated with 300 nM LP 12 for 4-24 h, n=3. (* p < 0.05, ANOVA 

analysis with Dunnett’s post-test) The fold-change in PDGFβ receptor expression was determined by 

quantification of Western blots, n = 3 (*p < 0.05, ANOVA with Dunnett’s post-test) [57] The cortical 

cultures (B) and SH-SY5Y cells (C) were incubated with 300 nM LP12 for 0–24h. The fold-change in 

PDGFβ receptor expression was determined by quantification of Western blots, n = 3 (*p < 0.05, 

ANOVA with Dunnett’s post-test) (Data not published but belongs to first author of [62].  

 

Cortical neurons 

SH-SY5Y cells 

Hippocampal neurons 
A 

B 
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1.4.2 5-HT7 regulation of TrkB receptors 

 Multiple GPCRs have the ability to transactivate TrkB receptors and exert trophic effects 

in neurons. Adenosine A2A receptors [58, 59], 5-HT1a receptors [55], dopamine 1 (D1) 

receptors, human secretin receptor (SCTR) [60], and CB1 cannabinoid receptor [61] have all 

been shown to modulate TrkB receptor expression and signalling in neuronal systems. Evidence 

of 5-HT7 receptors modulating TrkB activity was scarce until a physiological role for 5-HT7 

receptors in a form of respiratory motor plasticity, termed phrenic motor facilitation (pMF), was 

discovered [62, 63]. Phrenic motor facilitation is a general term used to describe a long lasting 

firing of phrenic motor neurons elicited by acute exposure to intermittent hypoxia [68]. 5-HT7 

receptor agonists induce pMF via Epac (exchange protein directly activated by cAMP)-Akt-

mTORC1 signalling, a mechanism where new synthesis of an immature TrkB isoform is 

required, but not new BDNF synthesis [64]. Work done by this group suggests that for 5-HT7 

receptor agonist dependent pMF to occur, i) ERK and Akt signalling must be active but no TrkB 

expression is neccessary in the early phase of pMF, and ii) in the late phase of pMF TrkB 

transactivation along with PI3K activation is necessary [69].          

 Interestingly, a recent study from Beazely lab has reported that 5-HT7 receptor selective 

agonist, LP 12, increases the expression of TrkB and phosphorylation of its tyrosine residue 

Y816 (that binds PLCγ) in the SH-SY5Y and RGC-5 cell lines and to some extent in primary 

mouse cortical cultures [65]. Using a similar experimental set up (same agonist and antagonist 

concentration as well as treatment time schemes) as Vasefi, et al. (2012) where the focus was 5-

HT7-PDGFβ receptor signalling, this paper reported 5-HT7 dependent significant increases in 
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TrkB-FL expression and phosphorylation in SH-SY5Y and RGC-5 cells with 24 h agonist 

exposure [71]. Conversely, with 2 h agonist exposure similar increases in TrkB-FL expression 

were observed in SH-SY5Y and RGC-5 cells and phosphorylation at Y816 was only 

significantly increased in RGC-5 cells [71]. The transactivation effects of LP 12 treatment in the 

short-term (15 min to 4 h) was also assessed in this study where there was a transient rise in 

Y816 phosphorylation at 15 min in SH-SY5Y cells but a more sustained rise between one and 

four hours in RGC-5 cells [71]. Although preliminary, these results suggested that, in addition to 

PDGFβ receptors, 5-HT7 receptors may also positively regulate TrkB receptors. 

1.5 N-Methyl-D-aspartate (NMDA) glutamate receptors, RTKs, and GPCRs   

 Growth factors and neurotrophin receptors like PDGFRβ and TrkB, respectively, as well 

as certain GPCRs have long been known to modulate the activity of an excitatory ion channel in 

the CNS called the N-Methyl-D-aspartate (NMDA) receptor that has implications in almost all 

the prominent CNS neurodegenerative and neurological disorders. This section will elaborate on 

the cross-talk between the three systems in the context of NMDA receptor mediated neuronal 

excitotoxicity.   

1.5.1 Glutamatergic neurotransmission and NMDA receptors 

 The ionotropic glutamate channels mediate most of the fast synaptic transmission in the 

CNS [66]. There are three main subtypes of the glutamate receptor (each named after a chemical 

agonist): i) NMDA (N-methyl-D-aspartic acid), ii) AMPA (α-amino-3-hydroxy-5-

methylisoxazole-4-propionate) and iii) KA (Kainic Acid) [72]. The neurotransmitter glutamate 
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activates all three receptor subtypes, however, AMPA acts only at AMPA receptor, NMDA acts 

only at NMDA receptor and so on. NMDA and AMPA receptors each have distinct 

physiological properties and often coexist at the same synapse, as a result most glutamate 

mediated excitatory post-synaptic potentials (EPSPs) have components contributed by both 

receptors [72]. The AMPA-gated channels are permeable to both Na
+
 and K

+
 and most are not 

permeable to Ca
2+ 

[72]. The net effect of AMPA-gated channel activation at normal negative 

membrane potential is the influx of Na
+
 into cell causing a rapid and large depolarization of the 

post synaptic membrane which renders the NMDA channel active by removing the constitutive 

channel blocker, Mg
2+

, from the NMDA channel ion pore [72]. Consequently, the NMDA-gated 

channels cause excitation of a cell by admitting Na
+
 but differ from AMPA receptors in two 

ways: i) NMDA receptors are permeable to Ca
2+

, and ii) the inward ionic current through them is 

voltage dependent i.e., they will only fire upon membrane depolarization and removal of the 

Mg
2+

 block [72]. Glutamate activation of AMPA receptors and consequently of NMDA 

receptors, NMDA receptor dependent calcium influx, and the trafficking of AMPA receptors in 

the CA1 region of the hippocampus form the basis of synaptic plasticity [67, 68].     

 The NMDA receptors are a heterogeneous group of ion channels that exist as cation-

selective tetramers formed by homo- and hetero-oligomeric assembly of subunits with common 

structural features that include [66]:  

 an extracellular amino (N')-terminal,  

 three transmembrane domains (M1, M3 and M4) ,  

 a channel lining re-entrant 'p-loop' (M2) and  

 an intracellular carboxy (C')-terminal.  
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 The two extracellular segments S1 and S2 (a binding pocket created by two regions 

present in the N-terminus and the extracellular loop between M3 and M4) have been shown to 

comprise the ligand binding domain on the NR2 subunits which is responsible for binding both 

the neurotransmitter and competitive agonists/antagonists of the receptors [72]. The re-entrant 

M2 loop comprises of the channel pore and determines calcium permeability of the channel and 

magnesium blockade of the ion pore [72]. 

 NMDA receptors are comprised of three major subfamilies of subunits: the ubiquitously 

expressed NR1 subunit, four distinct NR2 sub-units (A–D), and two NR3 members (A and B) 

[72]. Glutamate/glycine responsive NMDA receptors require both, dimers of NR1 and dimers of 

NR2 subunits in order to be functional [72]. Generally, NR2A and NR2B containing NMDA 

receptors (paired with NR1) are the predominant receptors expressed in the forebrain and 

hippocampus, NR2C is expressed largely in cerebellar granule cells, and NR2D expression is 

limited to diencephalon and midbrain for early development [72]. NMDA receptors that complex 

with NR3 subunits generally are not functional [72]. The current consensus in NMDA receptor 

neurobiology is that much of the NR2A containing NMDA receptors are predominantly 

expressed at synaptic sites whereas NR2B containing NMDA receptors are located at 

extrasynaptic sites in the adult CNS [72, 73, 74].  

1.5.2 NMDA receptors and neuronal excitotoxicity 

 Large concentrations of glutamate present for excessive amounts of time can “excite 

neurons to death”. The neurodestructive potential of glutamate (coined excitotoxicity) was first 
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established by the demonstration that an overdose of systemic glutamate destroys hypothalamic 

nuclei in immature monkeys and rodents [69]. Follow-up research demonstrated that high 

concentrations of glutamate [100–500 mM] induced cell death in vitro and that similar 

extracellular concentrations are present in the rodent brain and spinal cord during ischemia [70, 

71]. Subsequently, AMPA and NMDA receptor-mediated, glutamate-induced cell death in vitro 

and in vivo models of ischemia was described [72]. The excessive release of the excitatory amino 

acid glutamate in excitotoxicity is dependent on the type of insult (acute or chronic) to the CNS 

which varies between diseases. For instance, in acute ischemic stroke and brain injury severe 

ATP depletion and energy impairment occurs earlier on in the ischemic cascade which 

excessively activates NMDARs causing excessive influx of Ca
2+

 and Na
+
 with the efflux of K

+
 

(intracellular ionic imbalance), overloading mitochondria resulting in free radical production and 

activation of other downstream proteases, lipases and nucleases that lead to predominantly a 

necrotic form of neuronal injury and gradual apoptotic cell death [73].    

 Unlike acute forms of excitotoxicity seen in ischemic stroke or traumatic brain injury, a 

slower, more subtle form of excitotoxicity is implicated in progressive neurodegenerative 

disorders like Alzheimer's disease, Parkinson's disease, Huntington's disease, multiple sclerosis, 

HIV associated dementia, glaucoma, and amyotrophic lateral sclerosis [74]. In these disease 

modalities a more chronic exposure to elevated glutamate concentrations slowly and 

cumulatively triggers apoptotic-like cell death in neurons that is mediated by extra-synaptic 

NMDARs (NR2B-containing) [75-77] where the synaptic (NR2A containing) NMDARs are 

thought to be pro-survival [78, 79] (See Figure 3). Conversely, in acute ischemic stroke the 
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excessive release of glutamate in synaptic and extrasynaptic sites causes global populations of 

NMDA receptors to be activated causing pro-apoptotic neuronal calcium ion concentrations to 

rise [85]. The mechanisms by which NR2B subunits initiate cell death and NR2A subunits 

preserve synaptic activity are largely due to differences in the signalling proteins directly bound 

or indirectly coupled to the long C-terminal domains of these subunits [85]. While NR2A 

subunits bind to or associate with signalling proteins that activate Akt, ERK, and CREB, NR2B 

subunits in extrasynaptic sites serve as a hub for a plethora of death signalling proteins [85] that 

have been summarized in Table 4.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

As adapted from [84, 85]. 

Figure 3. NMDAR subunit dependent mechanisms of neuronal excitotoxicity 
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Table 4. Extrasynaptic NMDA receptors and associations with death signalling proteins. 

Information as adapted from reviews [80, 81]. 

Signaling molecules associated with NR2B 

containing NMDA receptors  

General mechanisms of action in excitotoxicity 

DAPK1 (death-associated protein kinase 1) Excessive Ca
2+ 

influx
  
in excitotoxicity causes 

calcineurin to de-phosphorylate DAPK1(inactive 

when phosphorylated) which augments NR2B 

subunits to futher mediate excitotoxicity and also 

binds to ERK to suppress any survival signalling 

nNOS (neuronal nitric oxide synthase) Indirectly bound toNR2B subunits by PSD-95 

protein where a NR2B-PSD95-nNOS death 

complex is formed which produces severe 

oxidative stress via production oxygen and nitrogen 

oxide free  radicals. 

Calpain A death promoting protease that mediates protein 

cleavage specifically of substrates that bind to cdk5 

(cyclin dependent kinase): p35 and p25. The 

truncation of neuroprotective p35 to p25 redirects 

cdk5 towards neuronal death.  

STEP (striatal-enriched protein tyrosine 

phosphatase) 

Calpain mediated truncation of p38 bound STEP 

(survival signalling through MAPK) to inactive 

STEP33 contributes to neuronal death 

PTEN (phosphatase and tensin homolog deleted on 

chromosome ten) 

A death promoting protein phosphatase bound to 

NR1 subunit of extrasynaptic NR2B containing 

NMDA receptors. De-phosphorylates plasma 

membrane protein PIP3 into PIP2 which prevents 

Akt translocation into nucleus and survival 

signallling. 

1.5.3 Current Treatments for NMDA receptor mediated neuronal excitotoxicity  

 The clinical failure and side effects of competitive antagonists and several NMDA 

receptor ion-channel blockers against neuronal excitotoxicity, in conditions like ischemic stroke, 

are well documented in current literature that has synthesized two decades of failed clinical 

attempts [82]. The primary reasoning behind the failure of these compounds pertains to their 

mode of action: competitive agonists compete with glutamate in all areas of the brain which also 

blocks normal brain function and ion-channel blockers to date have possessed an undesirably 

high affinity for the Mg
2+

 site that also blocks normal neuronal function [74, 82].  
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 Given the mechanisms of excitotoxic damage, a clinically acceptable anti-excitotoxic 

drug needs to have a two-fold mechanism of action in which i) excessive activation of NMDARs 

must be blocked and ii) normal functioning of NMDARs must be kept intact to avoid adverse 

side effects. To date, only one compound, memantine, is being tested for several 

neurodegenerative disorders given its approval for mild to moderate Alzheimer's disease (a 

putative treatment for chronic neuronal excitotoxicity) [83]. Memantine is currently undergoing 

clinical trials for glaucoma, neuropathic pain, substance abuse, multiple sclerosis an epilepsy and 

acute ischemic stroke  [clinicaltrials.gov]. Memantine exerts its effects by binding preferentially 

at or near the Mg
2+

 binding site within the ion pore [84]; this finding coupled with strong 

electrophysiological kinetic data suggests that memantine preferentially blocks NMDAR 

activation if the probability of the ion channel to be in open configuration is much higher, i.e., 

under excitotoxic conditions. Memantine likely only acts under pathological conditions in low 

doses without substantially affecting normal neuronal synaptic function though high doses of 

memantine are contraindicated for patients at risk of acute ischemic stroke as it is able to block 

global populations of NMDA receptors [85].    

1.5.4 RTKs and neuronal excitotoxicity 

 In the last decade several pre-clinical studies have put forth consistent findings of growth 

factor receptors and their agonists (like PDGFβ receptor/PDGF-BB) and neurotrophin receptors 

and their agonists (like TrkB/BDNF) exerting neuroprotective effects against neuronal 

excitotoxicity in different model systems. With regards to PDGF and PDGF receptors, a few 

studies initially reported that there was an increased expression of PDGF receptor ligands, 
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especially PDGF-B chain isoform mRNA transcripts, as well as PDGF receptors in neurons and 

support cells surrounding the lesioned area of the CNS in animal models of stroke [86, 87]. 

Subsequent to these findings it was shown that administration of PDGF-BB inhibits NMDA-

evoked currents and excitatory postsynaptic potentials that are mediated by the NR2B-containing 

NMDA receptors in primary CA1 hippocampal neurons [88, 89], one of the proposed 

mechanisms in studies that showed neuroprotection of hippocampal neurons from glutamate or 

NMDA-induced excitotoxicity [90, 91]. Apart from the direct inhibition of the NR2B subunit 

expression in NMDA-excitotoxicity, Beazely et al., (2009) also showed that PDGF-BB 

administration leads to phosphorylation of downstream pro-survival transcription factor ERK 

and also prevented the NR2B receptor inhibition of ERK and CREB phosphorylation.      

 There is strong evidence for cross-talk between PDGFRβ and the NMDA receptor that is 

able to explain the pre-clinical neuroprotection achieved thus far against glutamate or NMDA 

induced excitotoxicity in vitro. On the other hand, the neuroprotective mechanisms by which 

BDNF brings about neuroprotection against acute ischemia in vivo (see studies [92, 93]) did not 

suggest TrkB modulation of NMDA receptors as a mechanism of action. In other studies, 7,8-

dihydroxyflavone (7,8-DHF), a small-molecule flavone derivative that binds with high affinity 

and specificity to TrkB, has been shown to exert neuroprotection against glutamate-induced 

toxicity in the hippocampal HT-22 cell line [94] and in an in vivo model of cerebral ischemia and 

reperfusion (I/R) injury in rats [95]. The proposed mechanism of neuroprotection in studies 

outlined thus far are heavily in favour of the antioxidant properties of BDNF (or 7,8-DHF) that is 

able to increase cellular glutathione levels and reduces ROS production as well as the activation 
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of the signaling pathways MAPK, PI3K and PLCγ. In normal physiology, post synaptic 

activation of TrkB receptors via BDNF causes them to interact with NMDA receptors via a 

protein tyrosine kinase called Fyn which increases the open probability of the NMDA ion 

channel (see review [48]). BDNF levels are significantly increased above baseline values during 

the first 4 h and up to 24 h after ischemic insult in vivo [96, 97] thus, it remains to be seen if the 

neuroprotective effects of BDNF or TrkB activation could also be a result of direct inhibition of 

specific NMDA receptor subunits as is the case with PDGF-BB.            

1.5.5 GPCRs and neuronal excitotoxicity  

 There is ample evidence of GPCRs regulating NMDA receptor activity in normal brain 

physiology. GPCRs involved in dopaminergic, GABA-ergic, cannabinergic, cholinergic 

neurotransmission are responsible for NMDA receptor regulation in a sub-type specific manner 

[98]. In fact, all serotonin receptors take some part in regulating NMDA receptor activity. 

Examples include 5-HT2B receptors being involved in enhanced pre-synaptic firing to depolarize 

NMDA receptors [99] and 5-HT1A receptors being involved in hyperpolarization of post-synaptic 

terminals which inhibits NMDA currents [100]. No attempt to date has resulted in a 

comprehensive list of GPCRs that can act as strategic targets for neuronal excitotoxicity. For 

instance, the inhibitory property of 5-HT1A receptors against NMDA receptors was grounds for 

clinical assessment, albeit unsuccessful, in an acute ischemic stroke trial [101]. The role of 5-

HT7 receptors in neuronal excitotoxicity is merely speculative at this stage given their ability to 

enhance hippocampal NMDA currents in acute treatments (5-10 min) [102] but have indirect 

(RTK dependent) inhibitory effects on NMDA receptors with longer activation [103].      
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1.6 Targeting 5-HT7 receptors and RTKs for neuronal excitotoxicity 

 Based on the findings that 5-HT7 receptor-selective and non-selective agonists can 

increase expression and phosphorylation of PDGFRβ, and that PDGFRβ  are able to selectively 

modulate extrasynaptic NR2B subunits during excitotoxicity, Vasefi et al., (2013) showed that 

24 hour pre-administration of 5-HT7 receptor agonist, LP 12, is neuroprotective against NMDA-

induced excitotoxicity in primary hippocampal neurons. Vasefi et al., utilized the kinase 

inhibitors STI-571 and AG1296 to confirm that the neuroprotection was indeed dependent on 

kinase activity of the PDGFβ receptor as both the inhibitors prevented LP-12 induced 

neuroprotection and blocked the reduced expression of the NR1 and NR2B subunit. The 

involvement of the 5-HT7 receptor in this pathway was confirmed by the observations that two 5-

HT7 receptor antagonists (SB 258719 and inverse agonist SB 269970) blocked all of LP 12's 

effects [103]. See Figure 4 for a schematic of the proposed mechanism by which long-term 5-

HT7 agonists can modulate NMDA receptor activity. 
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Figure as adapted from [103].         

 Given that 5-HT7 neuroprotection is dependent on RTKs such as PDGFRβ and 

potentially even TrkB [65], this mechanism opens up an opportunity to use selective small 

molecule agonists for 5-HT7 receptors that can cross the blood brain barrier (BBB) to enhance 

endogenous growth factor signals before, during or shortly excitotoxic insults. The clinical use of 

growth factors for neurological diseases is limited by major adverse effects, short in vivo half-

lives, poor delivery and the inability of these large proteinaceous ligands to penetrate the BBB 

[104, 105]. Vasefi et al., (2013) have put forth a mechanism that is neuroprotective against 

excitotoxicity after 24 h pre-incubation with LP 12, however, this time frame is far too long to 

significantly rescue damaged neurons in the acute phase of neuronal excitotoxicity. The 

objectives presented in this thesis are ultimately to study if short-term (15 min to 4 h) activation 

of 5-HT7 receptors is able to similarly protect neurons against neuronal excitotoxicity.  

Figure 4. Long-term activation of 5-HT7 receptors is neuroprotective against NMDA excitotoxicity 
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Chapter 2: Objectives and Hypothesis 

The objectives of this project are: 

1. Characterize the short-term (15 min to 4 h) effects of LP 12 on PDGFβ and TrkB receptor 

expression and signalling activity in neuronal cell lines and primary neuronal cells   

2. Determine if short-term pre-treatment with LP 12 is neuroprotective against 

excitotoxicity and whether if the neuroprotection is PDGFβ and/or TrkB receptor 

dependent   

These objectives have been made to fulfill the hypothesis that: 

Short-term (1-4 h) 5-HT7 agonist treatment of primary neurons and differentiated HT-22 

cells will be neuroprotective against NMDA-induced excitotoxicity via increases in 

PDGFRβ and TrkB expression and basal signaling activity (phosphorylation) 
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Chapter 3: Materials and Methods 

3.1 Reagents and Antibodies 

 LP 12 (4-(2-Diphenyl)-N-(1,2,3,4-tetrahydronaphthalen-1-yl)-1- 

piperazinehexanamide hydrochloride), NMDA (N-methyl-D-aspartate), L-glutamic acid, PDGF-

BB, glycine, and other chemical reagents were purchased from Sigma (St. Louis, MO, USA). 

AG1296 (6,7-Dimethoxy-2-phenylquinoxaline). Imatinib mesylate (STI-571) (4-[(4-methyl-1-

piperazinyl)methyl]-N-[4-methyl-3-[[4-(3-pyridinyl)-2-pyrimidinyl]amino]phenyl]-

methanesulfonate-benzamide) was purchased from Novartis (Basel, Switzerland). The 5-HT7 

receptor antagonists SB 258719 ((R)-3,N-Dimethyl-N-[1-methyl-3-(4-methylpiperidin-1-

yl)propyl]benzene sulfonamide) and SB 269970 ((2R)-1-[(3-Hydroxyphenyl)sulfonyl]-2-[2-(4-

methyl-1-piperidinyl)ethyl] pyrrolidine hydrochloride) and the NMDA receptor antagonist MK-

801 (5S,10R)-(+)-5-Methyl-10,11-dihydro-5H-dibenzo[a,d]cyclohepten-5,10-imine maleate 

were obtained from Tocris (Ellisville, MO, USA). The antibodies used, their molecular weight, 

isoform and and manufacturer are listed in Table 5 below: 

Table 5. Antibodies 

Antibody Isotype Molecular 

weight (kDa) 

Manufacturer 

PDGFβ receptor Rabbit 190 Santa Cruz 

PDGFβ receptor phospho-tyrosine 

1021 

Rabbit 190 Santa Cruz 

TrkB-FL, TrkB-Shc, TrkB-T1 Rabbit 145, 105, 95 Santa Cruz 

phospho-TrkB Y816 Rabbit 145 Abcam 

NR1 Rabbit 120 Cell Signaling 

NR2A Rabbit 180 Cell Signaling 

NR2B Rabbit 190 Cell Signaling 
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Table 5 continued    

β-Actin Mouse 45 Santa Cruz 

Cytochrome C Rabbit 14 Cell Signaling 

PLCγ1 Rabbit 150 Cell Signaling 

p-ERK1/2 Rabbit 42, 44 Cell Signaling 

ERK1/2 Rabbit 42, 44 Cell Signaling 

5-HT7  Rabbit 50 Rockland and Fisher 

p-Akt Threonine 308 Rabbit 60 Cell Signaling 

Akt  Rabbit 60 Cell Signaling 

Anti-mouse horseradish peroxidase 

(HRP) enzyme-conjugated IgG 

Goat Secondary Fisher 

Anti-rabbit horseradish peroxidase 

(HRP) enzyme-conjugated IgG 

Goat Secondary Fisher 

Anti-rabbit Dylight 488 Goat Fluorescently 

labeled 

secondary 

Fisher 

3.2 Cell Culture 

3.2.1 SH-SY5Y neuroblastoma cell line 

 Neuroblastoma cells were cultured in DMEM and HAM's  F12 (1:1) (Fisher #SH20361), 

10% fetal bovine serum (Fisher), 100 U/ml penicillin and 100 μg/ml streptomycin (together 

referred to as Pen Strep). Cells were maintained at a temperature of 37°C in a humidified 

atmosphere of 95% air and 5% CO2, and media were changed every 3-5 days. Cells were 

trypsinized with 0.25% trypsin/0.1% EDTA, and passages 1-12 were used. For drug treatments 

and experimentation, cells were plated without antibiotics and serum starved for 24 h once they 

had reached 80% confluency. 
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3.2.2 HT-22 murine hippocampal cell line 

 HT-22 cells were cultured and maintained using the same reagents and in the same 

conditions as SH-SY5Y cells. For drug treatments and experimentation, HT-22 cells were seeded 

(at experiment dependent seeding densities) in full growth media for 24 h, after which the cells 

were differentiated in neurobasal media (Gibco, Life Technologies) containing N2 supplement 

and 2 mM L-glutamine for an additional 24 h. Drug treatments were performed in neurobasal 

media.   

3.2.3 Primary hippocampal neuron cell culture  

 Hippocampal and cortical neurons were isolated from embryonic day 17-19 fetuses of 

CD1 mice and placed in cold dissection media (33 mM glucose, 58 mM sucrose, 30 mM 

HEPES, 5.4 mM KCl, 0.44 mM KH2PO4, 137 mM NaCl, 0.34 mM Na2HPO4, 4.2 mM NaHCO3, 

0.03 mM phenol red, pH 7.4, 320-335 mOsm/kg). The hippocampi were separated from the brain 

and digested in 0.25% trypsin/0.1% EDTA for 20 min at 37°C. The resulting cell mixtures were 

plated on poly-D-lysine (PDL) (Sigma) coated 35mm culture dishes and grown at 37°C in a 

humidified atmosphere containing 5% CO2. For cell attachment right after dissection, cells were 

plated in plating media (DMEM, 10% fetal bovine serum (FBS) and 10% horse serum) for 4 h 

which followed a media change to feeding media (Neurobasal media supplemented with B27) 

and feeding media was changed twice per week. In order to inhibit growth of non-neuronal cells, 

FUDR (0.081 mM 5-fluoro-2 deoxyuridine) and 0.2 mM uridine were added 3-4 days after 

plating for 24 h once the cells reached confluency. Drug treatments were performed 10-12 days 

after plating. 
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3.3 Western Blot 

3.3.1 Whole cell lysate preparation 

 For all cell culture experiments, after drug treatment cells were washed with chilled 

phosphate-buffered saline (PBS), and lysed in chilled lysis buffer containing 20 mM Tris-HCl at 

pH 7.5, 150 mM NaCl, 1 mM EDTA, 1 mM EGTA, 30 mM sodium pyrophosphate, 1 mM β-

glycerophosphate, 1 mM sodium orthovanadate, and 1% Triton X-100; supplemented with Halt 

Protease and Phosphatase Inhibitor  prior to use. In order to solubilize NMDA receptors, the lysis 

buffer for HT-22 cells contained 0.05% SDS in supplement to the Triton X-100 and for 

hippocampal neurons the lysis buffer contained an additional 0.5% SDS in supplement to the 

Triton X-100. Cells were scraped, mechanically homogenized using a syringe and centrifuged at 

14,000 x g for 20 min at 4°C and the supernatants were collected.  

3.3.2 BCA protein assay and sample preparation 

 BCA protein assay (Thermo) was used to quantify concentration of protein in samples. 

Samples were prepared so 25-35 μg total protein could be mixed and heated with 3x loading 

buffer (240 mM Tris-HCl at pH 6.8, 6% w/v SDS, 30% v/v glycerol, 0.02% w/v bromophenol 

blue, 50 mM DTT, and 5% v/v β-mercaptoethanol) for 15 min at 75°C. 

3.3.3 SDS-PAGE and immunodetection  

 Protein samples were loaded into 1.5 mm thick polyacrylamide gel wells. Proteins were 

separated by SDS-PAGE in electrophoresis buffer (25 mM Tris base, 190 mM glycine, 3.5 mM 

sodium dodecyl sulfate), followed by electroblotting of proteins onto nitrocellulose membranes 
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with chilled transfer buffer (25 mM Tris base, 190 mM glycine, 20% v/v methanol) for either 90 

min or 16 h. Membranes were then blocked with 5% non-fat milk in Tris-buffered saline (20 mM 

Tris base, 150 mM NaCl, pH 7.6) plus 0.1% Tween (TBS-T) for 1 h at room temperature or 

overnight at 4 °C, followed by incubation with primary antibody (usually made in blocking 

buffer or just TBS-T) for 1 h at room temperature or overnight at 4 °C. Membranes were washed 

three times with TBS-T, and then incubated with secondary antibody conjugated to horse radish 

peroxidase (HRP) in blocking buffer for 1 h at room temperature (1:5000 for anti-mouse primary 

antibody, 1:10000 for anti-rabbit primary antibody). Membranes were washed three additional 

times with TBS-T. Western chemiluminescent substrate (Luminata Crescendo - Millipore) was 

used to visualize proteins on a Kodak 4000MM Pro Imaging Station. Densitometric analyses on 

blots were performed using Kodak Molecular Imaging software (Carestream Health, USA). 

After imaging, membranes were stripped and re-probed with other appropriate antibodies. 

3.4 MTT Toxicity Assay 

 For neuroprotection assays that required primary hippocampal neurons, isolated 

hippocampal neurons were counted and plated in 96-well plates at 20 x 10
3 

cells/well and grown 

for 10-12 days. After treatment, hippocampal neurons were washed and incubated in feeding 

media for 24 h to allow for cell death after which 3-(4,5-dimethylthiazol-2-yl)-2,5-

diphenyltetrazolium bromide (MTT) in an amount equal to 10% of the culture medium volume 

were added to each well and the cells were incubated for an additional 3 h at 37 °C in 5% CO2. 

After incubation, the resulting formazan crystals were solubilized with MTT reagent solution 

(10% Triton X-100 and 0.1 N HCl in anhydrous isopropanol) in each well and the absorbance 
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was recorded at 570 nm and 690 nm. All results are expressed as a percent reduction of MTT 

relative to untreated controls. 

 For neuroprotection assays that required HT-22 cells, a standard seeding density of 2.5 x 

10
3
 cells/well was used in 96-well plates for 24 h and then differentiated for an additional 24 h. 

For experiments that did not require differentiation of HT-22 cells, 2.5 x 10
3
 cells/well were 

seeded in 96-well plates and serum starved for 4 h prior to treatment. After treatment of 

differentiated HT-22 cells (incubating in neurobasal media) MTT was added for 3 h and a read 

out was taken as described above. After treatment of undifferentiated HT-22 cells, a washout was 

performed with serum and phenol red free DMEM (Fisher# SH3027201) after which MTT 

reagent was added for 3 h and a read out was taken.  

3.5 Immunofluorescence 

 Immunofluorescence was performed to look for qualitative and preliminary evidence of 

TrkB receptors in differentiated and undifferentiated HT-22 cells. Briefly, HT-22 cells were 

seeded at 35,000 cells/well in 6 well plates for 24 h and differentiated for an additional 24 h 

(Corning). After differentiation, cells were washed twice in PBS (with calcium and magnesium) 

and pre-fixed with 4% (w/v) paraformaldehyde (Sigma) for 2 min, aspirated and fixed again with 

2% (w/v) paraformaldehyde for 20 min at room temperature pressure. Cells were rinsed twice in 

PBS and then washed in wash buffer (0.1% Bovine Serum Albumin (BSA, Rockland, 

Gilbertsville,PA) in PBS). Cells were then permeabilized and blocked using 0.3 % Triton X-100 

(Sigma) and 10 % FBS all dissolved in PBS for 45 min at room temperature then washed with 

PBS. After blocking, cells were coated with TrkB primary antibody at 1:200 dilution in dilution 
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buffer (PBS, 1% bovine serum albumin (BSA), 0.3% Triton X-100, and 0.01% sodium azide) 

overnight with agitation at 4 °C. Next day, cells were washed twice with PBS and stained with 

secondary antibody (Dylight 488) in dilution buffer at 1:1000 for 1 h. Cells were washed twice in 

PBS and mounted with a cytoplasmic counterstain, CellMask Plasma Membrane Stain Deep 

Red (Invitrogen), for 10 min and visualized on a Zeiss laser scanning confocal microscope LSM 

Z710 (Zeiss, Germany) with 63x oil-based objective. 

3.6 Phase Contrast Microscopy 

 In order to visually assess treatment effects on morphology of differentiated HT-22 cells, 

cells were seeded at a density of 30 x 10
3  

cells/per well in 6-well plates and differentiated for 24 

h. Treatments were performed and images of cells were captured using a 10x objective over an 

inverted phase contrast microscope IX53 (Olympus) attached to a DP25 digital camera 

(Olympus).  

3.7 Statistical analysis 

 Data were analyzed using GraphPad Prism 5.0 (GraphPad Software, USA). Student’s t-

test were used when comparing two data sets, or one-way analysis of variance (ANOVA) with 

Bonferroni’s post hoc test for comparing three or more data sets. Unless otherwise stated, the 

results are presented as mean ± SEM and each n value denotes independent experiments. For 

graphs,  *=p < 0.05, **=p<0.01 and ***=p<0.001.  
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Chapter 4: Results 

4.1 Short-term LP 12 treatment induces changes in PDGFRβ and TrkB-FL 
expression and activity in primary hippocampal neurons 
             

 Short-term time course experiments of 0.25 to 4 h of 300 nM LP 12 treatments were 

performed in primary hippocampal neurons. The concentration of 300 nM LP 12 was previously 

shown to maximally increase PDGFβ receptor expression at 24 h [103]. This concentration also 

resulted in a significant downregulation of the 5-HT7 receptor [103]. The aggregate time course 

data indicated that LP 12 caused a sustained phosphorylation of PDGFβ receptors at tyrosine 

1021 (Y1021) between 2 and 4 h (Figure 4A). Total PDGFβ receptor expression was only 

significantly elevated above baseline at 2 h (Figure 4B). In addition to PDGFβ receptor 

signalling, assessment of TrkB receptor phosphorylation at tyrosine 816 (Y816) revealed 

significant increases at 2 h and 4 h (Figure 4C) where TrkB expression was also increased at 2 h 

and 3 h but not 4 h (Figure 4D). Using the same membranes from the time course, changes in 

expression of NR2B subunits, PLCγ1, 5-HT7 receptor, as well as Akt phosphorylation at 

threonine 308 (Thr308) were also measured. Given the increased phosphorylation of Y1021 

between 2 h and 4 h, along with the elevated Y816 phosphorylation at 2 h, it was expected that i) 

NR2B total expression be reduced (Figure 5A) ii) PLCγ1 expression be elevated at 2 h and 4 h 

(Figure 5B), and iii) at least one downstream signalling protein be active; this was the case with 

pAkt Thr308 (Figure 5D). Changes in 5-HT7 receptor expression revealed a significant increase 

in expression at 1 h followed by a sustained return to baseline until 4 h (Figure 5C).       
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Figure 5. Short term 5-HT7 receptor activation increases PDGFRβ and TrkB-FL 

expression and phosphorylation in hippocampal neurons.  

Cultured hippocampal neurons were treated with selective 5-HT7 receptor agonist LP 12 (300 nM) for 

0.25 h to 4 h. (A, B) The phosphorylation of the PDGFβ receptors was determined using an anti-phospho-

Y1021 PDGFβ receptor antibody and was normalized to total PDFGβ receptor expression (n = 4), The 

level of PDGFβ receptor expression is displayed as a fold change vs. vehicle-treated neurons. and was 

normalized to β-actin (n = 4). (C, D) The phosphorylation of the TrkB-FL receptor was determined using 

an anti-phospho-Y816 TrkB receptor antibody and was normalized to total TrkB-FL receptor expression 

(n = 4), the level of TrkB-FL receptor expression is displayed as a fold change vs. vehicle-treated 

neurons. and was normalized to β-actin (n = 4).  *p<0.05, ANOVA analysis with Bonferroni's post-hoc 

test. E) Representative Western blots for Y1021, PDGFβ receptor, Y816, TrkB-FL, and β-actin.    



 

 39 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Cultured hippocampal neurons were treated with selective 5-HT7 receptor agonist LP 12 (300nM) for 

0.25 h to 4 h. (A) The level of NR2B subunit receptor expression is displayed as a fold change vs. 

vehicle-treated neurons. and was normalized to β-actin (n = 4). (B) the level of PLCγ1 expression is 

displayed as a fold change vs. vehicle-treated neurons and was normalized to β-actin (n = 4). (C) the level 

of 5-HT7 receptor expression is displayed as a fold change vs. vehicle-treated neurons and was normalized 

to β-actin (n = 5).  (D) The phosphorylation of Akt at threonine 308 (pAkt Thr308) was determined using 

an anti-phospho-Akt Thr308 antibody and was normalized to total Akt expression (n = 4), *p<0.05, 

**p<0.01, ANOVA analysis with Bonferroni's post-hoc test. E) Representative Western blots for NR2B, 

PLC γ1, 5-HT7 receptor, pAkt Thr308, Akt and β-actin.    

Figure 6. Short-term activation of 5-HT7 receptors increases PLCγ1 expression and Akt 

phosphorylation which reduces NR2B expression in hippocampal neurons.  
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 To determine if the changes in expression and phosphorylation of TrkB-FL and PDGFβ 

receptor were indeed 5-HT7 receptor dependent in primary hippocampal neurons, the selective 5-

HT7 receptor antagonist, SB 258719 (5 µM), was applied 30 min prior to LP 12 treatment for 2 h 

and 4 h treatments only (due to primary neuronal culture constraints not all time points could be 

assessed). With 2 h agonist exposure, SB 258719 blocked increases in TrkB-FL expression and 

Y816 phosphorylation (Figure 6A & B), as well as blocking increases in PLCγ1 expression 

(Figure 6C) and pAkt Thr308 (Figure 6E). The LP 12 induced reduction in NR2B subunit was 

not blocked by SB 258719 at 2 h (Figure 6D).       

 At 4 h of LP 12 treatment, SB 258719 blocked the increases in TrkB Y816 and PDGFRβ 

Y1021 phosphorylation, respectively (Figure 7A & B). Increases in PLCγ1 expression and pAkt 

Thr308 phosphorylation were also blocked by SB 258719 (Figure 7C & E). At 4 h of LP 12 

treatment NR2B levels were decreased below baseline and SB 258719 blocked this from 

occurring in the presence of LP 12 (Figure 7D). Taken together, these results suggest that the 

observed changes in protein and phosphorylation levels induced by LP 12 are indeed 5-HT7 

receptor dependent. 
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Cultured hippocampal neurons were treated with selective 5-HT7 receptor agonist LP 12 (300 nM), 5 µM 

SB 258719, or both where SB was treated 30min prior to LP 12 treatment for 2 h. (A, B) The 

phosphorylation of the TrkB-FL receptor was determined using an anti-phospho-Y816 TrkB receptor 

antibody and was normalized to total TrkB-FL receptor expression (n = 4), the level of TrkB-FL receptor 

expression is displayed as a fold change vs. vehicle-treated neurons and was normalized to β-actin (n = 4). 

(C, D, E) The level of PDGFβ receptor expression (n=5), PLCγ1 expression (n=5) and NR2B expression 

(n=6)  are displayed as a fold change vs. vehicle-treated neurons. and were normalized to β-actin. (F) The 

phosphorylation of Akt at threonine 308 (pAkt Thr308) was determined using an anti-phospho-Akt 

Thr308 antibody and was normalized to total Akt expression (n = 6), *p<0.05, **p<0.01, ANOVA 

analysis with Bonferroni's post-hoc test. G) Representative Western blots for Y816, TrkB-FL, PDGFβR, 

PLC γ1, NR2B, pAkt Thr308, Akt and β-actin.    

Figure 7. Two hour changes in TrkB-FL and PDGFR expression and phosphorylation are 5-HT7 receptor 

dependent in hippocampal neurons  

See description on next page. 
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Cultured hippocampal neurons were treated with selective 5-HT7 receptor agonist LP 12 (300 nM), 5 µM 

SB 258719, or both  where SB was treated 30 min prior to LP 12 treatment for 4 h. (A, B) The 

phosphorylation of the TrkB-FL receptor was determined using an anti-phospho-Y816 TrkB receptor 

antibody and was normalized to total TrkB-FL receptor expression (n = 6). The phosphorylation of the 

PDGFβ receptors was determined using an anti-phospho-Y1021 PDGFβ receptor antibody and was 

normalized to total PDFGβ receptor expression (n = 6). (C, D) The level of PLCγ1 expression (n=6) and 

NR2B expression (n=6)  are displayed as a fold change vs. vehicle-treated neurons. and were normalized 

to β-actin. (E) The phosphorylation of Akt at threonine 308 (pAkt Thr308) was determined using an anti-

phospho-Akt Thr308 antibody and was normalized to total Akt expression (n = 6), *p<0.05, **p<0.01, 

ANOVA analysis with Bonferroni's post-hoc test. F) Representative western blots for Y816, TrkB-FL, 

Y1021, PDGFβR, PLC γ1, NR2B, pAkt Thr308, Akt and β-actin.    

Figure 8. Four hour changes in TrkB-FL and PDGFR expression and phosphorylation are 5-HT7 

receptor dependent in hippocampal neurons 
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4.2 Short-term activation of 5-HT7 receptors is neuroprotective against NMDA 
excitotoxicity in hippocampal neurons 
  

 Given the rapid changes in TrkB and PDGFβ receptor expression and phosphorylation at 

2 h and 4 h and the decreased NR2B subunit expression, we hypothesized that LP 12 would 

protect primary hippocampal neurons from NMDA/glycine induced excitotoxicity, similarly to 

what was previously shown at 24 h [103]. MTT toxicity assays were performed in hippocampal 

neurons which were pre-treated with 300 nM LP12 for either 2 or 4 h followed by NMDA (100 

µM) and co-agonist, glycine (1 µM), to induce NMDA excitotoxicity. As the hypothesis is that 

LP 12's effects are RTK-dependent, specifically, PDGFβ receptor-dependent, 5 µM STI-571 

(imatinib mesylate) was applied 30 min prior to LP 12 treatment. As a positive control, 10 ng/mL 

PDGF-BB was applied 10 min prior to NMDA/glycine insult as it would demonstrate direct 

neuroprotective effects of PDGFβ receptor activation against excitotoxicity. Hippocampal 

neurons pre-treated with LP 12 for 2 or 4 h remained more viable than neurons in the NMDA 

alone group (Figure 8 A & D). Additionally, the extent of neuroprotection was reduced in 

neurons pre-treated with STI-571 suggesting that the neuroprotection against excitotoxicity was 

likely due to LP 12-induced increases in signalling activity of RTKs like the PDGFβ receptor. 

Finally, neurons that were treated with PDGF-BB directly were protected as previously 

described at Beazely lab [89, 103].             
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Hippocampal cultures were pre-treated with vehicle or 300 nM LP 12 for 2 h or 4 h followed by 

100 μM NMDA/1 μM glycine for 10 min. To determine if the neuroprotective effects of the 5-

HT7-receptor agonist required PDGFβ receptor kinase activity, cultures were co-pre-treated with 

5 μM STI-571 (imatinib mesylate) followed by the same LP 12 pre-treatment and respective 

NMDA/glycine insult. For the PDGF-BB + NMDA bar, 10 ng/mL PDGF-BB was added for 10 

min prior to respective NMDA/glycine treatment. The number of viable cells were determined 

24 h later by 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay, n=3 *p 

< 0.05, **p < 0.01 ANOVA analysis with Bonferroni’s post-test (for all LP 12 bars, second last 

bar is a single, representative experimental result). 

Figure 9. Two and four hours LP 12 pre-treatment protects hippocampal neurons from NMDA 

excitotoxicity 
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4.3 Investigating the susceptibility of differentiated HT-22 cells to NMDA mediated 
excitotoxicity          

 

 Amongst researchers studying neuronal excitotoxicity and ionotropic glutamate receptors 

the consensus is that cell lines of neuronal origin typically do not possess functional ionotropic 

glutamate receptors [106]. Many studies to date have attempted to differentiate cell lines with 

different growth medias, growth factors, and agents like retinoic acid that collectively act at the 

transcriptional level to induce distinct phenotypic changes in cell lines (however these changes 

do not always have functional outcomes) [107]. As far as ionotropic glutamate receptors in cell 

lines are concerned, mRNA transcripts for the NR1 subunit in cell lines like PC12 (adrenal 

medulla) [113], SH-SY5Y (human neuroblastoma) [108], and oligodendroglial lineage cells 

[113] have been reported but no evidence of NR2 subunit mRNA or protein has been found in 

these cell lines.           

 Two recent publications have made a direct claim that differentiating immortalized 

mouse hippocampal neuronal HT-22 cells renders them sensitive to glutamate excitotoxicity by 

inducing expression of NMDA receptors [109, 110]. These papers show evidence of NR1 

subunits expressing after differentiation (other subunits were not assessed) and the NMDA 

receptor channel blockers MK-801 and memantine exerted neuroprotection against 50 µM 

glutamate or 1 mM homocysteine over 24 h (concentrations typically used in neuronal 

excitotoxicity experiments in primary neuronal cells) [116]. It is widely accepted across 

literature that HT-22 cells do not express functional ionotropic glutamate receptors and are 

susceptible to death only after high doses of glutamate (1 mM-10 mM) over several hours 

through a mechanism independent of ionotropic glutamate receptors (see recent review [113]). 
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We decided to investigate the possibility of HT-22 cells expressing NMDA receptors and being 

susceptible to NMDA excitotoxicity upon differentiation as reported in a single isolated 

publication [116]. 

4.3.1 HT-22 Cells are susceptible to NMDA and glutamate toxicity in a dose and 
time dependent manner 

  

 The susceptibility of undifferentiated and differentiated HT-22 cells to NMDA and 

glutamate was tested using the MTT assay. First, in accordance with literature, we found that    

24 h incubation with high millimolar concentrations of glutamate (L-glutamic acid) in 

undifferentiated HT-22 cells significantly reduced cell viability (EC50 5.8 ±0.37mM) (Figure 

9A). In contrast, NMDA was not able to exert any significant cytotoxic effects in 

undifferentiated HT-22 cells (Figure 9A). HT-22 cells that were differentiated for 24 h in 

neurobasal media and N2 supplement displayed a different sensitivity to 24 h treatments with 

both glutamate and NMDA. Both glutamate and NMDA significantly reduced cell viability in a 

concentration dependent manner in differentiated cells; EC50 of ~1.36 ± 0.14mM and ~0.98 ± 

0.09 mM, respectively (Figure 9B). Interestingly, the EC50 for glutamate induced reduction in 

cell viability of differentiated cells is more than ten folds higher than reported by He et al. [116].  

 Using the EC50 values from Figure 9B, further MTT assays were used to assess if short-

term (10 min to 4 h) glutamate or NMDA treatment could reduce cell viability in differentiated 

HT-22 cells. Differentiated HT-22 cells were exposed to 2 mM glutamate or 1 mM NMDA (with 

10 µM glycine co-treatment) over a time course of 10 min to 4 h followed by MTT reagent 
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application. Between 2 and 4 h, both NMDA and glutamate significantly reduced cell viability, 

though not below 50% as was the case with 24 h treatments (Figure 9C). 

 An important question left to be answered was whether if the sensitivity of differentiated 

HT-22 cells to glutamate and NMDA was dependent on the amount of time the cells were 

allowed to differentiate. Time course experiments were performed using the MTT assay to assess 

if HT-22 cells were still sensitive to 4 h NMDA and glutamate treatment when differentiated for 

either 6 h, 12 h, or 48 h. The time course revealed that 1 mM NMDA and 2 mM glutamate 

treatment for 4 h resulted in the greatest reduction in cell viability in HT-22 cells that were 

differentiated for 24 h (Figure 9D) but further differentiation (48 h) did not result in additional 

toxicity.            
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(A) Undifferentiated HT-22 cells were treated with 0.1 mM to 10 mM glutamate or NMDA (with 10 µM 

glycine) for 24 h. (B) Differentiated HT-22 cell were treated with 0.01 mM to 2 mM glutamate or NMDA 

(with 10 µM glycine) for 24 h. (C) To assess if a shorter exposure with NMDA and glutamate would 

exert any toxic effects on differentiated HT-22 cells, 1 mM NMDA (with 10 µM glycine) or 2 mM 

glutamate was applied for 10 min to 240 min (1440 h time point obtained from B). (D) HT-22 cells were 

differentiated for 6h , 12 h, 24 h or 48 h and treated with 1 mM NMDA (with 10 µM glycine) or 2 mM 

glutamate for 4 h.    

The number of viable cells were determined by 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium 

bromide (MTT) assays. All experiments were performed twice in quadruplets. 

Figure 10. Differentiation renders HT-22 cells susceptible to NMDA and glutamate toxicity 



 

 49 

4.3.2 Investigating the presence of functional NMDARs and RTKs in differentiated 
HT-22 cells  

 

 MTT toxicity assays showed a clear trend towards differentiation induced phenotypic 

changes in the HT-22 cell line. Literature to date on undifferentiated HT-22 cells largely shows 

that high concentrations of glutamate causes the failure of the cystine/glutamate antiporter which 

brings about ROS mediated oxidative stress; a non-ionotropic glutamate receptor dependent form 

of glutamate cytotoxicity [106]. The next line of experiments in HT-22 cells investigated if i) 

differentiation for 24 h causes expression of functional NR1 and NR2 subunits, and ii) the 

differentiated cells possess functional PDGFRβ and TrkB-FL receptors. 

 Initial Western blot screening comparing undifferentiated and differentiated HT22 cells 

revealed conclusive presence of NR1 subunit, TrkB-FL and its truncated isoforms (TrkB-Shc, 

TrkB-T1), PDGFβ receptor, and 5-HT7 receptors in both types of HT-22 cells (Figure 10). 

Interestingly, no conclusive evidence of NR2B or NR2A subunits expressing in either type of 

HT-22 cells was obtained, although densitometry analysis for these blots did result in a net 

positive intensity where extremely faint intensity bands were noticed particularly for the NR2B 

subunit in differentiated HT-22 cells (Figure 10).    
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Differentiated or undifferentiated HT-22 cells were lysed and evaluated by Western blot analysis 

(n=3). 

 

  

 Given no conclusive evidence of NR2 subunits was found through Western blot 

characterization, a number of reasons pertinent to methodical issues have been suggested in the 

discussion section of this document. The NR1 subunits were robustly expressed in both 

differentiated and undifferentiated cells, as has previously been reported [106].   

 Evidence of functional TrkB-FL or any of its isoforms has not been reported to date in 

HT-22 cells [94] unless artificially transfected  [111]. The distinct finding of TrkB-FL receptors 

Figure 11 NMDARs and RTKs in differentiated and undifferentiated HT-22 cells  
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and its isoforms in both differentiated and undifferentiated cells warranted an investigation into 

their functionality. First, preliminary immunohistochemistry experiments were performed to 

visually detect the presence of TrkB receptors in undifferentiated and differentiated HT-22 cells. 

The presence of TrkB receptors was easily detected in both differentiated and undifferentiated 

cells under a confocal microscope (Figure 11). Differentiated HT-22 cells were treated with a 

range of concentrations of BDNF for 10 min, lysed and subject to western blotting. 

Differentiated cells exerted no response to BDNF treatment as measured by TrkB-Y816 

phosphorylation, TrkB-FL expression, ERK phosphorylation and Akt Thr308 phosphorylation 

(Figure 11). This key experiment suggested the possibility of HT-22 cells expressing non-

functional TrkB receptors, although given there was no positive control it is also possible the 

treatment time of 10 min may not have been enough to phosphorylate TrkB-FL receptor. 

 The functionality of PDGFβ receptors was also assessed by applying increasing 

concentrations of the natural ligand PDGF-BB for 10 min in differentiated HT-22 cells. Western 

blot analysis clearly revealed that PDGFβ receptors were active and functional in this cell line 

given the sharp (and large) increases in tyrosine 1021, ERK, and Akt Thr 308 phosphorylation, 

respectively (Figure 12A, C, and D). Upon ligand mediated activation of the tyrosine 1021 site, 

the total expression of PDGFβ receptors plummeted well below baseline (Figure 12B) and 

interestingly, the expression of NR1 subunit was significantly reduced with 10 ng/mL PDGF-BB 

application (Figure 12E).            
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HT-22 cells were either left undifferentiated (R panel) or differentiated for 24 h (L panel). Cell cytoplasm 

were directly stained with deep red CellMask plasma membrane stain, and the TrkB receptor was 

detected using an anti-TrkB receptor antibody and a secondary antibody conjugated to Dylight 488 

(green). The images displayed are representative of three independents wells per condition. *Imaging was 

performed by Ding Wen (Roger) Chen, Foldvari Lab, University of Waterloo School of Pharmacy.  

 

 

 

 

 

 

 

 

Figure 12. Immunohistochemistry reveals presence of TrkB receptors in differentiated and undifferentiated 

HT-22 cells 
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Differentiated HT-22 cells were treated with 0.1 ng/mL to 25 ng/mL BDNF for 10 minutes and subject to 

Western blotting. (A, B) The phosphorylation of the TrkB-FL receptor was determined using an anti-

phospho-Y816 TrkB receptor antibody and was normalized to total TrkB-FL receptor expression (n = 3). 

TrkB-FL receptor expression is displayed as fold change vs. vehicle treated HT-22 cells and normalized 

to β-actin. (C) The phosphorylation of ERK was determined using the anti-pERK1/2 antibody and was 

normalized to total ERK expression (n=3). (D) The phosphorylation of Akt at threonine 308 (pAkt 

Thr308) was determined using an anti-phospho-Akt Thr308 antibody and was normalized to total Akt 

expression (n = 3). ANOVA analysis with Bonferroni's post-hoc test. (E) Representative western blots for 

Y816, TrkB-FL, pERK, ERK,  pAkt Thr308, Akt, NMDA subunits and β-actin are shown.    

Figure 13. TrkB receptors in differentiated HT-22 cells are not responsive to BDNF 
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Differentiated HT-22 cells were treated with 0.1 ng/mL to 10 ng/mL BDNF for 10 minutes and subject to 

western blotting. (A, B) The phosphorylation of the PDGFβ receptors was determined using an anti-

phospho-Y1021 PDGFβ receptor antibody and was normalized to total PDFGβ receptor expression (n = 

3), where total PDGFβ receptor expression is displayed as fold change vs. vehicle and normalized to β-

actin (n=3). (C) The phosphorylation of ERK was determined using the anti-pERK1/2 antibody and was 

normalized to total ERK expression (n=3). (D) The phosphorylation of Akt at threonine 308 (pAkt 

Thr308) was determined using an anti-phospho-Akt Thr308 antibody and was normalized to total Akt 

expression (n = 3). (D) The expression of NR1 subunit is displayed as fold change vs. vehicle and 

normalized to β-actin (n=3). *p<0.05, **p<0.01, ANOVA analysis with Benferroni's post-hoc test. (E) 

Representative western blots for Y1021, PDGFRβ, pERK, pAkt Thr308, NMDAR subunits, and β-actin 

are shown.    

Figure 14. Differentiated HT-22 cells express functional PDGFβ receptors 
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4.4 Short-term LP 12 treatment increases PDGFβ receptor signalling activity in 
differentiated HT-22 cells  

 

 Even though no evidence of functional ionotropic NMDA receptors was found in 

differentiated HT-22 cells, a rapid decrease of the NR1 subunit expression was seen with 10 

ng/mL PDGF-BB application (Figure 12E). Vasefi et al. reported a decrease in NR1 subunit 

expression with 24 h LP 12 application in primary hippocampal neurons [103], but Beazely et 

al., reported no significant changes in NR1 subunit expression with 10 min PDGF-BB 

application to CA1 hippocampal neurons [89]. Given the presence of functional 5-HT7 receptors, 

PDGFβ receptor and potentially a small subset of active NMDA receptors in the differentiated 

cell line, the next step was to investigate if LP 12 could induce short-term (1-4 h) changes in 

Y1021 phosphorylation in differentiated HT-22 cells.  

 A comprehensive time course with LP 12 was not performed in differentiated HT-22 

cells based on strong evidence that 300 nM LP 12 treatment for 4 h significantly activates the 

PDGFRβ -Y1021 site in primary hippocampal neurons (Figure 4A), primary cortical cultures 

(supplementary Figure 18C & D) and SH-SY5Y neuroblastoma cells (supplementary Figure 18A 

& B). Differentiated HT-22 cells were treated with a range of concentrations of LP 12 for 4 h to 

see if 300 nM would be the ideal concentration for activating 5-HT7 receptors as measured by 

phosphorylation of Y1021, ERK, Akt Thr308 and PLCγ1, respectively. Compared to other 

concentrations, 300 nM LP 12 considerably increased Y1021, PLCγ1, ERK. and Akt Thr308 and 

phosphorylation, respectively (Figure 13 A, B, D, E). Interestingly, 5-HT7 receptor expression 

was well below baseline with 300 nM LP 12 (Figure 13C).         
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Differentiated HT-22 cells were treated with 50 nM to 1000 nM LP 12 for 4 h and subject to Western 

blotting. (A) The phosphorylation of the PDGFβ receptors was determined using an anti-phospho-Y1021 

PDGFβ receptor antibody and was normalized to total PDFGβ receptor expression (n= 4) (B) The 

phosphorylation of the pPLCγ1 was determined using an anti-phospho-PLCγ1 antibody was normalized 

to total PLCγ1 expression (n=4). (C) The expression of 5-HT7 receptor is displayed as fold change vs. 

vehicle and normalized to β-actin (n=4). (D) The phosphorylation of ERK was determined using the anti-

pERK1/2 antibody and was normalized to total ERK expression (n=4). (E) The phosphorylation of Akt at 

threonine 308 (pAkt Thr308) was determined using an anti-phospho-Akt Thr308 antibody and was 

normalized to total Akt expression (n=4). *p<0.05, **p<0.01, ANOVA analysis with Bonferroni's post-

hoc test. (F) Representative western blots for Y1021, PDGFRβ, pPLCγ1, PLCγ1, pERK, ERK, pAkt 

Thr308, Akt, 5-HT7 receptor, and β-actin. 

Figure 15. Four hour LP 12 treatment in differentiated HT-22 cells increasing PDGF receptor signalling 
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4.5 Short-term 5-HT7 receptor activation is neuroprotective against NMDA 
excitotoxicity in differentiated HT-22 cells 

 

 Some preliminary MTT assays performed in undifferentiated HT-22 cells showed PDGF-

BB mediated neuroprotection against 3 h hydrogen peroxide insult, as well as 8 h glutamate 

insult (see supplementary Figure 19A & B), suggesting PDGFβ receptor activation in HT-22 

cells is indeed effective against oxidative stress; a finding that has recently been validated [112]. 

The next aim was to determine if changes in PDGFβ receptor signalling that was seen with 5-

HT7 receptor activation in differentiated HT-22 cells (Figure 13) would be neuroprotective 

against a 4 h NMDA insult. MTT assays were performed on differentiated HT-22 cells that were 

pre-treated with 300 nM LP 12 for 4 h after which an excitotoxic insult of 1 mM NMDA/10 µM 

glycine was given to cells for an additional 4 h. In order to determine if any neuroprotective 

activity would be due to PDGFβ receptor tyrosine kinase activity, 5 µM of a selective tyrosine 

kinase inhibitor, AG 1296, was applied 30 min prior to LP 12. Additionally, any effects of the 

NMDA receptor ion channel blocker, MK-801, against NMDA excitotoxicity was also assessed 

by applying 20 µM, 30 min prior to NMDA/glycine insult.  

 LP 12 pre-treatment in differentiated HT-22 cells significantly protected cells against 

NMDA where the neuroprotection was dependent on the kinase activity of the PDGFβ receptor 

as AG 1296 co-treatment with LP 12 blocked any survival effects (Figure 14). Interestingly, 

these assays also revealed that cells treated with MK-801 prior to NMDA insult were 

significantly more viable than cells treated with NMDA alone (Figure 14), further complicating 

explanations to the negative findings of NR2 subunits in differentiated cells.      
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Differentiated HT-22 cells were pre-treated with vehicle or 300 nM LP 12 for 4 h followed by 1 mM 

NMDA/10 μM glycine for an additional 4 h. To determine if the neuroprotective effects of the 5-HT7-

receptor agonist required PDGFβ receptor kinase activity, cultures were co-pre-treated with 5 μM AG 

1296 followed by the same LP 12 pre-treatment and respective NMDA/glycine insult. NMDA receptor 

ion channel blocker, MK 801 (20 µM) was treated 30 min prior to NMDA/glycine insult. The number of 

viable cells were determined by 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) 

assay, n=3 *p < 0.05, **p < 0.01 ANOVA analysis with Bonferroni’s post-test. Phase-contrast 

photomicrographs of representative conditions are shown, bottom right image is an example of 2mM 

glutamate cytotoxicity after 4 h; images obtained with 10x objective; scale bars represent 50 µM. 

Figure 16. LP 12 is neuroprotective against NMDA excitotoxicity in differentiated HT-22 cells 
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 The mechanism by which LP 12 can keep its pro-survival activity sustained over a course 

of 8 h and prove to be neuroprotective against NMDA had to be investigated via Western blot 

analysis. Differentiated cells were pretreated with 4 h of LP 12 or co-pretreated with SB 258719 

(30 min prior to LP 12), both in the presence or absence of a 4 h application of NMDA. Given 

the longer time frame of this experiment the data is hard to interpret from the perspective of 5-

HT7 receptor mediated activation of PDGFβ receptor signalling, however it does show 

conclusively that in the NMDA insult alone group there is elevated expression of PDGFβ 

receptors, 5-HT7 receptors, and the NR1 subunit (Figure 15 A, B and C). To date, it is well 

understood that the PDGFβ receptor system is up-regulated in vivo as a response to ischemia but 

no study has evaluated 5-HT7 receptor mRNA or expression levels during an excitotoxic insult. 

The activity of tyrosine 1021 was found to be below baseline in all conditions that contained 

NMDA (data not shown), but PDGFβ receptor expression was elevated in all these conditions 

except for SB 25/LP 12/NMDA condition (Figure 15A), perhaps suggesting a compensatory 

mechanism in PDGFβ receptor signalling during excitotoxicity. Last, the elevated levels of 

phosphorylated Akt in the LP+NMDA group (Figure 15D) provides some indication of pro-

survival signalling being sustained until the end of the 8 h treatment.  
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Differentiated HT-22 cells were treated with 300 nM LP 12 for 4 h or co-pretreated with 5 µM SB 

258719, 30 min prior to LP 12 treatment. The cells were then subject to 4 h insult of 1 mM NMDA/ 10 

µM glycine and subject to Western blotting. (A) The expression of PDGFβ receptor is displayed as fold 

change vs. vehicle and normalized to β-actin (n=3). (B) The expression of NR1 subunit is displayed as 

fold change vs. vehicle and normalized to β-actin (n=3). (C) The expression of 5-HT7 receptor is 

displayed as fold change vs. vehicle and normalized to β-actin (n=3). (D) The phosphorylation of Akt at 

threonine 308 (pAkt Thr308) was determined using an anti-phospho-Akt Thr308 antibody and was 

normalized to total Akt expression (n=3). *p<0.05, **p<0.01 relative to control, ANOVA analysis with 

Bonferroni's post-hoc test. (F) Representative Western blots for PDGFRβ, NR1, 5-HT7, pAkt Thr308, 

Akt, and β-actin. 

Figure 17. 5-HT7 receptor, PDGFβ receptor and NR1 subunit expression is elevated during NMDA 

excitotoxicity 

- 

- 
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4.6 Supplementary Figures 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

(A) SH-SY5Y cells were treated with 300 nM LP 12 for 0.25 h to 4 h and subject to Western blotting. 

The phosphorylation of the PDGFβ receptors was determined using an anti-phospho-Y1021 PDGFβ 

receptor antibody and was normalized to total PDFGβ receptor expression (n= 4), (B) Representative 

blots for A. (C) Primary cortical cultures were treated on the 10
th
 day in vitro with 300 nM LP 12 for 0.25 

h to 4 h and subject to Western blotting. The phosphorylation of the PDGFβ receptors was determined 

using an anti-phospho-Y1021 PDGFβ receptor antibody and was normalized to total PDFGβ receptor 

expression (n= 5). (D) Representative western blots for C. *p<0.05, **p<0.01 relative to control, 

ANOVA analysis with Benferroni's post-hoc test. 

Figure 18. Short-term LP 12 time courses in SH-SY5Y cells and primary cortical cultures 
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(A) Undifferentiated HT-22 cells were pre-treated with a 10 min application of 10 ng/mL PDGF-BB or 

co-pretreated with 5 µM of a PDGFRβ kinase inhibitor, AG 1296, thirty min prior to LP 12 treatment. 

Cells were then subject to 3 h treatment with 200 µM H2O2.  (B) Undifferentiated HT-22 cells were pre-

treated with a 10 min application of 10 ng/mL PDGF-BB or co-pretreated with 5 µM of a PDGFRβ 

kinase inhibitor, AG 1296, thirty min prior to LP 12 treatment. Cells were then subject to 5 mM glutamate 

insult for 8 h.  

The number of viable cells were determined in both (A) and (B) by 3-(4,5-dimethylthiazol-2-yl)-2,5-

diphenyltetrazolium bromide (MTT) assay, n=3 *p < 0.05, **p < 0.01 ANOVA analysis with 

Bonferroni’s post-test.  

 

 

 

 

Figure 19. PDGF-BB protects against glutamate and H2O2 oxidative stress in undifferentiated HT-22 cells 



 

 63 

Chapter 5: Discussion 

 The results presented in this thesis have added a different dimension to the findings of 

Vasefi et al., who discovered a novel pathway by which PDGFβ receptors can be activated in a 

ligand-independent manner using 5-HT7 receptor agonists. The ultimate aim of this project was 

to ameliorate the effects of neuronal excitotoxicity by achieving the same GPCR-RTK-NMDAR 

cross-talk with short-term exposure to 5-HT7 receptor agonists. The following sections will 

summarize and provide commentary on the results of this project.  

5.1 5-HT7 receptor activation increases neurotrophic signalling in neurons  

 The first objective of this project was to collect evidence of significant 5-HT7-

PDGFRβ/TrkB-NMDAR cross-talk pathway occurring with short-term agonist (LP 12) 

exposure, across different cell models. The most compelling evidence of this pathway came from 

1 h to 4 h treatment of primary hippocampal neurons where the PDGF system was activated 

between 2 and 4 h as levels of Y1021 phosphorylation were maximal at 4 h (Figure 5A). 

Additionally, in primary hippocampal neurons, the selective 5-HT7 receptor inhibitor, SB 

258719, blocked increases in Y1021 phosphorylation at 4 h, suggesting the mechanism was 5-

HT7 receptor-dependent. In differentiated HT-22 cells, SH-SY5Y cells, and primary cortical 

neurons, 5-HT7 receptor activation also increased PDGFβ receptor phosphorylation and its 

subsequent downstream activity at 4 h (Figure 15, supplementary Figure 18 A-D). Interpreting 

the results of the short-term time course (15 min to 4 h) in this project and that of the long-term 

time course performed by Vasefi et al. [57] suggests that the PDGF neurotrophic system begins 
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to elevate in activity around 2 h of LP 12 incubation and peaks at 4 h, 8 h and again at 24 h 

(Figure 20A).  In contrast, LP 12 treatment in primary hippocampal neurons showed increased 

TrkB receptor activity at 2 h and then again at 4 h where TrkB receptor expression was also 

elevated at 2 and 3 h but not 4 h (Figure 5 C & D). Samarajeewa et al., previously showed that 

TrkB phosphorylation and expression is elevated significantly above baseline with 24 h LP 12 

treatment in primary cortical neurons, retinal ganglion cell line (RGC-5), and SH-SY5Y cells 

[65]. The short-term time courses of Samarajeewa et al., in SH-SY5Y cells only revealed 

elevated TrkB expression but not Y816 phosphorylation between 1 h and 2 h whereas in RGC-5 

cells both TrkB expression and phosphorylation were elevated in the same time frame [65]. 

Collectively, it is possible that short-term (2 to 4 h) as well as long-term (24 h) 5-HT7 activation 

also elevates TrkB receptor activity above baseline however time points between 4 h and 24 h 

are yet to be investigated (Figure 20B). 
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Schematic representing time course of 5-HT7 receptor activation as a function of increased PDGFRβ and 

TrkB activity 

           

 Ligand-independent intracellular activation of RTKs by GPCRs is usually coined the 

term "transactivation", an event that is frequently reported in literature to be acute, and transient 

in nature. One of the first, and best, studies to have demonstrated transactivation involve D2-

class dopamine receptor transactivation of PDGFβ receptors [53]. In this study, the activation of 

either D2L (long isoform) or D4 dopamine receptors in Chinese hamster ovary (CHO) cells 

results in the phosphorylation of ERK1/2 downstream of PDGFβ receptors that were 

transactivated in a Gαi/o and Src-dependent manner [53]. Another prominent example includes 5-

HT (serotonin) induced phosphorylation of ERK1/2 as well as PDGFβ and TrkB receptor 

phosphorylation in SH-SY5Y cells where all phosphorylation events depend on NADPH oxidase 

but only the RTK phosphorylation is dependent on ROS [55]. Current literature points to a 

myriad of factors that are involved in transactivation which occurs in many in vitro models, these 

Figure 20. Time course of 5-HT7 receptor activation and PDGFRβ and TrkB neurotrophic activity 
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include: timing and choice of ligand, several common effector proteins involved between the 

GPCR and the RTK, role of β-arrestins in enhancing or downregulating the transactivation, 

dimerization of RTKs and localization between the GPCR and the RTK [113].  

 Unlike transactivation that occurs rapidly and only lasts a few minutes, results of this 

project adds to the growing number of studies that report a late onset yet longer lasting form of 

ligand independent activation of RTKs via GPCRs. This particular process is an exception to the 

"acute RTK transactivation rule" where for instance, activation of adenosine receptors or 

D1dopamine receptors in striatal neurons (using 1 µM of a D1/D5 agonist SKF38393) increases 

TrkB receptor phosphorylation after 3 h where phosphorylation remains elevated up to 6 h [114].  

Additionally, in CHO cells D2L and D3 dopamine receptors increased Akt and GSK-3β 

phosphorylation for more than 2 h after a 10 min treatment with dopamine, a process that was 

dependent on the RTK insulin like growth factor-1 (IGF-1) receptor [115]. As shown in Figure 

20 it is clear that short-term and long-term activation of 5-HT7 receptor activation by selective 

agonists leads to ligand independent increases in PDGFβ and TrkB receptor activity that has 

physiologically relevant consequences as measured by increased PLCγ1 levels (Figure 7D and 

8C), decreased NR2B levels (Figure 7E and 8D) and increased Akt phosphorylation (Figure 7F 

and 7E). The exact intracellular signalling components that lead to short-term and long-term 

activation of PDGFβ and TrkB receptors via 5-HT7 receptors are currently unknown and should 

be subject to immediate investigation. As far as this particular cross-talk pathway is concerned, 

some key questions remain unanswered thus far: i) why is it that 5-HT7 receptor dependent 

ligand-independent elevation in neurotrophic systems occur in two different time periods? ii) 
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Unlike at 24 h, why do increases in PDGFβ and TrkB receptor activity not overlap over the 

short-term time course i.e., why don't they occur at the same time points?      

 The mechanistic questions regarding the role of 5-HT7 receptor activation on 

neurotrophic factor signalling can be answered by assessing similar intracellular aspects that 

recent transactivation studies have investigated. First, given Vasefi et al. and Samarajeewa et al. 

concluded that long term activation of PDGFβ and TrkB receptors by 5-HT7 receptors were 

predominantly Gαs-dependent respectively [57, 65], intracellular intermediates that are 

downstream of PKA activation should be investigated. Additionally, an experiment is required to 

answer whether if LP 12 induced short-term increases in PDGFβ and TrkB receptor activity are 

mutually exclusive of each other or if one is dependent on the other. For TrkB, since the 

phosphorylation and expression were elevated at 2 h in primary hippocampal neurons, a Trk 

tyrosine kinase inhibitor, K-252a, should be used to block Y816 activity to see if the PDGFβ 

receptor continues to increase in phosphorylation between 2 h and 4 h after LP 12 treatment. 

Conversely, PDGFβ receptor kinase activity should be blocked, via AG-1296, and it should be 

assessed if TrkB receptor phosphorylation still rises at 2 h and 4 h. These experimental 

conditions will clearly deduce if the short-term changes in PDGFβ and TrkB receptor 

phosphorylation are mutually exclusive or whether if blocking the activity of one could change 

the profile of another in the short-term. Given only the PLCγ1 sites on the RTKs were examined 

in this project (and  the phosphorylation states were found to be elevated), it is quite possible that 

the intracellular mechanism for both short-term and long-term 5-HT7 receptor activation involves 

an increase in Ca
2+

 influx [114]. The exact role of calcium influx should be unraveled by pre-
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incubating the same set of experimental conditions with a calcium chelator , such as BAPTA, 

and an ionophore, such as ionomycin, that can increase intracellular Ca
2+

 influx. Last, the role of 

β-arrestins and phosphodiesterases that regulate the de-phosphorylation of GPCRs and RTKs 

should be tested, respectively.      

In the context of transactivation and neuronal survival, it is easier to postulate the 

physiological relevance of transactivation being pertinent to a safety system that delays neuronal 

death in the absence of growth factors, but this explanation is hard to interpret over a longer time 

course (hours to days). The ability of 5-HT7 receptor agonists to concurrently increase the 

activity of PDGFβ and TrkB receptors in a relatively short time frame such as 4 h gives rise to 

the intriguing possibility that 5-HT7 receptors may play a key role in response to acute neuronal 

stress like excitotoxicity. 

5.2 Short-term activation of 5-HT7 receptors is neuroprotective against neuronal 
excitotoxicity 

 The second objective of this project was to decipher if any short-term changes in PDGFβ 

or TrkB receptor systems caused by 5-HT7 receptor agonists would prove to be neuroprotective 

against excitotoxicity. Indeed, the short-term increases in RTK signalling in primary 

hippocampal neurons and differentiated HT-22 cells increased the expression of PLCγ1 binding 

site as well as the activation of Akt, two events that would be pre-requisites for inhibiting the 

expression of NR2B subunits and its downstream pro-death signalling, respectively. Subsequent 

to all the pre-treatment effects of LP 12, 4 h application of LP 12 protected primary hippocampal 

neurons as well as differentiated HT-22 cells against NMDA insults (Figures 9 & 16, 

respectively). Indeed, in primary hippocampal neurons the expression of the extrasynaptic NR2B 
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subunit appears to be reduced over a sustained period of 2 h to 4 h after agonist application 

(Figure 6A) which further strengthens the proposed mode of neuroprotection by Vasefi et al. 

[103]. Beazely et al., demonstrated that PDGFβ receptor expression is mainly extrasynaptic and 

that they co-localize with NR2B subunits, providing a possible explanation as to why PDGF-BB 

application in hippocampal neurons selectively decreases the cell surface expression of NR2B 

subunits and phosphorylates certain tyrosine sites that increase their internalization kinetics [89]. 

The exact mechanism by which PDGFβ receptors inhibit NR2B subunits should be further 

investigated.      

Vasefi et al., did not investigate the role of TrkB receptors, but Samarajeewa et al. 

showed both rapid (transactivation) and short-term increases (2 h) in TrkB receptor expression 

and activity with LP 12 in various models [65]. This project unravelled an intriguing finding that 

5-HT7 agonists can cause short-term and concurrent increases in both PDGFβ receptor and TrkB 

receptor signalling which may incur a synergistic effect against neuronal excitotoxicity. 

However, the neuroprotection data using MTT assays only utilized RTK inhibitors that were 

specific for PDGFβ receptors (Figure 8) but the lack of neuroprotection with 2 and 4 h 

application of LP 12 in the presence of imatinib indicates the neuroprotection is PDGFβ receptor 

specific and counters the theory that both TrkB and PDGFβ receptor signalling are required to 

happen concurrently in order to prevent NMDA excitotoxicity.      

 The mechanisms by which PDGFβ receptors and TrkB receptors prevent neuronal 

excitotoxicity may be mechanistically and temporally distinct. The PDGFβ receptors physically 

interact with extrasynaptic NR2B containing pools of NMDA receptors given they do not 
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colocalize with PSD-95 (synaptic marker) or with synaptic NR2A subunits [89], and that PDGFβ 

receptor activation reduces expression of NR2B subunits as found in this project along with 

several other reports [37, 89, 103]. This key feature of the PDGF system inhibiting extrasynaptic 

NMDA receptor activity mimics the action of the pharmacological agent memantine which only 

blocks the NMDA receptor ion channel during excitotoxicity, while sparing synaptic NMDA 

receptor activity. Indeed, the neuronal and vascular PDGF system is up-regulated rapidly in vivo 

in response to acute ischemia for neuroprotection and injury repair, respectively [86, 116]. In 

contrast, the activation of the neurotrophin system in acute excitotoxicity is believed to be 

dependent on the synaptic activity of NR2A containing NMDA receptors which leads to CREB 

phosphorylation, leading to the delayed transcription and synthesis of BDNF [75] which can then 

act on Trk receptors and also causes transcription of pro-survival genes against both 

extrasynaptic NMDA receptor signalling and downstream cell death [117]. Given the enhanced 

activity of extrasynaptic NMDA receptors during neuronal excitotoxicity, and the short-term 

downregulation of NR2B subunits by PDGFβ receptors, it is very likely that the PDGF system is 

first in line to sustain synaptic activity by preventing NR2B subunit dependent decreases in 

CREB and ERK phosphorlation [89] which subsequently allows for the synthesis of BDNF and 

the long-term trophic effects of TrkB activation and neuronal survival. Given 5-HT7 receptor 

expression is likely elevated during excitotoxicity (Figure 17), and that its activation between 2 

and 24 h upregulates PDGFβ receptor activity as well as TrkB receptor activity, it is plausible to 

suggest that 5-HT7 receptors can play a critical role in response to ischemia and other forms of 

neuronal excitotoxicity (see schematic in Figure 21). 
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Schematic proposing that 5-HT7 receptor activation under excitotoxic conditions activates PLCγ1 on 

PDGFβ receptors that inhibits the activity of extrasynaptic NMDA receptors which is no longer able to 

inhibit synaptic NMDA receptor activity that is required for BDNF-TrkB mediated neuroprotection. 

5.3 5-HT7 receptors agonists for neuronal excitotoxicity 

 The research presented in this project gives direct evidence for targeting the 5-HT7 

receptor system to (ligand-independently) upregulate the activity of PDGFβ and TrkB receptors 

with only short-term agonist application. In cell biology it is no longer a mystery that GPCRs can 

activate (transiently and long-term) RTKs intrinsically without the need of growth factors and in 

neurobiology specifically, these systems are beginning to be well characterized. Several clinical 

attempts to target neurological disorders with growth factors had great premise but limited 

success due to i) the prolonged deleterious effects of direct activation of RTKs and ii) problems 

with effectively delivering large proteinaceous growth factors to the brain. Short-term use of 5-

Figure 21. 5-HT7 receptors: short-term and long-term activation against neuronal excitotoxicity 
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HT7 receptor agonists for the treatment of acute brain injuries, which all inherently involve 

excitotoxicity, may be beneficial given its robust involvement in concurrently upregulating two 

neurotropic systems that govern the brain's natural responses to injury. However, the use of 

agonists like LP 12 or its recently more bioavailable and brain penetrable analogues, LP 211, for 

neuronal excitotoxicity is still an avenue that needs strengthening through more in vitro and in 

vivo investigation (see section 5.4).  In order for the 5-HT7 receptor to become a new therapeutic 

target for neuronal excitotoxicity the following research questions need to be addressed well 

before the pre-clinical stage: 

 How long do the effects of LP 12 last in neuronal cultures and is extrasynaptic 

NMDA receptor expression and activity restored past 24 h? 

 Can the short-term effects of LP 12 on RTKs be replicated with post-NMDA 

treatment instead of pre-treatment? 

 What are the intermediate signalling components of short-term and long-term 5-

HT7 receptor activation of PDGFβ and TrkB receptors?  

5.4 Limitations and future directions 

 This project had numerous methodical limitations which affect the inferences that can be 

made out of the results presented. First, in primary hippocampal neurons the excitotoxicity 

incurred was merely a 10 min NMDA/glycine exposure after which a washout was performed 

and neurons were allowed to undergo demise for 24 h. Neuroprotection against this form of in 

vitro excitotoxicity is not sufficient evidence for pre-clinical investigation of the agonist given 

physiologically the insult is typically more robust. In order to warrant the pre-clinical 

development of LP 12 or analogs, the neuroprotective effects of the agonists need to be assessed 

using higher NMDA concentrations for longer periods of time or even in the presence of 

glutamate instead of NMDA. In addition to increasing the intensity of the excitotoxic insult, it is 
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imperative to assess if the neuroprotection studies done in this project can be replicated using the 

MAP-2 assay as it will indicate neuronal survival specifically. Second, evidence presented that 

5-HT7 receptors upregulate during excitotoxicity was only drawn from experiments done in 

differentiated HT-22 cells that were shown to be susceptible to NMDA excitotoxicity. Given no 

expression of functional NMDA receptors was detected in this cell line, this piece of evidence 

should still be considered unconfirmed until mRNA analysis or further Western blot analysis of 

NR2 subunit transcripts is performed in differentiated HT-22 cells. Last, experiments were not 

performed (in neuronal cultures or cell lines) to conclusively deduce if short-term effects of LP 

12 on RTK activation are indeed Gαs dependent or whether if Gα12 activation also plays a role.  

 In addition to experiments that could not be performed for various reasons, a key 

limitation that needs to be elaborated upon is the differentiated HT-22 cell line used in this 

project. Even though experiments suggest the differentiated cell line possesses functional PDGFβ 

receptors as well as 5-HT7 receptors, the lack of NR2 subunit detection via western blot impedes 

the conclusions that can be made out of this project (thus far). More sensitive tools like real time-

polymerase chain reaction (rt-PCR) need to be employed to sensitively detect any levels of NR2 

subunit mRNAs in the differentiated cell line. Additionally, cell lysis and Western blot protocols 

need to be optimized to detect NR2 subunits where a higher concentration of SDS (up to 0.5%) 

can be used to lyse differentiated cells, and a higher amount of protein can be loaded (40-45 ug) 

to detect any expression. The data presented in this thesis on the cell line being susceptible to 

excitotoxicity is indeed plausible given differentiation of any cell line is never wholesome, i.e., 

not every immortalized cell is able to escape the cell cycle and sustain a post-mitotic fate. The 
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reduction in viability with 1 mM NMDA for 4 h was on average around 35% suggesting only a 

subset of cells may have been undergoing the differentiation necessary to possess functional 

NR2 subunits, which meant not enough protein was extracted from differentiated cells to be 

detected via western blot. Similar observations supporting only a subset of cells undergoing 

differentiation were reported by Zhao et al. who assessed homocysteine toxicity in differentiated 

HT-22 cells [110]. Experiments in the very near future at Beazely lab will undoubtedly reveal 

whether if this cell line can be used as a model to study NMDA excitotoxicity. In addition to the 

lack of NR2 subunits detected in HT-22 cells, data presented here shows no response of these 

cells to a 10 min application of BDNF (Figure 13). This experiment suffered heavily from not 

having a positive control (perhaps the use of SH-SY5Y cells alongside HT-22 cells) and the 

short application time of 10 min with BDNF. In literature, while variable treatment times with 

BDNF are used in cell lines and primary neurons, it is accepted that any changes in ERK or Akt 

activation can be delayed till 30 minutes post treatment [117]. An additional experiment needs to 

be performed with a longer exposure to BDNF to conclusively rule out the cell line possessing 

non-functional TrkB receptors.      

 The ultimate future direction of this research will be to utilize electrophysiology tools to 

measure miniature excitatory postsynaptic currents (mEPSCs) in hippocampal neurons (or 

differentiated HT-22 cells if found to be successfully differentiated) subject to both short and 

long-term treatment with LP 12. This series of experiments will conclusively unravel the time 

course by which 5-HT7 receptors may promote, inhibit or have no effect on NMDA receptor 

activity.      
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5.5 Conclusion 

 The prolonged activation of the 5-HT7 receptor inhibits NMDA receptor function by 

upregulating PDGFβ receptor expression and activity. PDGFβ receptors activation is a biological 

event that occurs in response to neuronal excitotoxicity, but the most toxic form of neuronal 

excitotoxicity occurs in an acute and short-term time frame where prolonged activation with a 

GPCR to upregulate its activity may not be a favourable clinical strategy. This research shows 

evidence of short-term activation of 5-HT7 receptors upregulating both PDGFβ and TrkB 

receptor signalling activity which also proves to be neuroprotective against NMDA 

excitotoxicity, further suggesting that 5-HT7 receptor modulation of NMDA receptors is a novel 

therapeutic target for a multitude of neurodegenerative and neurological pathologies. 

 



 76 

 

Bibliography 

[1] M. Audet, M. Bouvier, Restructuring G-protein- coupled receptor activation, Cell 151 (2012) 14-

23. 

[2] L.M. Luttrell, Transmembrane signaling by G protein-coupled receptors, Methods Mol Biol 332 

(2006) 3-49. 

[3] A. Woehler, E.G. Ponimaskin, G protein--mediated signaling: same receptor, multiple effectors, 

Curr Mol Pharmacol 2 (2009) 237-248. 

[4] S.S. Ferguson, Evolving concepts in G protein-coupled receptor endocytosis: the role in receptor 

desensitization and signaling, Pharmacol Rev 53 (2001) 1-24. 

[5] J.A. Pitcher, N.J. Freedman, R.J. Lefkowitz, G protein-coupled receptor kinases, Annu Rev 

Biochem 67 (1998) 653-692. 

[6] M.M. Rapport, A.A. Green, I.H. Page, Serum vasoconstrictor, serotonin; isolation and 

characterization, J Biol Chem 176 (1948) 1243-1251. 

[7] A. Gasbarri, A. Pompili, Serotonergic 5-HT7 receptors and cognition, Rev Neurosci (2014). 

[8] J.R. Couch, Jr., Responses of neurons in the raphe nuclei to serotonin, norepinephrine and 

acetylcholine and their correlation with an excitatory synaptic input, Brain Res 19 (1970) 137-

150. 

[9] P.B. Bradley, G. Engel, W. Feniuk, J.R. Fozard, P.P. Humphrey, D.N. Middlemiss, E.J. 

Mylecharane, B.P. Richardson, P.R. Saxena, Proposals for the classification and nomenclature of 

functional receptors for 5-hydroxytryptamine, Neuropharmacology 25 (1986) 563-576. 

[10] D.E. Nichols, C.D. Nichols, Serotonin receptors, Chem Rev 108 (2008) 1614-1641. 

[11] H.G. Baumgarten, Z. Grozdanovic, Psychopharmacology of central serotonergic systems, 

Pharmacopsychiatry 28 Suppl 2 (1995) 73-79. 

[12] D.E. Heidmann, M.A. Metcalf, R. Kohen, M.W. Hamblin, Four 5-hydroxytryptamine7 (5-HT7) 

receptor isoforms in human and rat produced by alternative splicing: species differences due to 

altered intron-exon organization, J Neurochem 68 (1997) 1372-1381. 

[13] E. Gellynck, K. Laenen, K.W. Andressen, B. Lintermans, K. De Martelaere, A. Matthys, F.O. 

Levy, G. Haegeman, P. Vanhoenacker, K. Van Craenenbroeck, Cloning, genomic organization 

and functionality of 5-HT(7) receptor splice variants from mouse brain, Gene 426 (2008) 23-31. 

[14] H. Liu, H.R. Irving, I.M. Coupar, Expression patterns of 5-HT7 receptor isoforms in the rat 

digestive tract, Life Sci 69 (2001) 2467-2475. 

[15] D. Guseva, A. Wirth, E. Ponimaskin, Cellular mechanisms of the 5-HT7 receptor-mediated 

signaling, Front Behav Neurosci 8 (2014) 306. 

[16] L.P. Baker, M.D. Nielsen, S. Impey, M.A. Metcalf, S.W. Poser, G. Chan, K. Obrietan, M.W. 

Hamblin, D.R. Storm, Stimulation of type 1 and type 8 Ca2+/calmodulin-sensitive adenylyl 

cyclases by the Gs-coupled 5-hydroxytryptamine subtype 5-HT7A receptor, J Biol Chem 273 

(1998) 17469-17476. 

[17] L. Speranza, T. Giuliano, F. Volpicelli, M.E. De Stefano, L. Lombardi, A. Chambery, E. Lacivita, 

M. Leopoldo, G.C. Bellenchi, U. di Porzio, M. Crispino, C. Perrone-Capano, Activation of 5-HT7 

receptor stimulates neurite elongation through mTOR, Cdc42 and actin filaments dynamics, Front 

Behav Neurosci 9 (2015) 62. 

[18] F. Kobe, D. Guseva, T.P. Jensen, A. Wirth, U. Renner, D. Hess, M. Muller, L. Medrihan, W. 

Zhang, M. Zhang, K. Braun, S. Westerholz, A. Herzog, K. Radyushkin, A. El-Kordi, H. 



 

 77 

Ehrenreich, D.W. Richter, D.A. Rusakov, E. Ponimaskin, 5-HT7R/G12 signaling regulates 

neuronal morphology and function in an age-dependent manner, J Neurosci 32 (2012) 2915-2930. 

[19] U. Renner, A. Zeug, A. Woehler, M. Niebert, A. Dityatev, G. Dityateva, N. Gorinski, D. Guseva, 

D. Abdel-Galil, M. Frohlich, F. Doring, E. Wischmeyer, D.W. Richter, E. Neher, E.G. 

Ponimaskin, Heterodimerization of serotonin receptors 5-HT1A and 5-HT7 differentially 

regulates receptor signalling and trafficking, J Cell Sci 125 (2012) 2486-2499. 

[20] A. Matthys, G. Haegeman, K. Van Craenenbroeck, P. Vanhoenacker, Role of the 5-HT7 receptor 

in the central nervous system: from current status to future perspectives, Mol Neurobiol 43 (2011) 

228-253. 

[21] M. Leopoldo, E. Lacivita, F. Berardi, R. Perrone, P.B. Hedlund, Serotonin 5-HT7 receptor agents: 

Structure-activity relationships and potential therapeutic applications in central nervous system 

disorders, Pharmacol Ther 129 (2011) 120-148. 

[22] P. Di Pilato, M. Niso, W. Adriani, E. Romano, D. Travaglini, F. Berardi, N.A. Colabufo, R. 

Perrone, G. Laviola, E. Lacivita, M. Leopoldo, Selective agonists for serotonin 7 (5-HT7) 

receptor and their applications in preclinical models: an overview, Reviews in the Neurosciences 

0 (2014). 

[23] P. Janssen, N.H. Prins, B. Moreaux, A.L. Meulemans, R.A. Lefebvre, Characterization of 5-HT7-

receptor-mediated gastric relaxation in conscious dogs, Am J Physiol Gastrointest Liver Physiol 

289 (2005) G108-115. 

[24] K. Varnas, D.R. Thomas, E. Tupala, J. Tiihonen, H. Hall, Distribution of 5-HT7 receptors in the 

human brain: a preliminary autoradiographic study using [3H]SB-269970, Neurosci Lett 367 

(2004) 313-316. 

[25] J. Sprouse, L. Reynolds, X. Li, J. Braselton, A. Schmidt, 8-OH-DPAT as a 5-HT7 agonist: phase 

shifts of the circadian biological clock through increases in cAMP production, 

Neuropharmacology 46 (2004) 52-62. 

[26] J.D. Glass, G.H. Grossman, L. Farnbauch, L. DiNardo, Midbrain raphe modulation of nonphotic 

circadian clock resetting and 5-HT release in the mammalian suprachiasmatic nucleus, J Neurosci 

23 (2003) 7451-7460. 

[27] P.B. Hedlund, L. Kelly, C. Mazur, T. Lovenberg, J.G. Sutcliffe, P. Bonaventure, 8-OH-DPAT 

acts on both 5-HT1A and 5-HT7 receptors to induce hypothermia in rodents, Eur J Pharmacol 487 

(2004) 125-132. 

[28] C. Faure, O. Mnie-Filali, H. Scarna, G. Debonnel, N. Haddjeri, Effects of the 5-HT7 receptor 

antagonist SB-269970 on rat hormonal and temperature responses to the 5-HT1A/7 receptor 

agonist 8-OH-DPAT, Neurosci Lett 404 (2006) 122-126. 

[29] G. Sarkisyan, P.B. Hedlund, The 5-HT7 receptor is involved in allocentric spatial memory 

information processing, Behav Brain Res 202 (2009) 26-31. 

[30] A. Meneses, Effects of the 5-HT7 receptor antagonists SB-269970 and DR 4004 in autoshaping 

Pavlovian/instrumental learning task, Behav Brain Res 155 (2004) 275-282. 

[31] G.S. Perez-Garcia, A. Meneses, Effects of the potential 5-HT7 receptor agonist AS 19 in an 

autoshaping learning task, Behav Brain Res 163 (2005) 136-140. 

[32] F.J. Monsma, Jr., Y. Shen, R.P. Ward, M.W. Hamblin, D.R. Sibley, Cloning and expression of a 

novel serotonin receptor with high affinity for tricyclic psychotropic drugs, Mol Pharmacol 43 

(1993) 320-327. 

[33] U.L. Mullins, G. Gianutsos, A.S. Eison, Effects of antidepressants on 5-HT7 receptor regulation 

in the rat hypothalamus, Neuropsychopharmacology 21 (1999) 352-367. 



 

 78 

[34] G. Sarkisyan, A.J. Roberts, P.B. Hedlund, The 5-HT(7) receptor as a mediator and modulator of 

antidepressant-like behavior, Behav Brain Res 209 (2010) 99-108. 

[35] A.I. Abbas, P.B. Hedlund, X.P. Huang, T.B. Tran, H.Y. Meltzer, B.L. Roth, Amisulpride is a 

potent 5-HT7 antagonist: relevance for antidepressant actions in vivo, Psychopharmacology 

(Berl) 205 (2009) 119-128. 

[36] C. Sanchez, K.E. Asin, F. Artigas, Vortioxetine, a novel antidepressant with multimodal activity: 

review of preclinical and clinical data, Pharmacol Ther 145 (2015) 43-57. 

[37] J. Andrae, R. Gallini, C. Betsholtz, Role of platelet-derived growth factors in physiology and 

medicine, Genes Dev 22 (2008) 1276-1312. 

[38] F.C. Alsina, F. Ledda, G. Paratcha, New insights into the control of neurotrophic growth factor 

receptor signaling: implications for nervous system development and repair, J Neurochem 123 

(2012) 652-661. 

[39] C.H. Heldin, A. Ostman, L. Ronnstrand, Signal transduction via platelet-derived growth factor 

receptors, Biochim Biophys Acta 1378 (1998) F79-113. 

[40] A. Smits, M. Kato, B. Westermark, M. Nister, C.H. Heldin, K. Funa, Neurotrophic activity of 

platelet-derived growth factor (PDGF): Rat neuronal cells possess functional PDGF beta-type 

receptors and respond to PDGF, Proc Natl Acad Sci U S A 88 (1991) 8159-8163. 

[41] P. Liu, Y. Ying, Y.G. Ko, R.G. Anderson, Localization of platelet-derived growth factor-

stimulated phosphorylation cascade to caveolae, J Biol Chem 271 (1996) 10299-10303. 

[42] P. Leveen, M. Pekny, S. Gebre-Medhin, B. Swolin, E. Larsson, C. Betsholtz, Mice deficient for 

PDGF B show renal, cardiovascular, and hematological abnormalities, Genes Dev 8 (1994) 1875-

1887. 

[43] W.J. Friedman, L.A. Greene, Neurotrophin signaling via Trks and p75, Exp Cell Res 253 (1999) 

131-142. 

[44] T. Rantamaki, E. Castren, Targeting TrkB neurotrophin receptor to treat depression, Expert Opin 

Ther Targets 12 (2008) 705-715. 

[45] B.M. Fenner, Truncated TrkB: beyond a dominant negative receptor, Cytokine Growth Factor 

Rev 23 (2012) 15-24. 

[46] G. Nagappan, B. Lu, Activity-dependent modulation of the BDNF receptor TrkB: mechanisms 

and implications, Trends Neurosci 28 (2005) 464-471. 

[47] J. Zheng, W.H. Shen, T.J. Lu, Y. Zhou, Q. Chen, Z. Wang, T. Xiang, Y.C. Zhu, C. Zhang, S. 

Duan, Z.Q. Xiong, Clathrin-dependent endocytosis is required for TrkB-dependent Akt-mediated 

neuronal protection and dendritic growth, J Biol Chem 283 (2008) 13280-13288. 

[48] L. Minichiello, TrkB signalling pathways in LTP and learning, Nat Rev Neurosci 10 (2009) 850-

860. 

[49] D.A. Linseman, C.W. Benjamin, D.A. Jones, Convergence of angiotensin II and platelet-derived 

growth factor receptor signaling cascades in vascular smooth muscle cells, J Biol Chem 270 

(1995) 12563-12568. 

[50] P. Delafontaine, A. Anwar, H. Lou, L. Ku, G-protein coupled and tyrosine kinase receptors: 

evidence that activation of the insulin-like growth factor I receptor is required for thrombin-

induced mitogenesis of rat aortic smooth muscle cells, J Clin Invest 97 (1996) 139-145. 

[51] H. Daub, F.U. Weiss, C. Wallasch, A. Ullrich, Role of transactivation of the EGF receptor in 

signalling by G-protein-coupled receptors, Nature 379 (1996) 557-560. 

[52] R. Wetzker, F.D. Bohmer, Transactivation joins multiple tracks to the ERK/MAPK cascade, Nat 

Rev Mol Cell Biol 4 (2003) 651-657. 



 

 79 

[53] J.N. Oak, N. Lavine, H.H. Van Tol, Dopamine D(4) and D(2L) Receptor Stimulation of the 

Mitogen-Activated Protein Kinase Pathway Is Dependent on trans-Activation of the Platelet-

Derived Growth Factor Receptor, Mol Pharmacol 60 (2001) 92-103. 

[54] J.S. Kruk, M.S. Vasefi, H. Liu, J.J. Heikkila, M.A. Beazely, 5-HT(1A) receptors transactivate the 

platelet-derived growth factor receptor type beta in neuronal cells, Cell Signal 25 (2013) 133-143. 

[55] J.S. Kruk, M.S. Vasefi, J.J. Heikkila, M.A. Beazely, Reactive oxygen species are required for 5-

HT-induced transactivation of neuronal platelet-derived growth factor and TrkB receptors, but not 

for ERK1/2 activation, PLoS ONE 8 (2013) e77027. 

[56] S.A. Kotecha, J.N. Oak, M.F. Jackson, Y. Perez, B.A. Orser, H.H. Van Tol, J.F. MacDonald, A 

D2 class dopamine receptor transactivates a receptor tyrosine kinase to inhibit NMDA receptor 

transmission, Neuron 35 (2002) 1111-1122. 

[57] M.S. Vasefi, J.S. Kruk, H. Liu, J.J. Heikkila, M.A. Beazely, Activation of 5-HT7 receptors 

increases neuronal platelet-derived growth factor beta receptor expression, Neurosci Lett 511 

(2012) 65-69. 

[58] N. Assaife-Lopes, V.C. Sousa, D.B. Pereira, J.A. Ribeiro, M.V. Chao, A.M. Sebastiao, Activation 

of adenosine A2A receptors induces TrkB translocation and increases BDNF-mediated phospho-

TrkB localization in lipid rafts: implications for neuromodulation, J Neurosci 30 (2010) 8468-

8480. 

[59] S. Wiese, S. Jablonka, B. Holtmann, N. Orel, R. Rajagopal, M.V. Chao, M. Sendtner, Adenosine 

receptor A2A-R contributes to motoneuron survival by transactivating the tyrosine kinase 

receptor TrkB, Proc Natl Acad Sci U S A 104 (2007) 17210-17215. 

[60] F.S. Lee, R. Rajagopal, A.H. Kim, P.C. Chang, M.V. Chao, Activation of Trk neurotrophin 

receptor signaling by pituitary adenylate cyclase-activating polypeptides, J Biol Chem 277 (2002) 

9096-9102. 

[61] P. Berghuis, M.B. Dobszay, X. Wang, S. Spano, F. Ledda, K.M. Sousa, G. Schulte, P. Ernfors, K. 

Mackie, G. Paratcha, Y.L. Hurd, T. Harkany, Endocannabinoids regulate interneuron migration 

and morphogenesis by transactivating the TrkB receptor, Proc Natl Acad Sci U S A 102 (2005) 

19115-19120. 

[62] G.S. Mitchell, S.M. Johnson, Neuroplasticity in respiratory motor control, J Appl Physiol (1985) 

94 (2003) 358-374. 

[63] D.P. Fields, S. Springborn, G.S. Mitchell, Spinal 5-HT7 receptors induce phrenic motor 

facilitation via EPAC-mTORC1 signaling, J Neurophysiol (2015) jn 00374 02015. 

[64] M.S. Hoffman, G.S. Mitchell, Spinal 5-HT7 receptor activation induces long-lasting phrenic 

motor facilitation, J Physiol 589 (2011) 1397-1407. 

[65] A. Samarajeewa, L. Goldemann, M.S. Vasefi, N. Ahmed, N. Gondora, C. Khanderia, J.G. Mielke, 

M.A. Beazely, 5-HT7 receptor activation promotes an increase in TrkB receptor expression and 

phosphorylation, Frontiers in Behavioral Neuroscience 8 (2014). 

[66] J.N. Kew, J.A. Kemp, Ionotropic and metabotropic glutamate receptor structure and 

pharmacology, Psychopharmacology (Berl) 179 (2005) 4-29. 

[67] A. Citri, R.C. Malenka, Synaptic plasticity: multiple forms, functions, and mechanisms, 

Neuropsychopharmacology 33 (2008) 18-41. 

[68] G.L. Collingridge, J.T. Isaac, Y.T. Wang, Receptor trafficking and synaptic plasticity, Nat Rev 

Neurosci 5 (2004) 952-962. 

[69] J.W. Olney, L.G. Sharpe, Brain lesions in an infant rhesus monkey treated with monsodium 

glutamate, Science 166 (1969) 386-388. 



 

 80 

[70] D.W. Choi, S.M. Rothman, The role of glutamate neurotoxicity in hypoxic-ischemic neuronal 

death, Annu Rev Neurosci 13 (1990) 171-182. 

[71] M.F. Beal, Mechanisms of excitotoxicity in neurologic diseases, FASEB J 6 (1992) 3338-3344. 

[72] J.W. Olney, J. Labruyere, G. Wang, D.F. Wozniak, M.T. Price, M.A. Sesma, NMDA antagonist 

neurotoxicity: mechanism and prevention, Science 254 (1991) 1515-1518. 

[73] L.P. Mark, R.W. Prost, J.L. Ulmer, M.M. Smith, D.L. Daniels, J.M. Strottmann, W.D. Brown, L. 

Hacein-Bey, Pictorial review of glutamate excitotoxicity: fundamental concepts for 

neuroimaging, AJNR Am J Neuroradiol 22 (2001) 1813-1824. 

[74] S.A. Lipton, Failures and successes of NMDA receptor antagonists: molecular basis for the use of 

open-channel blockers like memantine in the treatment of acute and chronic neurologic insults, 

NeuroRx 1 (2004) 101-110. 

[75] G.E. Hardingham, H. Bading, Coupling of extrasynaptic NMDA receptors to a CREB shut-off 

pathway is developmentally regulated, Biochim Biophys Acta 1600 (2002) 148-153. 

[76] S.J. Zhang, M.N. Steijaert, D. Lau, G. Schutz, C. Delucinge-Vivier, P. Descombes, H. Bading, 

Decoding NMDA receptor signaling: identification of genomic programs specifying neuronal 

survival and death, Neuron 53 (2007) 549-562. 

[77] G.E. Hardingham, Pro-survival signalling from the NMDA receptor, Biochem Soc Trans 34 

(2006) 936-938. 

[78] Y. Liu, T.P. Wong, M. Aarts, A. Rooyakkers, L. Liu, T.W. Lai, D.C. Wu, J. Lu, M. Tymianski, 

A.M. Craig, Y.T. Wang, NMDA receptor subunits have differential roles in mediating excitotoxic 

neuronal death both in vitro and in vivo, J Neurosci 27 (2007) 2846-2857. 

[79] J. von Engelhardt, I. Coserea, V. Pawlak, E.C. Fuchs, G. Kohr, P.H. Seeburg, H. Monyer, 

Excitotoxicity in vitro by NR2A- and NR2B-containing NMDA receptors, Neuropharmacology 

53 (2007) 10-17. 

[80] T.W. Lai, S. Zhang, Y.T. Wang, Excitotoxicity and stroke: identifying novel targets for 

neuroprotection, Prog Neurobiol 115 (2014) 157-188. 

[81] S. Grupke, J. Hall, M. Dobbs, G.J. Bix, J.F. Fraser, Understanding history, and not repeating it. 

Neuroprotection for acute ischemic stroke: from review to preview, Clin Neurol Neurosurg 129 

(2015) 1-9. 

[82] B.C. Albensi, C. Igoechi, D. Janigro, E. Ilkanich, Why do many NMDA antagonists fail, while 

others are safe and effective at blocking excitotoxicity associated with dementia and acute 

injury?, Am J Alzheimers Dis Other Demen 19 (2004) 269-274. 

[83] B. Reisberg, R. Doody, A. Stoffler, F. Schmitt, S. Ferris, H.J. Mobius, Memantine in moderate-to-

severe Alzheimer's disease, N Engl J Med 348 (2003) 1333-1341. 

[84] S.A. Lipton, Prospects for clinically tolerated NMDA antagonists: open-channel blockers and 

alternative redox states of nitric oxide, Trends Neurosci 16 (1993) 527-532. 

[85] M. Trotman, P. Vermehren, C.L. Gibson, R. Fern, The dichotomy of memantine treatment for 

ischemic stroke: dose-dependent protective and detrimental effects, J Cereb Blood Flow Metab 35 

(2015) 230-239. 

[86] K. Iihara, M. Sasahara, N. Hashimoto, Y. Uemura, H. Kikuchi, F. Hazama, Ischemia induces the 

expression of the platelet-derived growth factor-B chain in neurons and brain macrophages in 

vivo, J Cereb Blood Flow Metab 14 (1994) 818-824. 

[87] J. Krupinski, R. Issa, T. Bujny, M. Slevin, P. Kumar, S. Kumar, J. Kaluza, A putative role for 

platelet-derived growth factor in angiogenesis and neuroprotection after ischemic stroke in 

humans, Stroke 28 (1997) 564-573. 



 

 81 

[88] C.F. Valenzuela, Z. Xiong, J.F. MacDonald, J.L. Weiner, C.J. Frazier, T.V. Dunwiddie, A. 

Kazlauskas, P.J. Whiting, R.A. Harris, Platelet-derived growth factor induces a long-term 

inhibition of N-methyl-D-aspartate receptor function, J Biol Chem 271 (1996) 16151-16159. 

[89] M.A. Beazely, A. Lim, H. Li, C. Trepanier, X. Chen, B. Sidhu, J.F. Macdonald, Platelet-derived 

growth factor selectively inhibits NR2B-containing N-methyl-D-aspartate receptors in CA1 

hippocampal neurons, J Biol Chem 284 (2009) 8054-8063. 

[90] T. Egawa-Tsuzuki, M. Ohno, N. Tanaka, Y. Takeuchi, H. Uramoto, R. Faigle, K. Funa, Y. Ishii, 

M. Sasahara, The PDGF B-chain is involved in the ontogenic susceptibility of the developing rat 

brain to NMDA toxicity, Exp Neurol 186 (2004) 89-98. 

[91] H.C. Tseng, M.A. Dichter, Platelet-derived growth factor-BB pretreatment attenuates excitotoxic 

death in cultured hippocampal neurons, Neurobiol Dis 19 (2005) 77-83. 

[92] K. Yamashita, C. Wiessner, D. Lindholm, H. Thoenen, K.A. Hossmann, Post-occlusion treatment 

with BDNF reduces infarct size in a model of permanent occlusion of the middle cerebral artery 

in rat, Metab Brain Dis 12 (1997) 271-280. 

[93] K. Kurozumi, K. Nakamura, T. Tamiya, Y. Kawano, M. Kobune, S. Hirai, H. Uchida, K. Sasaki, 

Y. Ito, K. Kato, O. Honmou, K. Houkin, I. Date, H. Hamada, BDNF gene-modified mesenchymal 

stem cells promote functional recovery and reduce infarct size in the rat middle cerebral artery 

occlusion model, Mol Ther 9 (2004) 189-197. 

[94] J. Chen, K.W. Chua, C.C. Chua, H. Yu, A. Pei, B.H. Chua, R.C. Hamdy, X. Xu, C.F. Liu, 

Antioxidant activity of 7,8-dihydroxyflavone provides neuroprotection against glutamate-induced 

toxicity, Neurosci Lett 499 (2011) 181-185. 

[95] B. Wang, N. Wu, F. Liang, S. Zhang, W. Ni, Y. Cao, D. Xia, H. Xi, 7,8-dihydroxyflavone, a 

small-molecule tropomyosin-related kinase B (TrkB) agonist, attenuates cerebral ischemia and 

reperfusion injury in rats, J Mol Histol 45 (2014) 129-140. 

[96] D. Sulejczak, E. Ziemlinska, J. Czarkowska-Bauch, E. Nosecka, R. Strzalkowski, M. Skup, Focal 

photothrombotic lesion of the rat motor cortex increases BDNF levels in motor-sensory cortical 

areas not accompanied by recovery of forelimb motor skills, J Neurotrauma 24 (2007) 1362-1377. 

[97] Y. Bejot, A. Prigent-Tessier, C. Cachia, M. Giroud, C. Mossiat, N. Bertrand, P. Garnier, C. Marie, 

Time-dependent contribution of non neuronal cells to BDNF production after ischemic stroke in 

rats, Neurochem Int 58 (2011) 102-111. 

[98] K. Yang, M.F. Jackson, J.F. MacDonald, Recent progress in understanding subtype specific 

regulation of NMDA receptors by G Protein Coupled Receptors (GPCRs), Int J Mol Sci 15 

(2014) 3003-3024. 

[99] S. Rahman, R.S. Neuman, Myo-inositol reduces serotonin (5-HT2) receptor induced homologous 

and heterologous desensitization, Brain Res 631 (1993) 349-351. 

[100] B.J. Oosterink, S.M. Korte, C. Nyakas, J. Korf, P.G. Luiten, Neuroprotection against N-methyl-

D-aspartate-induced excitotoxicity in rat magnocellular nucleus basalis by the 5-HT1A receptor 

agonist 8-OH-DPAT, Eur J Pharmacol 358 (1998) 147-152. 

[101] H.L. Lutsep, Repinotan, A 5-HT1A agonist, in the treatment of acute ischemic stroke, Curr Drug 

Targets CNS Neurol Disord 4 (2005) 119-120. 

[102] M.S. Vasefi, K. Yang, J. Li, J.S. Kruk, J.J. Heikkila, M.F. Jackson, J.F. MacDonald, M.A. 

Beazely, Acute 5-HT7 receptor activation increases NMDA-evoked currents and differentially 

alters NMDA receptor subunit phosphorylation and trafficking in hippocampal neurons, Mol 

Brain 6 (2013) 24. 



 

 82 

[103] M.S. Vasefi, J.S. Kruk, J.J. Heikkila, M.A. Beazely, 5-Hydroxytryptamine type 7 receptor 

neuroprotection against NMDA-induced excitotoxicity is PDGFbeta receptor dependent, J 

Neurochem 125 (2013) 26-36. 

[104] C. Zuccato, E. Cattaneo, Brain-derived neurotrophic factor in neurodegenerative diseases, Nat 

Rev Neurol 5 (2009) 311-322. 

[105] J. Bogousslavsky, S.J. Victor, E.O. Salinas, A. Pallay, G.A. Donnan, C. Fieschi, M. Kaste, J.M. 

Orgogozo, A. Chamorro, A. Desmet, Fiblast (trafermin) in acute stroke: results of the European-

Australian phase II/III safety and efficacy trial, Cerebrovasc Dis 14 (2002) 239-251. 

[106] A.A. Kritis, E.G. Stamoula, K.A. Paniskaki, T.D. Vavilis, Researching glutamate - induced 

cytotoxicity in different cell lines: a comparative/collective analysis/study, Front Cell Neurosci 9 

(2015) 91. 

[107] L.J. Gudas, J.A. Wagner, Retinoids regulate stem cell differentiation, J Cell Physiol 226 (2011) 

322-330. 

[108] A.V. Kulikov, A.A. Rzhaninova, D.V. Goldshtein, A.A. Boldyrev, Expression of NMDA 

receptors in multipotent stromal cells of human adipose tissue under conditions of retinoic acid-

induced differentiation, Bull Exp Biol Med 144 (2007) 626-629. 

[109] M. He, J. Liu, S. Cheng, Y. Xing, W.Z. Suo, Differentiation renders susceptibility to 

excitotoxicity in HT22 neurons, Neural Regen Res 8 (2013) 1297-1306. 

[110] Z. Zhao, R. Lu, B. Zhang, J. Shen, L. Yang, S. Xiao, J. Liu, W.Z. Suo, Differentiation of HT22 

neurons induces expression of NMDA receptor that mediates homocysteine cytotoxicity, Neurol 

Res 34 (2012) 38-43. 

[111] O.G. Rossler, K.M. Giehl, G. Thiel, Neuroprotection of immortalized hippocampal neurones by 

brain-derived neurotrophic factor and Raf-1 protein kinase: role of extracellular signal-regulated 

protein kinase and phosphatidylinositol 3-kinase, J Neurochem 88 (2004) 1240-1252. 

[112] L.S. Zheng, Y. Ishii, Q.L. Zhao, T. Kondo, M. Sasahara, PDGF suppresses oxidative stress 

induced Ca2+ overload and calpain activation in neurons, Oxid Med Cell Longev 2013 (2013) 

367206. 

[113] J.S. Kruk, A. Kouchmeshky, N. Grimberg, M. Rezkella, M.A. Beazely, Dopamine Receptor 

Technologies, Vol. 96, Springer Protocols, 2015. 

[114] Y. Iwakura, H. Nawa, I. Sora, M.V. Chao, Dopamine D1 receptor-induced signaling through 

TrkB receptors in striatal neurons, J Biol Chem 283 (2008) 15799-15806. 

[115] C. Mannoury la Cour, M.J. Salles, V. Pasteau, M.J. Millan, Signaling pathways leading to 

phosphorylation of Akt and GSK-3beta by activation of cloned human and rat cerebral D(2)and 

D(3) receptors, Mol Pharmacol 79 (2011) 91-105. 

[116] N. Makihara, K. Arimura, T. Ago, M. Tachibana, A. Nishimura, K. Nakamura, R. Matsuo, Y. 

Wakisaka, J. Kuroda, H. Sugimori, M. Kamouchi, T. Kitazono, Involvement of platelet-derived 

growth factor receptor beta in fibrosis through extracellular matrix protein production after 

ischemic stroke, Exp Neurol 264 (2015) 127-134. 

[117] D. Lau, C.P. Bengtson, B. Buchthal, H. Bading, BDNF Reduces Toxic Extrasynaptic NMDA 

Receptor Signaling via Synaptic NMDA Receptors and Nuclear-Calcium-Induced Transcription 

of inhba/Activin A, Cell Rep (2015). 

 

 


