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ABSTRACT 

 

A Comprehensive Study of the Effects of Neurotoxins on Noradrenergic Phenotypes, Neuronal 

Responses and Potential Intervention by Antidepressants in Noradrenergic Cells 

by 

Yan Wang 

It has been reported that locus coeruleus (LC) degeneration precedes the degeneration of other 

neurons in the brain in some neurodegenerative diseases like Alzheimer’s disease (AD) and 

Parkinson’s disease (PD). However, the precise mechanisms of neurodegeneration remain to be 

elucidated. N-(2-chloroethyl)-N-ethyl-2-bromobenzylamine (DSP4) has been widely used as a 

noradrenergic neurotoxin in the development of AD and PD animal models for specific LC 

degeneration. However, the precise mechanism of action of DSP4 remains unclear. An 

increased systemic DNA damage caused by neurotoxin or oxidative stress has been found to be 

related to the pathogenic development of neurodegeneration. The process of neurodegeneration 

is not well understood, so current therapeutic approaches are limited to disease management 

and symptoms relief, such as using antidepressants for depression symptoms, which often 

accompany neurodegenerative disorders. To date, few studies have explained why different 

groups of antidepressants have similar clinical effects on relieving depression. Our data 

demonstrate that DSP4 induces the DNA damage response (DDR) and results in down-

regulation of dopamine β-hydroxylase (DBH) and the norepinephrine transporter (NET), which 

are 2 noradrenergic phenotypes. DSP4 results in cell cycle arrest in S and G2/M phases, which 

is reversible. The comet assays verify that DSP4 induces single-strand DNA breaks (SSBs). 
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Furthermore, the neurotoxins camptothecin (CPT) and DSP4 were used to induce the DDR in 

SH-SY5Y cells, fibroblast cells, and primary cultured neurons. Data show that both CPT and 

DSP4 induce the DDR in SH-SY5Y cells and primary cultured LC neurons. Compared to 

fibroblast cells, SH-SY5Y cells and LC neurons are more sensitive to the accumulation of 

DNA damage when treated with CPT or DSP4.  Persistent phosphorylated H2AX (γH2AX) 

and p53 (p-p53
ser15

) levels indicate a deficient repair in noradrenergic SH-SY5Y cells and LC 

neurons.  In addition, the current study demonstrates that some antidepressants reduce the DDR 

induced by DSP4 or CPT in SH-SY5Y cells. Flow cytometry data show that selective 

antidepressants protect cells from being arrested in S-phase. Together, these effects suggest 

that blocking DNA damage is one important pharmacologic characteristic of antidepressants, 

which may explain why different antidepressants could alleviate depression symptoms in 

neurodegenerative patients.  
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CHAPTER 1 

 

INTRODUCTION 

 

Neurodegenerative Diseases 

Neurodegenerative diseases are a group of incurable and debilitating diseases that result 

in progressive loss of neuronal structure and function, eventually neuronal death. Population 

statistical data show that there are currently about 5 million Alzheimer’s disease (AD), 1 

million Parkinson’s disease (PD), and 30,000 Huntington’s disease (HD) patients in the United 

State of America. Because neurodegenerative diseases primarily affect in middle to late stage 

of life, the incidence increases as the population ages. It is estimated that more than 12 million 

Americans will suffer from neurodegenerative diseases by the year 2030. However, there are 

no known cures or treatments for neurodegenerative diseases, so current therapeutic 

approaches are limited to disease management and symptoms relief. Therefore, it is urgent to 

find potential treatments and cures for neurodegenerative diseases. 

The nervous system is built with neurons, including the brain, spinal cord and nerves. 

The body cannot replace damaged or dead neurons because they are known not to reproduce or 

replace themselves. These particular conditions lead to progressive brain damage and 

neurodegeneration. Although neurodegenerative disorders manifest with different clinical 

features, the disease processes appear to be similar at the cellular level, such as the risk of 

oxidative stress-induced DNA damage or DNA mutation increases with aging (Uttara et al. 

2009). It may benefit patients if research explorations focus on these similarities in 

http://www.news-medical.net/health/The-Human-Brain.aspx
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neurodegeneration that occur in the neurodegenerative diseases. Therefore, identification of 

new drug targets and therapeutic approaches are now reaching an important turning point.  

 

Norepinephrine System 

Dopamine β-hydroxylase (DBH, EC 1.14.17.1) and the norepinephrine transporter 

(NET) are 2 important proteins of the noradrenergic neurons for their specific functional 

characteristics in these neurons (Kaufman et al. 1965, Chan-Palay et al. 1989). DBH catalyzes 

dopamine to norepinephrine and is expressed exclusively in the noradrenergic neurons in the 

brain (Figure 1-1). Although, DBH is not the rate-limiting enzyme for norepinephrine 

synthesis, it was reported that the amount of DBH available is a key factor in determining the 

rate of norepinephrine synthesis (Kobayashi et al. 1994, Kim et al. 2002). The NET is located 

on presynaptic terminals of noradrenergic neurons in the central and peripheral nervous system 

(Iversen 1971), and functions to reuptake more than 90 % of released norepinephrine back into 

the presynaptic terminals (Axelrod et al. 1969) (Figure 1-1). As this reuptake is the main 

mechanism for inactivation of norepinephrine transmission, alterations of NET expression 

would affect norepinephrine levels in the synapses or synapse clefts to influence its 

transmission. As such, changes in the expression of DBH and NET not only affect 

norepinephrine levels in vitro and in vivo but also reflect alterations in activity and function of 

these neurons in the brain. Therefore, measurement of their expression can yield important 

information regarding the functional status of neuronal cells and underlying mechanisms of 

neurotransmission (Zigmond et al. 1989).  
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Tyr=tyrosin TH=tyrosine hydroxylase   DD=DOPA decarboxylase 

DA=dopamine   DBH=dopamine β-hydroxylase  

NE=norepinephrine   NET=norepinephrine transporter 

Figure 1-1. Norepinephrine synthesis and release. Norepinephrine is the primary 

neurotransmitter for postganglionic sympathetic adrenergic nerves. It is synthesized inside the 

nerve axon, stored within vesicles, and then released by the nerve when an action potential 

travels down the nerve. Figure 1-1 is cited and modified from 

http://www.cvpharmacology.com/norepinephrine.htm, and used with the permission from Dr. 

Richard Klabunde (Klabunde 2012).  

 

LC-norepinephrine System in Neurodegenerative Diseases 

The locus coeruleus (LC) is a small nucleus located in the pons. It is the main source of 

brain norepinephrine, especially for the hippocampus and forebrain (Maeda 2000). The activity 

of LC neurons has been considered to be involved in numerous important functions, for 

example, response to stress (Usher et al. 1999). It is reported that LC cell numbers are reduced 

during normal aging and in aging-related diseases, as are brain norepinephrine levels (Marien 

et al. 2004). Damage and loss of LC noradrenergic neurons is accelerated in certain progressive 

neurodegenerative diseases including AD (Mann et al. 1983, Bondareff et al. 1987, German et 

al. 1992, Weinshenker 2008) and PD (Mann et al. 1983, Rommelfanger et al. 2007), 
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representing an early pathological indicator of disease progress. The greatest neuronal loss was 

observed in the LC (83% loss in AD; 68% loss in PD) compared with other subcortical nuclei 

(Lyness et al. 2003, Zarow et al. 2003). Patients with AD have reduced levels of 

norepinephrine compared with controls (Adolfsson et al. 1979, Palmer et al. 1993). However, it 

remains unclear how and why LC cell death influences the pathogenesis of AD or PD. 

Therefore, exploring the pathologic characteristics of LC noradrenergic neuronal loss during 

neurodegeneration is important for elucidating the mechanisms underlying AD and PD. 

 

DSP4 

The effects of N-(2-chloroethyl)-N-ethyl-2-bromobenzylamine (DSP4) on 

norepinephrine levels in the peripheral and central noradrenergic system were first reported 

several decades ago (Ross 1976). DSP4 can cross the blood–brain barrier and accumulate 

intraneuronally. It was hypothesized that DSP4 selectively damages noradrenergic projections 

originating from the LC by interacting with the norepinephrine reuptake system and depleting 

intracellular norepinephrine, finally inducing degeneration of noradrenergic terminals (Winkler 

1976, Ransom et al. 1985, Dooley et al. 1987, Howard et al. 1990, Prieto et al. 2001). In 

addition, little data have been reported from in vitro studies on the mechanism of DSP4-

induced neuronal degeneration. Although DSP4 has been widely used as a noradrenergic 

neurotoxin as a tool to construct AD or PD animal models with LC degeneration (Heneka et al. 

2006, Rey et al. 2012), the precise mechanism of action of DSP4 remains unclear. Thus, 

elucidating the molecular mechanism by which DSP4 induces its neurodegenerative effect may 

facilitate finding novel therapeutic strategies for treatment of degenerative diseases. 
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Mechanism of CPT 

DNA topoisomerase I (topo I) relaxes supercoils by creating a SSB (nick) in the DNA 

duplex, which allows the broken strand to rotate and remove local supercoils during 

transcription and DNA replication (Wang 1996). CPT is a cytotoxic quinoline alkaloid and a S-

phase-specific anticancer agent, which binds to the topo I-DNA complex and inhibits topo I 

(Liu et al. 2000). During replication, the replication fork meets the topo I-DNA complex, 

which results in late S and early G2 phases arrest with conversion of SSBs to double-strand 

breaks (DSBs) and ultimately cell death (Hsiang et al. 1985, Li et al. 2001, Pommier et al. 

2003) (Figure 1-2).  

Generally, administration of CPT produced irreversible DNA DSBs during DNA 

replication, suggesting that this agent should not have toxic effects on nondividing cells such as 

neurons. However, it was reported that CPT could lead to death of postmitotic rat cortical 

neurons in vitro in a significant dose-dependent manner. And this effect was not mediated by 

topo I but dependent upon DNA transcription (Morris et al. 1996). Additionally, neurotoxic 

activity of CPT also was found in cultured cerebellar granule neurons, which inhibited both 

protein synthesis and the neuritic outgrowth of primary cultured cerebellar granule neurons 

(Uday Bhanu et al. 2010). Taken together, these observations indicate that CPT exhibits 

significant toxicity toward neuronal cells in vitro, which are not dependent on topo I.  

http://en.wikipedia.org/wiki/Cytotoxic
http://en.wikipedia.org/wiki/Quinoline
http://en.wikipedia.org/wiki/Alkaloid
http://en.wikipedia.org/wiki/Enzyme_inhibitor
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Figure 1-2. Mechanism of action of topoisomerase I poisons. (Ａ) Normally, 

topoisomerase I introduces a nick in the DNA backbone allowing the rotation of one strand 

around the other. This releases the torsional strain that otherwise accumulates in front of the 

advancing replication fork (large arrow). The DNA break is extremely transient and is religated 

almost immediately at the same time that the topoisomerase I releases the other strand. (Ｂ) 

When a drug such as irinotecan is present (black oval with C), it binds to the topoisomerase I-

nicked DNA complex. This prevents the religation of the nicked strand and the release of the 

enzyme. Eventually, the replication fork collides with the complex, causing the formation of a 

double-strand break. Figure 1-2 is used with permission from (Rivory 2002).  

 

DNA Damage and Repair in Neurodegenerative Disease 

Brain volume and function decline with aging, which in neurodegenerative diseases 

might be caused by the permanent loss of neurons (Brazel et al. 2004). The “free radical theory 

of aging hypothesis” indicates that oxidative damage accumulation leads to the cellular decline 

and aging-associated deterioration (Harman 1981). Imbalanced metabolism and excess reactive 

oxygen species (ROS) generation lead to various disorders such as AD, PD, aging, and many 

other neural disorders. Oxidative stress may cause DNA damage because DNA is perhaps one 
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of the major targets for oxyradicals. It was reported that DNA DSBs in neuronal cells occur 

during normal brain functions such as learning (Suberbielle et al. 2013). Many researchers 

have established that there is accumulated oxidative DNA damage in the cells of patients with 

AD (Kadioglu et al. 2004) and PD (Zhang et al. 1999). Many other studies have shown that 

there is both increased DNA damage and decreased DNA repair in patients with AD (Fishel et 

al. 2007). Oxidative stress and DNA damage also are studied in PD (Dias et al. 2013, Hwang 

2013). Dopaminergic neurons in the substantia nigra are severely affected by the 

neurodegenerative process that occurs in PD. Increased levels of oxidative stress have been 

detected in the substantia nigra region of the brain in PD patients (Fukae et al. 2005).  

Evidence shows that oxidative damage plays critical roles in the aging process (Golden 

et al. 2002, Bokov et al. 2004, Balaban et al. 2005), as well as neurons have very high rates of 

oxygen metabolism. It has been suggested that deficiencies in the repair of oxidative DNA 

damage with aging (Weissman et al. 2009). It is known that increased exposure to damaging 

agents and/or deficiency of DNA repair lead to higher levels of DNA damage (Subba Rao 

2007). It was reported that aging-related diseases are mainly caused by accumulation of 

nuclear DNA (nDNA) damage in neurons due to insufficient nDNA damage repair. The brain 

consists of large number of nonproliferative neuronal cells that are vulnerable to defective 

DNA repair. Deficiency of repairing DNA usually leads to “accumulation” of unrepaired DNA 

lesions that might be considered as the cause of the neuropathology in several 

neurodegenerative disorders. 
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DNA Damage Response Markers 

As a very early step in the cellular response to DNA damage, histone H2AX is 

phosphorylated at the C-terminal serine residues Ser136 and Ser139 (Rogakou et al. 1998). 

Phosphorylated H2AX, called γH2AX, and γH2AX-enriched foci can be detected within 

minutes post-DNA damage (Kang et al. 2005). H2AX phosphorylation has an important role in 

the initiation of DNA repair (Downs et al. 2000) including the recruitment of DNA repair or 

damage-signaling factors, maintenance of the integrity of the DNA damage response, and 

bringing the broken DNA ends closer together (Bassing et al. 2004, Thiriet et al. 2005).  

Known as a classic “gatekeeper” of cellular fate, p53 tumor suppressor protein is 

activated in response to genotoxic stress-induced DNA damage (May et al. 1999). 

Phosphorylation of serine15 (p-p53
ser15

) is one of the major responses (Hammond et al. 2002). 

P-p53
ser15

 levels can be rapidly increased several folds after DNA damage is detected. Also, 

phosphorylated p53 has been linked to DNA repair processes such as activation of DNA repair 

pathways and stalling the cell cycles (Offer et al. 1999, Okorokov 2003, Ford 2005). Therefore, 

γH2AX and p-p53
ser15

 were measured as the DDR markers to evaluate the appearance as well 

as the repair rate for CPT- or DSP4-induece DNA damage. 

 

Cell Cycle and Checkpoints 

The cell cycle is a well-ordered event, which contains 4 phases. The G1 phase is 

required for cell growth and preparation of the chromosomes for replication. DNA is 

synthesized in S phase. The G2 phase is needed for cell growth and preparation for mitosis. 

The last phase is M (Mitosis). Cells divide into 2 daughter cells in this phase.  
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Flow cytometry is a method in cell biology to distinguish cells in different phases of the 

cell cycle (Figure 1-2A). Cells are constantly under the stress of intrinsic and extrinsic agents 

that cause DNA damage or interference with DNA replication. Cell cycle checkpoints are set at 

various stages of the cell cycle to arrest cell cycle transit and facilitate DNA repair pathways. 

When cells have DNA damage that has to be repaired, cells activate DNA damage checkpoints, 

which arrest cell cycle transit to repair the damage. Based on the cell cycle stages, DNA 

damage checkpoints are classified into at least 3 checkpoints: G1/S checkpoint, intra-S phase 

checkpoint, and G2/M checkpoint (Figure 1-2B). G1/S checkpoint ensures that everything is 

ready for DNA synthesis. Intra-S phase checkpoint stops or slows DNA replication. G2/M 

checkpoint is to determine if the cells are ready to enter M phase and divide into daughter cells. 

If the damage is so severe that it cannot be repaired, the cell self-destructs by apoptosis (Figure 

1-2C).  

 

Aberrant Cell Cycle Activity in Neurons 

As in other cell types, the cell cycle in the central nerve system is tightly regulated. 

However, aberrant cell cycle activity has been detected during the progression of 

neurodegenerative conditions. Specifically, key components of the cell cycle proteins, like 

cyclins and cyclin-dependent kinases (CDKs), have been found to be up-regulated after 

exposure to severe conditions such as oxidative stress (Busser et al. 1998, Kruman et al. 2004, 

Murray 2004, Currais et al. 2009). Oxidative stress can lead to both DNA mutation and the 

formation of damaged proteins; therefore, it is considered as an important risk factor for 

neurodegenerative diseases. Cell cycle activity in neurons can also be induced by neurotoxic  
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Figure 1-3. Cell cycle and the checkpoints. (A) Cytometry-based DNA content analyzed 

by flow cytometry. Populations in the G0/G1, S, and G2/M phases are shaded in pink, yellow, 

and green, respectively. Figure 1-3A is used with permission from Dr. Alex Zambon from 

Department of Pharmacology at University of California at San Diego (Henderson et al. 2013). 

(B) The checkpoints are indicated by red arrows. C. Genome maintenance mechanisms. Figure 

1-3B and 1-3C are cited from http://eishinoguchi.com/checkpoint.htm, and used with the 

permission of Dr. Eishi Noguchi from Department of Biochemistry and Molecular Biology at 

Drexel University (Noguchi 2004-2006). 

 

insults (Klein et al. 2003). For example, up-regulated cell cycle proteins CDK2, cyclin E, and 

E2F-1 were found in kainic acid–treated cerebellar granule cells (Verdaguer et al. 2002). 

Similarly, when rat embryonic cortical neurons were cultured with toxic concentrations of Aβ 

peptides, aberrant cell cycle activity and neuron death were found (Copani et al. 1999). These 

neurons showed abnormal increased cell cycle proteins expression, like cyclin D1, cyclin E, 

cyclin A, and phosphorylated retinoblastoma protein. In addition, oxidative DNA damage is 

correlated with cell cycle arrest (Migliore et al. 2002). For example, human H2O2-treated 

fibroblasts undergo either cell cycle arrest or apoptosis (Chen et al. 2000). The majority of the 

apoptotic fibroblasts were found in the S phase, whereas growth-arrested cells were 



 24 

predominantly accumulated in the G1 or the G2/M phase (Chen et al. 2000). This apoptotic 

death of fibroblasts in the S phase is consistent with the death of neurons that have aberrant cell 

cycle activity and express S-phase proteins. Dorsal root ganglion neurons go to apoptosis in the 

S phase (ElShamy et al. 1998), and the apoptotic neurons express S-phase proteins (Folch et al. 

2012). Hippocampal pyramidal and basal forebrain neurons from AD brains show 

chromosomal duplication and die before mitosis. These are consistent with cell death in the S 

or G2 phase of the cell cycle (Nagy et al. 1997b). In addition, DNA damage in apoptotic 

neurons is dependent on ATM activation, which suggests that neurons are affected by the same 

cell cycle checkpoints that regulate apoptosis in other cell types (Kruman 2004). Taken 

together, all these findings indicate that differentiated neurons may have aberrant cell cycle 

activity, which is a critical element of the DDR of postmitotic neurons leading to cell death. 

 

Antidepressants in Neurodegenerative Diseases 

The earliest main biochemical theory of depression is the “monoamine hypothesis” 

(Schildkraut 1965), which states that depression is caused by dysregulation of monoaminergic 

neurotransmitters at certain sites in the brain. Serotonin and norepinephrine are 2 

neurotransmitters primarily to regulate mood and emotions (Butler et al. 2008). This theory is 

based on early clinical observations that monoamine oxidase inhibitors (MAOIs) and tricyclic 

antidepressants (TCAs) were able to ameliorate depression syptoms by increasing levels of 

serotonin or norepinephrine (Crane 1956, Kuhn 1958). Although the “monoamine hypothesis” 

of depression has been proposed for a long time, the pathologies and mechanisms for 

depression disorders are still partially understood. A number of new proposed mechanisms for 

depression are brought into light such as diminishing neurotrophic factors (Czeh et al. 2007) 
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and neuroinflammation (Muller et al. 2007). There is also evidence shown that oxidative and 

nitrosative stress are involved in the pathophysiology of depression (Maes et al. 2009, Maes et 

al. 2011). Therefore, it is important to elucidate potential mechanisms of depression for finding 

new antidepressants targets and candidates to treat depression. 

The process of neurodegeneration is not well understood, so there are no known cures 

and treatments for this group of diseases. Current therapeutic approaches are limited to disease 

management and symptoms relief. Depression symptoms often accompany neurodegenerative 

disorders that can be relieved by using antidepressants (Table. 1-1) (Briley et al. 1993, Martin 

2008). For example, depression in patients with PD can be alleviated by the selective 

norepinephrine reuptake inhibitor (NRI) reboxetine (McNamara et al. 2006). The most 

important classes of antidepressants are the selective serotonin reuptake inhibitors (SSRIs) 

(Geddes et al. 2004), NRIs, TCAs and MAOIs. SSRIs and NRIs are considered to increase the 

exracellular levels of serotonin and norepinephrine by blocking the serotonin transporter 

(SERT) and NET. Most TCAs primarily act by inhibiting serotonin and norepinephrine 

reuptake into the cell; this results in an elevation of the synaptic concentrations of these 

neurotransmitters (Tatsumi et al. 1997, Gillman 2007).  
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Table 1-1. Four Classes of Antidepressants and Their Principal Actions 
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Questions to be Answered in These Studies 

First, in the study published in Neurotoxicity Research (2014, 25(2): p193-207) and 

presented here in Chapter 2 (Wang et al. 2014), we reveal a detailed neurotoxic function of 

DSP4. It is known that in vivo DSP4 treatment induces degeneration of noradrenergic terminals 

by interacting with NET and depleting intracellular norepinephrine. It has been reported that 

DSP4 induced LC axon lesions in LC cell bodies (Fritschy et al. 1991a). However, DSP4’s 

precise mechanism of action remains unclear. We hypothesize that DSP4 down-regulates the 

noradrenergic phenotypes, which may be mediated by its actions on DNA replication, leading 

to replication stress and cell cycle arrest. We used SH-SY5Y, an immortal neuroblastoma cell 

line that expresses the noradrenergic markers DBH and NET, to test the hypothesis that DSP4 

down-regulates their expression. Further efforts have been focused on the exploration of 

possible mechanisms underlying DSP4-induced down-regulation of these noradrenergic 

phenotypes and for DSP4 toxicity associated with DDR marker proteins. 

Second, it has been reported that degeneration of the noradrenergic neurons proceeds to 

other neurons in the brain in some neurodegenerative diseases like AD and PD. However, their 

pathologic characteristics during degenerative course and certain mechanisms remain to be 

elucidated. DSP4 is considered as a useful tool in studies of the mechanisms of LC neuron 

degeneration. CPT also exhibits significant toxicity toward neuronal cells in vitro (Morris et al. 

1996, Uday Bhanu et al. 2010). We hypothesize that noradrenergic SH-SY5Y cells and LC 

neurons are sensitive to CPT- or DSP4-induced DNA damage and they are deficient to repair 

the damage. This may be part of the mechanism for LC degeneration. In Chapter 3, we treated 

noradrenergic SH-SY5Y cells and primary LC cultures and nonnoradrenergic fibroblast cells 

and raphe neurons with CPT or DSP4.  Western blots and immunofluorescence assays (IFAs) 
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were used to test the appearance of 2 DDR markers. Comet assays were employed to test the 

DNA damage repair.  

Finally, depression symptoms that could be relieved by using antidepressants often 

accompany neurodegenerative disorders. To date, few studies have elucidated why different 

groups of antidepressants have the similar effects on relieving depression. There is evidence 

showing that DNA damage by oxidative stress is involved in the pathophysiology of 

depression (Maes et al. 2009, Maes et al. 2011). Therefore, we hypothesize that certain 

antidepressants can reduce the DDR in noradrenergic SH-SY5Y cells induced by DSP4 or 

CPT. In Chapter 4, four groups of antidepressants, TCAs, SSRIs, NRI, and MAOIs, were used 

to treat SH-SY5% cells. We demonstrate that several antidepressants reduce the DDR induced 

by neurotoxins DSP4 or CPT in SH-SY5Y cells. Flow cytometry data show that selective 

antidepressants protect cells from being arrested in S phase.  
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CHAPTER 2 

 

EFFECTS OF DSP4 ON THE NORADRENERGIC PHENOTYPES AND ITS POTENTIAL 

MOLECULAR MECHANISMS IN SH-SY5Y CELLS 

 

Yan Wang, Phillip R. Musich, Moises A. Serrano, Yue Zou, Jia Zhang, Meng-Yang Zhu 

 

Abstract 

 

DBH and NET are the noradrenergic phenotypes for their functional importance to 

noradrenergic neurons. It is known that in vivo DSP4 treatment induces degeneration of 

noradrenergic terminals by interacting with NET and depleting intracellular norepinephrine. 

However, DSP4’s precise mechanism of action remains unclear. In this study various 

biochemical approaches were employed to test the hypothesis that DSP4 down-regulates the 

expression of DBH and NET, and to determine the molecular mechanisms that may be 

involved. The results showed that treatment of SH-SY5Y neuroblastoma cells with DSP4 

significantly decreased mRNA and protein levels of DBH and NET. DSP4-induced reduction 

of DBH mRNA and protein levels, as well as NET protein levels showed a time- and 

concentration-dependent manner. Flow cytometric analysis demonstrated that DSP4-treated 

cells were arrested predominantly in the S-phase, which was reversible. The arrest was 

confirmed by several DNA damage response markers (phosphorylation of H2AX and p53), 
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suggesting that DSP4 causes replication stress which triggers cell cycle arrest via the S-phase 

checkpoints. Moreover, the comet assay verified that DSP4 induced single-strand DNA breaks. 

In summary, the present study demonstrated that DSP4 down-regulates the noradrenergic 

phenotypes, which may be mediated by its actions on DNA replication, leading to replication 

stress and cell cycle arrest. These action mechanisms of DSP4 may account for its degenerative 

consequence after systematic administration for animal models. 

 

Introduction 

 

DBH and NET are the important proteins of the noradrenergic neurons for their specific 

functional characteristics in these neurons  (Kaufman and Friedman 1965, Chan-Palay and 

Asan 1989, Barker E 1995). DBH catalyzes the oxidation of dopamine to norepinephrine and is 

expressed exclusively in the noradrenergic and adrenergic neurons in the brain. DBH is not the 

rate-limiting enzyme for norepinephrine synthesis. However, it was reported that the amount of 

DBH available is also a key factor in determining the rate of norepinephrine synthesis 

(Kobayashi et al. 1994, Kim et al. 2002). The NET is located on presynaptic terminals of 

noradrenergic neurons in the central and peripheral nervous system (Iversen 1971), and 

functions to reuptake more than 90 % of released norepinephrine into the presynaptic terminals 

(Axelrod and Kopin 1969). As this reuptake is the main mechanism for inactivation of 

norepinephrine transmission, alterations of NET expression remarkably would affect 

norepinephrine levels in the synapses and, in turn, highly influence noradrenergic transmission. 

As such, changes in the expression of these proteins not only affect NE levels in vitro and in 
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vivo, but also reflect alteration in activity and function of these neurons in the brain. Therefore, 

measurement of their expression can yield important information regarding the functional 

status of neuronal cells and underlying mechanisms of neurotransmission (Zigmond et al. 

1989).  

The effects of DSP4 on norepinephrine levels in the peripheral and central 

noradrenergic system were first reported several decades ago (Ross 1976). DSP4 can cross the 

blood–brain barrier and accumulate intraneuronally. In vivo DSP4 selectively damages 

noradrenergic projections originating from the LC by interacting with the NE reuptake system 

and depleting intracellular norepinephrine, finally inducing degeneration of noradrenergic 

terminals (Winkler 1976, Ransom et al. 1985, Dooley et al. 1987, Howard et al. 1990, Prieto 

and Giralt 2001). Thus, DSP4 has widely been used as a noradrenergic neurotoxin. However, 

the precise mechanism of action of DSP4 remains unclear. In addition, little data have been 

reported from in vitro studies on the mechanism of DSP4-induced neuronal degeneration. 

Thus, elucidating the molecular mechanism by which DSP4 evokes its neurodegenerative 

effect may promote the effort to find novel therapeutic strategies for treatment of degenerative 

diseases. 

Aberrant cell cycle activity and DNA damage have been observed during the 

progression of neurodegenerative conditions. Many cytotoxic and genotoxic agents including 

neurotoxins arrest the cell cycle at the different phases (Sontag et al. 2008). Also, neurons are 

continuously exposed to endogenous and environmental DNA-damaging insults, inducing 

DNA strand breaks and base adducts, eventually leading to neurodegeneration. Whether these 

events are involved in DSP4’s toxicity to the noradrenergic neurons is an important but 

unresolved issue. Genotoxic damage can occur in any of the four phases of the cell cycle, G1, 
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S, G2, or M. Neurons are terminally differentiated cells and no longer progress through the cell 

cycle. However, neurons require continuous gene expression to maintain their high metabolism 

and machinery for neurotransmission and genome integrity is essential for such an expression 

program. Thus, like cycling cells the LC and other neurons remain susceptible to DNA damage 

and would be expected to have active DNA damage response (DDR) mechanisms and cell 

cycle checkpoints to remedy such damage. Ataxia-telangiectasia mutated (ATM) and ATM 

and Rad3-related (ATR) protein kinases are early damage-sensing components of DDR 

pathways, especially in response to double- and single-strand DNA breaks (Abraham 2001). 

Protein substrates of the activated ATM and ATR kinases include histone H2AX, which is 

phosphorylated at serine 139 (γH2AX) (Burma et al. 2001, Ward and Chen 2001) and the 

tumor suppressor protein p53 is phosphorylated at serine 15 (p-p53
ser15

) (Hammond et al. 

2002). γH2AX tags the chromatin sites of DNA damage to initiate the recruitment of DNA 

repair factors (Zarei and Stephenson 2002, Sontag et al. 2008) while the p-p53
ser15

 enhances 

transcription of DDR genes and modifies the interaction of DNA metabolism proteins (Serrano 

et al. 2012). In cycling cells responses to DNA damage arrest cell cycle progression to allow 

DNA repair; however, the sequence of events for the DDR in highly differentiated, non-

dividing cells have not been addressed in this part because of the experimental limitations in 

performing such studies. 

In this study, we used SH-SY5Y, an immortal neuroblastoma cell line which expresses 

the noradrenergic markers DBH and NET, to test the hypothesis that DSP4 down-regulates 

their expression. Further efforts have been focused on the exploration of possible mechanisms 

underlying DSP4-induced down-regulation of these noradrenergic phenotypes and for DSP4 

toxicity associated with DDR marker proteins. 
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Materials and Methods 

 

Cell Culture and Drug Exposure 

The human neuroblastoma cell line SH-SY5Y was used in these experiments (Biedler 

et al. 1978). SH-SY5Y cells were maintained in a 1:1 mix of RPMI 1640 and F12 media, 

which was supplemented with 10 % heat-inactivated fetal bovine serum (FBS), penicillin (100 

U/mL), and streptomycin (100 μg/mL) at 37 
o
C in humidified air containing 5 % CO2. Culture 

medium and supplements were obtained from Gibco-Invitrogen (Carlsbad, CA, USA). Cells 

were seeded into 6-well or 100-mm plates. Drug exposures were started after 24 h of each 

subculture. DSP4 (Sigma, St Louis, MO, USA) dissolved in distilled water at 50 mM was 

diluted with culture media and added to cells to a final concentration of 5, 10, or 50 μM, alone 

or in combination with the ATM inhibitor KU55933 (10 μM, Selleckchem, USA), and/or the 

ATR inhibitor Nu6027 (10 μM, Santa Cruz, CA, USA) for the times as indicated in the text. 

The selection of the concentration of DSP4 was based on the reports about its IC50 in the 

literature (Boksa et al. 1989, Tieu et al. 1999, Wenge and Bonisch 2009) and our preliminary 

experiments. Only SH-SY5Y cells prior to passage 15 were used. Cell viability was determined 

by exclusion of trypan blue dye; cell viability was 90–95 % in the untreated cells. 

 

RNA Isolation, RT-PCR, and Relative Quantitative qPCR Analysis 

SH-SY5Y cells with or without DSP4 treatment were collected from 6-well plates 

(Sigma, St Louis, MO, USA) and isolation of total RNA was carried out using RNeasy Mini 

Kit (Qiagen, Valencia, CA, USA) following the manufacturer’s instructions. Quality and 
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quantity of total RNAs were measured at 260 and 280 nm using a NanoDrop ND-1000 

Spectrophotometer (NanoDrop Technologies LLC, Wilmington, Delaware, CA, USA). Equal 

amounts of total RNA (1 μg) from each sample were primed with random primers and reverse 

transcribed to cDNAs using the Superscript First-strand Synthesis Kit (Invitrogen, Grand 

Island, NY, USA) following the manufacturer’s recommendation. Aliquots of first strand 

cDNA (1µl for DBH, NET, or GAPDH) were amplified by PCR in a 25 µL reaction mix 

containing Platinum PCR Supermix (Invitrogen, Grand Island, NY, USA) and primers at 

appropriate concentrations in an Eppendorf Thermal Cycler (Eppendorf, Hamburg, Germany). 

Primers were synthesized by Invitrogen or Integrated DNA Technologies (Coralville, IA, 

USA). qPCR was run on the Mx 3000P QPCR system (Agilent Technologies, La Jolla, CA, 

USA) using the SYBR green Platinum Quantitative PCR supermix (Invitrogen, Grand Island, 

NY, USA). The primers were designed as follows: DBH, forward: 50-

CCTCACTGGCTACTGCACGGACAAG-30 and reverse: 50-

GTGGAGCTGAGAGGCGAAGATGTGG-30; NET, forward: 50-

CGGTGCCTTCTTGATCCCG-30 and reverse: 50-CCGGTTGTACTGTCCCAGAG-30; and 

GAPDH (as a control): forward: 50-TGCACCACCAACTGCTTAGC-30 and reverse: 50-

GGCATGGACTGTGGTCATGAG-30. All reactions were performed according to the 

following protocol: 2 minutes (min) at 50 
o
C, 2 min at 95 

o
C, followed by 45 cycles of 18 s at 

95 
o
C and 45 s at annealing temperature (NET 60 

o
C, DBH 56 

o
C, GAPDH 56 

o
C), then 

continued with the melting curve analysis (55–90 
o
C) to verify the product specificity. 

Annealing temperature of each gene was determined by running gradient qPCR with a range of 

annealing temperatures starting from 55 to 66 
o
C. Comparative cross threshold (Ct) method 

was used to measure gene expression in response to DSP4 treatments. 
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Western Blotting Analysis 

Whole cell extracts for western blot analysis were prepared by lysing cells in ice-cold 

Nonidet P-40 (NP-40; Sigma, St Louis, MO, USA) buffer (0.5 % NP-40, 50 mM Tris–HCl pH 

8.0, 150 mM NaCl, 2 mM EDTA) for 30 min, after which nuclei and cell debris were removed 

by centrifugation at 12,000 rpm for 10 min at 4 
o
C. An equal volume of 29 sodium dodecyl 

sulfate (SDS) gel-loading buffer then was added to the supernatant and the samples were 

denatured at 70 
o
C for 5 min. Protein concentrations in cell extracts were quantified prior to 

addition of the loading buffer with the Micro BCA Protein Assay Kit (Thermo Science, 

Rockford, IL USA). Proteins (40 μg) were electrophoretically separated on a 10 % or a 15 % 

SDS–polyacrylamide gel and electro-blotted onto a nitrocellulose membrane (Amersham Life 

Sciences, Buckinghamshire, UK). For protein detection, the blots were, respectively, probed 

with a mouse monoclonal anti-NET antibody (1:1,000 dilution; Mab Technology Inc., Stone 

Mountain, GA, USA, or 1:1,000; Alpha Diagnostic Intl. Inc., San Antonio, Texas USA), anti-

DBH antibody (1:500 dilution; Santa Cruz Biotechnology Inc., Santa Cruz, CA, USA), anti-

replication protein A (RPA) antibody (1:1,000 dilution, R3280, Sigma-Aldrich, St Louis, Mo, 

USA), anti-γH2AX antibody (1:1,000 dilution, Bethyl Laboratories, Inc., Montgomery, TX 

USA), or an anti-p-p53
ser15

 antibody (1:1,000 dilution, Cell Signaling Technology, Inc., 

Danvers, MA, USA). A horseradish peroxidase-conjugated anti-mouse or anti-rabbit antibody 

(1:5,000 dilution; Amersham Life Sciences, Buckinghamshire, UK) was used as the secondary 

antibody. The membranes were subjected to enhanced chemiluminescence (Amersham Life 

Sciences, Buckinghamshire, UK) or super enhanced ECL (Sigma Chemical Co., St Louis, MO, 

USA) and autoradiography. To check for equal loading and transfer, the membranes were 

reprobed with a mouse IgG monoclonal anti-b-actin antibody (1:5,000 dilution, Amersham 
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Life Sciences, Buckinghamshire, UK). 

Flow Cytometry 

Cells, sub-cultured in a 6-well plate at 2×10
4
 cells/well, were exposed to DSP4 (5 and 

50 μM) for 24 h. After washing with 37 
o
C phosphate buffered saline (PBS), 200 μL of 0.25 % 

trypsin–EDTA (Gibco, Carlsbad, CA, USA) was added per well and the plate was incubated at 

37 
o
C for 1 min. The trypsin was aspirated off and the cells were suspended with 1 mL ice-cold 

PBS containing 0.5 mM EDTA (PBSE). The cells were collected by centrifugation at 3,000 

rpm for 10 min at 4 
o
C and fixed by slowly adding 1 mL ice-cold 70 % ethanol to resuspend 

the cells. The cells were stored at -20 
o
C for 12–24 h, and then collected at 3,000 rpm for 10 

min at 4 
o
C. The cells were washed once with ice-cold PBSE, then recentrifuged and 

resuspended in 300 μL of freshly prepared PBSE containing 20 μg /mL propidium iodide 

(Sigma, St Louis, MO, USA) and 20 μg /mL DNase-free RNase A (Invitrogen, Grand Island, 

NY, USA). After incubation at 37 
o
C for 30 min, the cells were analyzed on an Accuri C6 flow 

cytometer. The population of G0/G1, S, and G2/M was determined using C6 Flow Cytometer 

Software. The results are expressed as percentage of the attached cells in each phase. 

Immunofluorescence  Assay (IFA) 

2×10
4
 cells were grown on coverslips in 24-well plates (Sigma, St Louis, MO, USA) 

and treated with or without DSP4 (5, 10, or 50 μM) for 24 h. The cells were fixed with 4 % 

paraformaldehyde for 15 min and permeabilized with 0.2 % Triton X-100 in PBS for 10 min. 

Coverslips were then blocked with 5 % goat serum in PBS for 1 h, and incubated overnight 

with primary antibodies (anti-γH2AX: 1:200 dilution, GeneTex Inc., Irvine, CA, USA), and an 

anti-p-p53ser15 (1:400 dilution, Cell Signaling Technology, Inc., Danvers, MA, USA). After 
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three 10-min washes with PBS, the coverslips were incubated with the secondary antibodies 

[Alexa Fluor
®
488 Goat Anti-Rabbit IgG (H+L); Alexa Fluor

®
568 Goat Anti-Mouse IgG 

(H+L), EMD Millipore Corporation, Billerica, MA, USA] diluted in PBS with 5 % goat serum. 

Coverslips were mounted onto microscope slides using Fluoromount-G mounting medium 

(Invitrogen, Grand Island, NY, USA). Slides were viewed and photographed at 100× 

magnification using an EVOS inverted fluorescent microscope (Advanced Microscopy Group) 

with attached CCD camera. 

Comet Assay 

SH-SY5Y cells were treated with different concentrations of DSP4 (5, 10, or 50 μM) or 

camptothecin (CPT, 10 μM) for 24 h. Then, neutral or alkaline comet assays were carried out 

using the Comet Assay System (Trevigen Inc., Gaithersburg, MD, USA) according to the 

manufacturer’s instructions. Fluorescence images were captured at 10× magnification. At least 

50 cells were assessed per treatment. In parallel with the comet assay, cell cultures with the 

same treatments were harvested for the protein analysis by western blotting. 

Statistics 

All experimental data are presented in the text and graph as the mean ± SEM. The 

number of replicates is enumerated in the figure legends. Data were analyzed using one-way 

analysis of variance (ANOVA), which was followed by a post hoc Newman–Keuls test for 

planned comparisons. 
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Results 

 

DSP4 Treatment Down-Regulates the Expression of DBH and NET in a Time- and 

Concentration-Dependent Manner 

Effects of DSP4 treatment on mRNA and protein levels of noradrenergic phenotypes in 

human SH-SY5Y cells were examined. As shown in Figure 2-1, exposure of cells to 50 μM 

DSP4 (this concentration was selected based on preliminary experiments and the literature) for 

different times resulted in a significant reduction of DBH (F4,45=34, p<0.0001) and NET 

(F4,34=30.8, p<0.0001) proteins. Post hoc tests revealed that compared to the control (0 time), 

DSP4-induced reduction of DBH/NET protein levels was time dependent. For the 

concentration course, cells were exposed to DSP4 at concentrations of 5, 10, and 50 µM for 24 

h. qPCR analyses showed that DSP4 significantly decreased mRNA levels of DBH 

(F3,48=85.2, p<0.0001) and NET (F3,44=17.97, p<0.001) (Figs. 2-2A, 3A). Consistently, 

protein levels of DBH (F3,27 = 56.2, p<0.0001) and NET (F3,36 = 69.3, p<0.0001) also were 

significantly reduced as analyzed by western blotting (Figs. 2-2B,2-2C,2-3B,2-3C). Post hoc 

tests demonstrated that DSP4-induced reduction in mRNA and protein levels of DBH, as well 

as NET protein levels showed in a concentration-dependent manner. It was reported that the 

effects of DSP4 on NE levels in vivo are reversible (Jaim-Etcheverry and Zieher 1980, 

Hallman et al. 1984, Wolfman et al. 1994, Srinivasan and Schmidt 2004, Szot et al. 2010). The 

recovery of DBH/NET protein levels from inhibition by DSP4 was tested further. Cells were 

exposed to 50 µM for 24 h, then after brief washing with PBS, cells were then maintained in 

fresh medium in the absence of DSP4 for 24, 48, 72, and 96 h. Western blotting analysis 
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showed that washing-out of DSP4 significantly affected DBH and NET protein levels 

(F5,42=7.56, p<0.01 for DBH; F5,42=30.48, p<0.0001 for NET). While DBH levels were fully 

recovered within 24 h, it took 48 h for full recovery of NET protein levels (p<0.01). 

Nevertheless, these results indicated that DSP4-induced inhibition of DBH and NET 

expression in SH-SY5Y cells is reversible (Figure 2-4). 

 

Figure 2-1. Time-dependent effects of DSP4 (50 µM) treatment on protein levels of 

DBH and NET in SH-SY5Y cells. (A) Autoradiograph obtained by western blotting. (B) and 

(C) The quantitative analysis of band densities in western blotting of DBH/NET. Values of 

protein levels of DBH/NET were normalized to those of β-actin in the same measurement. The 

graphic data represent averages obtained from 7 to 9 separate experiments. 
***

p<0.001, 

compared to the control group (0 h); 
###

p<0.001, compared to the 6 h group; 
&&&

p<0.001, 

compared to the 12 h group; 
$$$

p<0.001, compared to the 24 h group. 
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DSP4 Treatment Leads to Cell Cycle Arrest 

To further study the action mechanisms of DSP4, SHSY5Y cells were exposed to 5 or 

50 μM DSP4 for 24 h and the effects of these single-dose treatments on cell growth and 

viability were studied by trypan blue staining. At 5 µM, DSP4 inhibited cell proliferation by 25 

% (p<0.05), whereas 50 µM DSP4 inhibited proliferation by 50 % (p<0.001), compared to the 

control group after 24 h (Figure 2-5A). This result suggests that the cell cycle was arrested. S-

phase checkpoint monitors the integrity of the genome and halts DNA synthesis, arresting cells 

in S phase, following DNA damage  (Bartek and Lukas 2001). Flow cytometry was used to 

determine whether cell cycle transit was altered by DSP4 (Figure 1-2). The DNA profile 

clearly demonstrates that DSP4 profoundly affects the SH-SY5Y cell cycle. In an untreated 

cell population 52.63, 18.73, and 27.17% of the cells were distributed among the G1-, S-, and 

G2/M-phases, respectively (Fig 2-5B, 5C). After a 24-h treatment with 5 or 50 µM DSP4 the 

percentage of SHSY5Y cells in S-phase increased to 28.77 and 32.83%, respectively, 

compared to 18.73% in untreated control cells. These cytometric results demonstrate that 

DSP4-treated SH-SY5Y cells accumulated predominantly in S-phase due to cell cycle arrest. 
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Figure 2-2. Concentration-dependent effects of DSP4 h on mRNA and protein levels of 

DBH in SH-SY5Y cells. (A) measured by qPCR, (B) measured by western blotting and (C) 

showed the quantitative analysis of band densities in western blotting. Values of mRNA and 

protein levels of DBH were normalized to those of GAPDH or β-actin in the same 

measurement. The graphic data represent averages obtained from 8 to 12 separate experiments. 
***

p<0.001, compared to the control group (0 μM); 
#
p<0.05, 

###
p<0.001, compared to the 5 μM 

group; 
&&

p<0.01, compared to the 10 μM group. 
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Figure 2-3. Concentration-dependent effects of DSP4 on mRNA and protein levels of 

NET in SH-SY5Y cells. (A) measured by qPCR, (B) measured by western blotting and (C) 

showed the quantitative analysis of band densities in western blotting.  Values of mRNA and 

protein levels of NET were normalized to those of GAPDH or β-actin in the same 

measurement. The graphic data represent averages obtained from 9 to 11 separate experiments. 
***

p<0.001, compared to the control group (0 μM); 
###

p<0.001, compared to the 5 μM group; 
&&&

p<0.001, compared to the 10 μM group. 
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Figure 2-4. Up-regulation of DBH/NET protein levels from inhibition by DSP4. SH-

SY5Y cells were exposed to 50 μM DSP4 for 24 h (DSP4) and then incubated in fresh media 

in the absence of DSP4 for 24 h (R24 h), 48 h (R48 h), 72 h (R72 h), and 96 h (R96 h) after 

brief washing by PBS. The control cells were exposed to the vehicle (Con). (A) 

Autoradiograph obtained by western blotting. (B) and (C) The quantitative analysis of band 

densities in western blotting of DBH/NET. Values of protein levels of DBH/NET were 

normalized to those of β-actin in the same measurement. The graphic data represent averages 

obtained from seven separate experiments. 
***

p<0.001, compared to the control group (Con); 
###

p<0.001, compared to the DSP4 group; 
&&&

p<0.001, compared to the R24 h group. 
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Next, we examined whether S-phase-arrested cells could resume cell cycle transit after 

removal of DSP4. Cells were treated with 50 µM DSP4 for 24 h, then rinsed with PBS and 

maintained in fresh medium without DSP4 for another 12 or 24 h before analysis by flow 

cytometry. As shown in Fig 2-6, arrested cells resumed cycle transit within 12 or 24 h after 

DSP4 removal. Although more cells were in S-phase compared with the control, the proportion 

of cells in G1-phase returned to normal. Interestingly, after removal of DSP4 for 24 h, fewer 

cells were in G2-phase compared to the control group (p<0.05). These data indicate that DSP4-

arrested cells were able to resume cell cycle transit after removal of DSP4. 

DSP4 Treatment Induces DDRs 

How does DSP4 treatment lead to cell cycle arrest with an accumulation of cells in S 

phase? To address this question, SH-SY5Y cells were treated with 50 µM DSP4 for different 

times. As a positive control, one group of cells was treated for 2 h before cell harvest with CPT 

alone, a cytotoxic drug which inhibits topoisomerase I, thus inducing DNA double-strand 

breaks (DSBs) in the subsequent S-phase (Del Bino et al. 1992, Kurose et al. 2006). The 

harvested cell samples were analyzed by western blotting for the DDR markers γH2AX, p-

p53
ser15

, and hyperphosphorylation of RPA. As shown by Figure 2-7, γH2AX and p-p53
ser15

 

levels were significantly increased at 2 or 4 h, respectively, after DSP4 exposure (F6,42 = 46.6, 

p<0.001 for γH2AX; F6,42 = 85.5, p<0.001 for p-p53
ser15

), indicating that DNA damage 

appeared earlier than reduction of DBH/NET expression. 
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Figure 2-5.  Effects of DSP4 treatment on cell proliferation and cell cycle arrest in 

SHSY5Y cells. (A) The viable number of SH-SY5Y cells decreased significantly after cells 

were exposed to 5 and 50 μM DSP4 for 24 h. Representative flow-cytometric histograms (B) 

and quantitative evaluation of DSP4 effects (C) showed DSP4-induced cell cycle arrest. Each 

bar from a and c represents data obtained from 6 to 7 separate experiments. 
**

p<0.01, 

compared to 0 μM group (A) or compared to 0 μM group in G1-phase. 
##

p<0.01, compared to 0 

μM group in S-phase. In figure B, black-control, red-5 μM DSP4; blue-50 μM DSP4. 
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Figure 2-6. The DSP4-induced cell cycle arrest is reversible. Representative flow-

cytometric histograms (A) and quantitative evaluation of DSP4 effects (B) showed that the 

DSP4-induced cell cycle arrest is reversible. In figure (A), black-control, red-DSP4 for 24 h, 

blue-removing DSP4 for 12 h, green-removing DSP4 for 24 h. Each bar from b represents data 

obtained from seven separate experiments. 
**

p<0.01, 
***

p<0.001, compared to 0 μM group in 

G1-phase. 
##

p<0.01, 
###

p<0.001, compared to 0 μM group in S phase. 
&&&

p<0.001, compared 

to 0 μM group in G2/M-phase. 

 

In a separate experiment, cells were exposed to DSP4 (5, 10, or 50 μM) for 24 h. 

Increased γH2AX levels were proportional to DSP4 concentrations (Figure 2-8A, 2-8B), 

suggesting that DNA strand breaks were induced by DSP4. Also, nuclear γH2AX foci were 

observed by immunofluorescence with the number of foci increasing proportionally with DSP4 

concentrations or exposure time (Figure 2-9A). Tumor suppressor protein p53 also is 

phosphorylated at serine 15 in response to DNA damage or replication stress (Prieto and Giralt 



 47 

2001). The level of p-p53
ser15

 also is increased in response to DSP4 treatment; this increase in 

p-p53
ser15

 is proportional to DSP4 concentration as determined by western blots (Figure 2-8C, 

2-8D) and by immunofluorescence (Figure 2-9B).  

Human RPA is a single-strand DNA-binding protein that is involved in many aspects of 

DNA metabolism (Zou et al. 2006). The 32 kDa subunit of RPA (RPA32) is 

hyperphosphorylated in response to DNA DSBs and to some other types of DNA damage (Zou 

et al. 2006). Also, CPT induces DNA DSBs and RPA hyperphosphorylation (Murren et al. 

1996, Liu and Martin 2001), which appears as a slower migrating band on SDS-

polyacrylamide gels. To determine if RPA becomes hyperphosphorylated in response to DSP4 

treatment in SH-SY5Y cells were treated with DSP4 (5, 10, or 50 µM) for 24 h. As a positive 

control other cells were treated with CPT for 2 h before cell harvest. Interestingly, the 

hyperphosphorylated-RPA32 (hyp-RPA32) band was detected only in the CPT-treated cells 

(Figure 2-8E). 
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Figure 2-7. The time-course analysis of DSP4-induced DNA damage as demonstrated 

by increased γH2AX and p-p53
ser15

. Cells were exposed to 50 μM DSP4 for 0.5–6 h. (A) 

Autoradiograph obtained by western blotting. (B) and (C) showed the quantitative analysis of 

band densities in western blotting of γH2AX or p-p53
ser15

. Each bar from (B) and (C) 

represents data obtained from six separate experiments. 
***

p<0.001, compared to the control (0 

h). 
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Figure 2-8. DSP4 treatment induced a DNA damage response in SHSY5Y cells. (A) 

and (B) Western blotting and quantitative analysis revealed an increase in γH2AX after DSP4 

treatment for 24 h. (C) and (D) Western blotting and quantitative analysis showed an increase 

of p-p53
ser15

 after DSP4 treatment for 24 h. (E) No phosphorylated RPA32 was observed after 

exposing cells to 50 μM DSP4. Each bar from (B) and (D) represents data obtained from seven 

separate experiments. CPT results in phosphorylation of H2AX, p53, and RPA32. 
**

p<0.01, 
***

p<0.001, compared to 0 μM group. 

 

 

 



 50 

DSP4 Induces Activation of  ATM Pathway 

Cell cycle checkpoints are regulatory pathways that govern the order and timing of cell 

cycle transitions to insure completion of one cellular event prior to commencement of the next 

cell cycle phase (Hatip-Al-Khatib and Bolukbasi 1999). The key regulators of the checkpoint 

pathways in the mammalian DDR are the ATM and ATR protein kinases, members of the 

serine–threonine PIKK kinases family (Abraham 2001, Shiloh 2001). Although ATM and ATR 

appear to phosphorylate many of the same cellular substrates (Kim et al. 1999), they generally 

respond to distinct types of DNA damage. ATM and ATR inhibitors were used to elucidate the 

role of these kinases in the DSP4-induced DDR. SH-SY5Y cells were treated with ATM or 

ATR inhibitors, alone or in combination, for 1 h before continuous exposure to 50 µM DSP4 

for 24 h. Western blotting revealed that ATM inhibition significantly decreased the level of 

DSP4-induced γH2AX, compared to that of cells treated with DSP4 alone. In contrast, ATR 

inhibition increased the level of DSP4-induced γH2AX over that of cells treated with DSP4 

alone. Treatment with both ATM and ATR inhibitors resulted in no net change of γH2AX 

levels compared to that of the group treated with DSP4 alone (Figure 2-10A, 10B).  

These results indicate that ATM is involved in γH2AX formation after DSP4 treatment. 

This is consistent with the significant reduction in DSP4-dependent p-p53
ser15

 by ATM 

inhibition and increased levels by ATR inhibition. Similarly, treatment with both kinase 

inhibitors did not show a net reduction in phospho-p53
ser15

 levels below compared to DSP4 

treatment alone (Figure 2-10C, 2-10D). These results indicate that γH2AX and p-p53
ser15

 

formation are downstream product primarily of ATM after DSP4 treatment. 
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Figure 2-9. DSP4 treatment induced the formation of nuclear γH2AX foci and p-

p53
ser15

. (A) Immunofluorescence staining showed foci of γH2AX in the nuclei of cells treated 

with 50 μM DSP4 for 24 h. (B) Immunofluorescence staining showed p-p53
ser15

 in the nuclei 

of cells treated with 50 μM DSP4 for 24 h. N = 5 for each group. DAPI, 4',6-diamidino-2-

phenylindole, a fluorescent dye that strongly binds to DNA as a nuclear counterstain. 

 

DSP4 Induces Single-Strand DNA Breaks  

To further explore the type of DNA damage induced by DSP4 treatment, SH-SY5Y 

cells treated with DSP4 (5, 10, or 50 μM) for 24 h were analyzed by neutral or alkaline comet 

assays. These assays detect DNA double- versus single- strand breaks, respectively, by 

measuring the formation of the nuclear DNA tail (comet) after single-cell gel electrophoresis. 

As shown in Figure 2-11, no obvious nuclear tails were observed in the neutral comet assay 

after DSP4 treatment, indicating that DSP4 did not lead to detectable DNA DSBs. However, 

exposure of SH-SY5Y cells to DSP4 resulted in extensive SSBs as reflected in the significant 

tail lengths observed in the alkaline comet assay (Figure 2-11, bottom). 
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Figure 2-10. The DSP4-induced DDR is dependent on ATM activation. (A) and (B) 

Western blotting and quantitative analysis show reduction in DSP4-induced γH2AX formation 

in cells treated with ATM or ATR inhibitor. (C) and (D) Western blotting and quantitative 

analysis show a reduction in the DSP4-induced p-p53
ser15

 formation in cells treated with ATM 

or ATR inhibitor. The cells were pretreated with the inhibitors for 1 h and continued for 24 h 

with DSP4 treatment. Each bar from both pictures (B) and (D) represents data obtained from 
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six separate experiments. 
*
p<0.05, 

**
p<0.01, 

***
p<0.001, compared to the DSP4-only group; 

#
p<0.05, 

##
p<0.01, 

###
p<0.001, compared to the DSP4 plus ATR inhibitor group; 

&
p<0.05, 

compared to the DSP4 plus both inhibitors group. 

 

 

 

Figure 2-11. DSP4 induces single-strand DNA breaks as determined by the comet 

assay. SH-SY5Y cells were exposed to DSP4 in a dose dependent manner for 24 h. The cells 

were processed for comet assays run under neutral and alkaline conditions to identify DNA 

DSBs versus SSBs, respectively. N = 5 for each group. 

 

Discussion 

 

DSP4 is a well-known neurotoxin that selectively damages the noradrenergic projection 

originating from the LC (Jonsson et al. 1981, Fritschy et al. 1990). In the present study, SH-

SY5Y neuroblastoma cell line, which naturally expressing DBH and NET (Richards and Sadee 

1986) but neither the serotonin nor dopamine transporters (Lode et al. 1995), was used to 

examine the potential molecular mechanisms underlying DSP4 action on noradrenergic 

phenotypes. The main findings are: (1) DBH and NET expression in SHSY5Y cell line was 

down-regulated by DSP4 and DSP4-induced reduction of their protein levels and DBH mRNA 
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level exhibited a concentration and time-dependent course. (2) DSP4 treatment resulted in cell 

cycle arrest predominantly in S phase. (3) Removal of DSP4 allowed the arrested cells to 

resume the cell cycle and to replenish the reduced DBH and NET protein. (4) DSP4-induced 

cell cycle arrest possibly was caused by DNA damage as DSP4 treatment significantly 

increased the DDR markers γH2AX and p-p53
ser15

. (5) DSP4 treatment activated the ATM 

pathway as part of the DDR. (6) DSP4 treatment of SH-SY5Y cells induced DNA SSBs but 

not DSBs. Thus, these results suggest that down-regulation of the noradrenergic phenotypes 

caused by DSP4 may stem from the DSP4-induced DNA damage, which activated the ATM 

pathway and eventually resulted in cell cycle disruption.  

Previously, most studies of DSP4 neurotoxicity were carried out under in vivo 

conditions. DSP4 has been considered to interact at high affinity with the norepinephrine 

reuptake sites on the noradrenergic terminals, which were degenerated due to the alkylation of 

diverse vital neuronal structures (Lee et al. 1982, Hallman et al. 1984, Dudley et al. 1990). 

Furthermore, a reduced immunoreactivity of DBH and tyrosine hydroxylase in the LC and 

other brain regions caused by administration of DSP4 revealed an inhibition of noradrenergic 

phenotypes (Ross 1976, Gordon et al. 1999, Prieto and Giralt 2001, Kalinin et al. 2006, 

Waterman and Harding 2008, Engler et al. 2010). In the present study DSP4 treatment was 

found to drastically down-regulate expression of the DBH and NET in SH-SY5Y cells, which 

is consistent with those observations in vivo. These results confirm that the neurotoxicity of 

DSP4 is primarily mediated through inhibition or reduced expression of the noradrenergic 

phenotypes: reduced expression of DBH/NET diminishes the synthesis/reuptake of 

norepinephrine, finally leads to lower levels of norepinephrine in the brain (Figure 1-1). 

Reduced expression of DBH/NET could be the end result rather than the cause of the 
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neurodegeneration. DNA is vulnerable to damage throughout the cell cycle due to diverse 

types of pathological insults including oxidative stress and cytotoxins that upset DNA 

metabolism. Though neurons are non-cycling cells neurotoxicity may be mediated by similar 

metabolic upsets. One consequence is DNA damage induced by active metabolites which cause 

DNA base adducts or strand breaks (Katyal and McKinnon 2008). In response to DNA 

damage, checkpoint surveillance mechanisms initiate signaling cascades, which coordinate cell 

cycle arrest and facilitate DNA repair (Shiloh 2003, Bakkenist and Kastan 2004, McGowan 

and Russell 2004). If these checkpoint surveillance mechanisms fail in neurons, 

neurodegeneration eventually occurs (Lavin 1999, Cho and Liang 2011). There has been a 

slow but steady accumulation of evidence of DNA damage in various neurodegenerative 

diseases (Robison and Bradley 1984). For example, an increase of DNA strand breaks in 

neurons has been reported in AD (Adamec et al. 1999) and HD (Anne et al. 2007). Damage to 

mitochondrial DNA also has been found in PD (Zhang et al. 1999). Therefore, DNA damage 

with alteration of cell cycle is likely involved in DSP4-induced degeneration of noradrenergic 

neurons. The present study demonstrated that exposure of cells to 50 μM DSP4 for 24 h 

induced about 50 % cell proliferation inhibition. The flow cytometric analysis showed that 

DSP4 treatment for only 24 h induced cell cycle arrest in S phase. DDR measurements 

confirmed a significant increase in γH2AX and p-p53
ser15

, as well as increased frequencies of 

nuclear γH2AX foci; such foci normally represent formation of protein complexes at sites of 

DNA damage (Sontag et al. 2008). All these observations indicated that DSP4-induced cell 

cycle arrest occurred primarily in S-phase and was mediated through DNA damage signaling. 

DNA damage and replication stress responses are a cascade signal transduction process. 

The DDR consists of multiple interconnected pathways, which impact the cell cycle, DNA 
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replication and repair, transcriptional regulation, chromatin remodeling, and other cellular 

metabolic processes (Zhou and Elledge 2000, Rouse and Jackson 2002). Actually, the 

activation of DNA damage-induced signaling pathways serves to arrest the cell cycle while 

DNA repair occurs. In response to DNA strand breaks and during replication stress, ATM and 

ATR kinases are considered as major physiological mediators for the phosphorylation of 

H2AX and p53 (Rogakou et al. 1998, Kastan and Lim 2000, Bakkenist and Kastan 2003). 

γH2AX and p-p-p53
ser15

 function as downstream mediators in this signaling pathway. The 

present study demonstrated that these signal pathways are involved in the DSP4-induced 

down-regulation of the noradrenergic phenotypes. After exposure of cells to DSP4, increased 

levels of γH2AX foci and nuclear p-p53
ser15

 were proportional to DSP4 concentrations (Figure 

2-9). Furthermore, the ATM inhibitor significantly blocked the DSP4-induced enhancement of 

γH2AX and p-p53
ser15

 levels (Figure 2-10). Thus, ATM signaling pathways play a significant 

role in the DDR to DSP4’s toxic effects. 

DNA strand breaks can occur as either SSBs or DSBs. Compared to DSBs, SSBs are 

the more common lesion induced by exogenous genotoxins such as ionizing radiation and 

alkylating agents (Jeppesen et al. 2011). Also, SSBs can collapse a replication fork and be 

converted into DSBs, a threat to genetic stability if not dealt with properly (Caldecott 2004). 

DNA SSBs were reported to be the source of much of the DNA damage in the brain and are 

associated with neurodegenerative diseases (Rass et al. 2007). The comet assay in the present 

study demonstrates that DSP4 exposure induced SSBs, rather than DSBs (Figure 11). 

Interestingly, earlier studies hypothesized that DSP4 is an alkylating compound and its 

neurotoxic effects might derive from uptake by NET, then alkylation of norepinephrine uptake 

sites by covalently binding to these sites in neurons (Ross 1976). It was reported that the 
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nervous system has a lower tolerance for DNA strand breaks than other tissues. For example, 

exposure of adult motor neurons in suspension to oxidizing agents induced SSBs followed by 

neuronal degeneration (Liu and Martin 2001). Also, SSBs in neuronal DNA can physically 

block transcription, thereby triggering loss of cell function due to the absence of one or more 

essential gene products; such damage eventually leads to apoptosis. Thus, the current 

observations are consistent with the hypothesis that DSP4-induced SSBs trigger the down-

regulation of noradrenergic phenotypes and lead to the neuronal degeneration.  

Noradrenergic neuronal loss is an important pathogenic characteristic of 

neurodegenerative diseases. For example, in PD the greatest loss of neurons was found in the 

LC (83.2 %) rather than in the substantia nigra (77.8 %) (German et al. 1992). In AD, LC 

neurons were reduced by 67.9 %, compared to 41.1 % in the nucleus basalis (Zarow et al. 

2003). Furthermore, the loss of LC neurons in PD and AD is best correlated with the duration 

and severity of illness (Bondareff et al. 1982, Gesi et al. 2000). These data not only indicate 

that LC neuron loss is possibly due to a primary involvement of the LC itself in the early 

pathogenesis of PD and AD (Mann et al. 1982, Gesi et al. 2000), but also that it might 

influence the onset and progression of PD and AD. Although the original hypothesis was that 

DSP4 affected only LC terminals (Fritschy and Grzanna 1991b), studies in recent years 

revealed that DSP4 also caused neuronal degeneration in the LC regions (Yu et al. 1994). 

However, this action may depend on the dose and treatment period, as well as the species of 

animals. For example, a single dose (50 mg/kg) of DSP4 did not significantly affect neuronal 

number in the LC of rats (Lyons et al. 1989, Matsukawa et al. 2003, Szot et al. 2010) or rabbit 

(Robinson et al. 1993), but treatment with two or more 50 mg/kg doses resulted in LC cell loss 

as revealed by tyrosine hydroxylase staining in rats (Heneka et al. 2002) and mice (Heneka et 
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al. 2006, Pugh et al. 2007, Jardanhazi-Kurutz et al. 2010, Rey et al. 2012). It has been 

suggested that mice may exhibit more sensitivity to DSP4 (Fornai et al. 1996). Accordingly, 

now DSP4 is used mostly in vivo studies as a selective neurotoxin to mimic in animal models 

the pathology of human PD and AD in terms of degeneration of LC neurons and subsequent 

NE depletion in the brain (Heneka et al. 2002, Srinivasan and Schmidt 2004). Since little is 

known about how DSP4 induces neurodegeneration in vivo, it remains uncertain whether 

systematic administration of DSP4 would induce DNA damage in the brain similar to that 

observed in the present study. Nevertheless, this study provides fundamental information 

regarding the potential action mechanisms of DSP4 in vivo. That is, administration of DSP4 in 

these animal models can result in DNA SSBs which in turn activate ATM signaling pathways 

including formation of γH2AX and p-p53
ser15

, as well as other checkpoint factors and DDR 

processes. Therefore, therapies to minimize DNA damage may be beneficial in the future 

treatments of neurodegenerative diseases. 

Collectively, the present studies demonstrate that DSP4 treatment significantly 

decreased expression of DBH/NET in a concentration-dependent manner. These alterations 

may be mediated through DSP4-induced SSBs, which in turn activated ATM signaling 

pathways to phosphorylate several DDR markers, resulting in cell cycle arrest in S phase. 

These action mechanisms of DSP4 may account for its degenerative consequence after 

systematic administration for animal models. Further elucidation of the molecular mechanisms 

underlying the DSP4-induced DDR process and the genetic interactions between different 

DDR pathways are underway since they are of critical importance in the development of new 

therapeutic strategies for the treatment of many degenerative diseases. 
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Abstract 

 

Degeneration of the noradrenergic neurons has been reported in the brain of neurodegenerative 

disease patients. However, their pathological characteristics in neurodegenerative course and 

certain mechanisms remain to be elucidated. In the present study, we used neurotoxins CPT 

and DSP4 to induce the DDR in neuroblastoma SH-SY5Y cells, normal fibroblast cells, and 

primary cultured LC and raphe neurons. Our studies first show that noradrenergic SH-SY5Y 

cells are more sensitive to CPT-induced DNA damage and they are deficient to repair it, as 

compared to fibroblast cells. In order to confirm the findings of SH-SY5Y cells in in vivo 

studies, primary LC and raphe neuron cultures were used.  Similar to SH-SY5Y cells, LC 

neurons are more sensitive to CPT- or DSP4-induced DNA damage and show a deficiency in 



 72 

repairing CPT-induced DNA damage. Moreover, neurotoxins CPT and DSP4 do not induce 

DNA damage in neuronal cultures from raphe. Taken together, noradrenergic SH-SY5Y cells 

and LC neurons are sensitive to CPT-/DSP4-induced DNA damage and they show a repair 

deficiency. Therefore, these data might be used to explain the pathological characteristics of 

LC degeneration. 

 

Introduction 

 

 The LC is a small nucleus located in the pons. It is the main source of brain 

norepinephrine, especially for the hippocampus and forebrain (Maeda 2000). The activity of 

LC neurons has been considered to be involved in numerous important functions, for example, 

response to stress (Usher et al. 1999). It is reported that the number of LC cells is reduced 

during normal aging and in aging-related diseases, as are brain norepinephrine levels (Marien 

et al. 2004). Patients with AD have reduced levels of norepinephrine compared with controls 

(Adolfsson et al. 1979, Palmer and DeKosky 1993). Damage and loss of LC noradrenergic 

neurons are accelerated in certain progressive neurodegenerative diseases (Mann and Yates 

1983, Mann et al. 1983, Bondareff et al. 1987, German et al. 1992, Rommelfanger and 

Weinshenker 2007, Weinshenker 2008), which are early pathological indicators of AD and PD. 

The greatest neuronal loss was observed in the LC (83% loss in AD; 68% loss in PD) 

compared with other subcortical nuclei (Lyness et al. 2003, Zarow et al. 2003).  

It was reported that aging-related diseases are mainly caused by accumulation of 

nuclear DNA (nDNA) damage in neurons due to insufficient nDNA damage repair. The brain 
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consists large number of non-proliferative neuronal cells, which are vulnerable to defective 

DNA repair. Deficiency of repairing DNA damage usually leads to “accumulation” of 

unrepaired DNA lesions, which might be considered as the cause of the neuropathology in 

several neurodegenerative disorders. Certain neurons with a high amount of nDNA damage, 

like Purkije cells in the rodent brain, would be removed during physiological aging, while 

those with lower amount of nDNA damage will remain there in the brain (Brasnjevic et al. 

2008). The molecular and cellular mechanisms of the selective neuronal death during aging are 

currently not clarified. Therefore, exploring the pathological characteristics of LC 

noradrenergic neuronal loss in neurodegenerative process is important for elucidating the 

pathological mechanisms underlying AD and PD.  

CPT is a cytotoxic quinoline alkaloid and a S-phase-specific anticancer agent which 

inhibits DNA topo I (Figure 1-2) (Liu et al. 2000). Generally, administration of CPT produces 

irreversible DNA DSBs during DNA replication, suggesting that this agent should not have 

toxic effects on non-dividing cells, such as neurons. However, it was reported that CPT could 

lead to death of post-mitotic rat cortical neurons in vitro in a significant dose-dependent 

manner. Additionally, neurotoxic activity of CPT also was found in cultured cerebellar granule 

neurons, which inhibited both protein synthesis and the neuritic outgrowth of primary 

cerebellar granule neurons (Uday Bhanu and Kondapi 2010). These observations indicate that 

CPT also exhibits significant toxicity toward neuronal cells in vitro.  

 The effects of DSP4 on norepinephrine levels in the peripheral and central 

noradrenergic system were first reported several decades ago (Ross 1976). It was reported that 

in vivo DSP4 selectively damages noradrenergic projections originating from the LC by 

interacting with the norepinephrine reuptake system and depleting intracellular norepinephrine, 

http://en.wikipedia.org/wiki/Cytotoxic
http://en.wikipedia.org/wiki/Quinoline
http://en.wikipedia.org/wiki/Alkaloid
http://en.wikipedia.org/wiki/Enzyme_inhibitor
http://en.wikipedia.org/wiki/DNA


 74 

finally inducing degeneration of noradrenergic terminals (Winkler 1976, Ransom et al. 1985, 

Dooley et al. 1987, Prieto and Giralt 2001). DSP4 has been used as a noradrenergic neurotoxin 

to construct AD or PD animal models. Our previous study showed that DSP4 induces the DDR 

in neuroblastoma SH-SY5Y cells in a time- and dose-dependent manner (Wang et al. 2014).  

However, whether DSP4 can induce the DDR in primary cultured neurons remains unclear. To 

date, there are limited studies about the effects of neurotoxins on primary cultured neurons; 

therefore, it is essential to conduct this experiment to elucidate their pathophysiological 

characteristics. 

 In the present study, we exposed SH-SY5Y cells, which are considered as a 

noradrenergic cell line, and primary-cultured LC and raphe neurons to CPT or DSP4. Two 

DDR markers were measured. The results show that noradrenergic SH-SY5Y cells or primary 

LC neurons are severely affected by these neurotoxins. They are sensitive to CPT- or DSP4-

induced DNA damage and they are deficient in repairing it, as compared to fibroblast cells or 

raphe neurons. 

 

Materials and Methods 

 

Cell Culture and Drug Exposure 

 Cell lines: The human neuroblastoma cell line SH-SY5Y and human normal fibroblast 

cells (AG08498) were used in these experiments. SH-SY5Y cells were maintained in a 1:1 mix 

of RPMI 1640 and F12 media. Normal fibroblast cells were maintained in DMEM. Both cell 

lines were supplemented with 10% heat-inactivated fetal bovine serum (FBS), penicillin (100 
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U/mL), and streptomycin (100 µg/mL) at 37 
o
C in humidified air containing 5 % CO2. Culture 

media and supplements were obtained from Gibco-Invitrogen (Carlsbad, CA, USA). Cells 

were seeded into 6-well or 100-mm plates. Drugs exposures were started after 24 h of each 

subculture. Only SH-SY5Y cells prior to passage 10 were used. Cell viability was determined 

by exclusion of trypan blue dye; cell viability was 90–95 % in the untreated cells. 

 Primary tissue cultures: Timed pregnant Sprague Dawley rats at day 12-15 of gestation 

(ED 12-15; the day following nocturnal mating being considered as ED 1) were anaesthetized 

with ketamine/xylazine (100mg/10mg/kg. i.p.). After laparotomy and hysterectomy, the 

embryos were removed and their brains dissected under a stereomicroscope based on the 

published paper (Dunnett and Bjorklund 1992). Mesencephalic tissue pieces containing the 

raphe or LC were collected in ice-cold Hank’s balanced salt solution (HBSS) (Gibco-

Invitrogen, Carlsbad, CA, USA) and incubated for 15 min at 37
o
C in a 15 mL-centrifuge tube 

containing 4.5 mL HBSS, 0.5 mL 0.25% trypsin-EDTA (Gibco-Invitrogen, Carlsbad, CA, 

USA) and 25 µL RQ1 DNase (0.1 mg/mL deoxyribonuclease). The trypsinization was stopped 

by addition of 5 mL HBSS containing 1 mM of pyruvate, 10 mM HEPES and 1 mL of FBS. 

Subsequently, the cells were dissociated by gentle trituration using a fire-polished Pasteur 

pipette. The suspension was centrifuged at 3000 rpm for 5 min and the pellet was suspended in 

culture medium, which contains neurobasal medium (Gibco-Invitrogen, Carlsbad, CA, USA) 

supplemented with B-27 (Gibco-Invitrogen, Carlsbad, CA, USA), 0.5 mM glutamine, 25 µM 

glutamate and penicillin (100 U/mL), and streptomycin (100 μg/mL). The cells were counted 

before plating.  1×10
5
 cells were transferred into 24-well plate (Sigma, St Louis, MO, USA) 

coated with poly-L-lysine (Sigma, St Louis, MO, USA). At 4 day in vitro (DIV), the medium 

was replaced by new medium, which is similar to the original one but without glutamate. For 
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maintaining cell cultures, half of the medium was changed every 3 days. Cells were used for 

drug treatment at 12 DIV. 

 DSP4 (Sigma, St Louis, MO, USA) was dissolved in distilled water at 50 mM, then was 

diluted with culture media and added to cells to a final concentration of 50 µM. CPT (Cat. No. 

C9911, Sigma, St Louis, MO, USA) was dissolved in DMSO at 10 mM, then was diluted with 

culture media and added to cells to a final concentration of 10 µM. The selection of the 

concentration of DSP4 was based on our previous data (Wang et al. 2014). The concentration 

of CPT was based on a published paper (Uday Bhanu and Kondapi 2010).   

Western blotting analysis 

 Whole cell extracts for western blot analysis were prepared by lysing cells in ice-cold 

Nonidet P-40 (NP-40; Sigma, St Louis, MO, USA) buffer (0.5 % NP-40, 50 mM Tris–HCl pH 

8.0, 150 mM NaCl, 2 mM EDTA) for 30 min, after which nuclei and cell debris were removed 

by centrifugation at 12,000 rpm for 10 min at 4 
o
C. 5× SDS gel-loading buffer then was added 

to the supernatant and the samples were denatured at 70 
o
C for 5 min. Protein concentrations in 

cell extracts were quantified prior to addition of the loading buffer with the Micro BCA Protein 

Assay Kit (Thermo Science, Rockford, IL USA). Proteins (40 µg) were electrophoretically 

separated on a 10 % or 15 % SDS–polyacrylamide gel and electro-blotted onto a nitrocellulose 

membrane (Amersham Life Sciences, Buckinghamshire, UK). For protein detection, the blots 

were probed with anti-γH2AX antibody (1:1,000 dilution, Bethyl Laboratories, Inc., 

Montgomery TX USA), or an anti-p-p53
ser15

 antibody (1:1,000 dilution, Cell Signaling 

Technology, Inc., Danvers, MA, USA). A horseradish peroxidase-conjugated anti-mouse or 

anti-rabbit antibody (1:5,000 dilution; Amersham Life Sciences, Buckinghamshire, UK) was 
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used as the secondary antibody. The membranes were subjected to enhanced 

chemiluminescence (Amersham Life Sciences, Buckinghamshire, UK) or super enhanced ECL 

(Sigma Chemical Co., St Louis, MO, USA) and autoradiography. To check for equal loading 

and transfer, the membranes were reprobed with a mouse IgG monoclonal anti-β-actin 

antibody (1:5,000 dilution, Amersham Life Sciences, Buckinghamshire, UK). 

Immunofluorescence Assay (IFA) 

 2 ×10
4
 cells were grown on coverslips in 24-well plates and treated with CPT (10 µM, 

for 15, 30, 60, 90 or 120 min) or DSP4 (50 µM, for 24 h), or vehicle. The cells were fixed with 

4 % paraformaldehyde for 15 min and permeabilized with 0.2 % TritonX-100 in PBS for 10 

min. Coverslips were blocked with 5 % goat serum in PBS for 1 h, and incubated overnight 

with anti-γH2AX (1:200 dilution, GeneTex Inc., Irvine, CA, USA), anti-p-p53
ser15

 (1:400 

dilution, Cell Signaling Technology, Inc., Danvers, MA, USA), anti-DBH (1:200 dilution, 

Santa Cruz Biotechnology Inc., Santa Cruz, CA, USA) and anti-SERT (1:200, Calbiochem, 

EMD Millipore Corporation, Billerica, MA, USA). After 3×5-min washes with PBS, the 

coverslips were incubated with the secondary antibodies [Alexa Fluor
® 

488 Goat Anti-Rabbit 

IgG (H+L); Alexa Fluor
®

568 Goat Anti-Mouse IgG (H+L), EMD Millipore Corporation, 

Billerica, MA, USA] diluted in PBS with 5 % goat serum. Coverslips were mounted onto 

microscope slides using Fluoromount-G mounting medium (Invitrogen, Grand Island, NY, 

USA). Slides were viewed and photographed at 20 or 60× magnification using an EVOS 

inverted fluorescent microscope (Advanced Microscopy Group, Washington, USA). We 

counted cells with at least two γH2AX foci for γH2AX-positive cells and increased p-p53
ser15 

expression in nuclei as p-p53
ser15

-postitive cells.  
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Comet assay 

 SH-SY5Y cells were treated with CPT (10 µM) for 2 h, then CPT was washed out, cells 

continued to grow for 24, 48 and 72 h. Then neutral and alkaline comet assays were carried out 

using the Comet Assay System (Trevigen Inc., Gaithersburg, MD, USA) according to the 

manufacturer’s instructions. Fluorescence images were captured at 10× magnification. The 

overall shape resembles a comet with a circular head corresponding to the undamaged DNA 

and a tail of damaged DNA. The level of damage can be measured by length of the tail. At 

least 50 cells were assessed per treatment. In parallel with the comet assay, cell cultures with 

the same treatments were harvested for the protein analysis by western blotting.  

Statistics 

 All experimental data are presented in the text and graphs as the mean ± SEM. The 

number of replicates is enumerated in the figure legends. Data were analyzed by using one-way 

analysis of variance (ANOVA) in GraphPad Prism.  

 

Results 

 

SH-SY5Y cells are sensitive to CPT-induced DNA damage  

 In this study, noradrenergic SH-SY5Y cells, which richly express the noradrenergic hall 

markers DBH and NET, were used. Normal human fibroblast cells with neither DBH nor NET 

expression were used as non-noradrenergic control cells (Figure 3-1). First, we used CPT to 

induce the DDR in SH-SY5Y cells, which was determined by two DDR makers γH2AX and p-

http://en.wikipedia.org/wiki/Comet
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p53
ser15

. We wanted to examine whether noradrenergic SH-SY5Y cells were sensitive to CPT-

induced DNA damage. SH-SY5Y or fibroblast cells were exposed to 10 µM CPT for 15, 30, 

60, 90 or 120 min, followed by western blot analysis and IFAs. As shown in Figure 3-2A and 

3-2C, the percent of γH2AX-positive cells was 14.7% after 90 min exposure and 100% after 

120 min exposure (F5,12=377.5, p<0.0001). In contrast, γH2AX foci were found in about 

1.3%, 29.3%, 51.2%, 74.0% and 77.7% in SH-SY5Y cells after CPT exposure for 15, 30, 60, 

90 or 120 min (F5,12=171.3, p<0.0001), respectively (Figure 3-2B and 3-2D). The percent of 

p-p53
ser15

-positive fibroblast cells was 37.9% after 120 min exposure (Figure 3-3A and 3-3C, 

F5,12=45.47, p<0.0001). However, a significant amount of p-p53
ser15

-positive cells was 36.6%, 

47.2% and 49.5% in SH-SY5Y cells after 60, 90 and 120 min CPT treatment, respectively 

(Figure 3-3B and 3-3D, F5,12=1816, p<0.0001). Western blot results showed that the levels of 

γH2AX (Figure 3-4E and 3-4G, F5,12=83.02, p<0.0001) and p-p53
ser15  

(Figure 3-4F and 3-4H, 

F5,18=168.5, p<0.0001) were dramatically increased after 60 min CPT exposure in SH-SY5Y 

cells, but after 120 min in fibroblast cells (Figure 3-4A and 3-4C, F5,18=78, p<0.0001; Figure 

3-4B and 3-4D, F5,18=868.9, p<0.0001). These results indicate that SH-SY5Y cells are 

sensitive to CPT-induced DNA damage, compared to that in fibroblast cells.  

 

Figure 3-1. Expression levels of DBH and NET in SH-SY5Y and normal fibroblast 

cells. SH-SY5Ycells are rich in NET and DBH expression; however, normal fibroblast cells 

express neither NET nor DBH. 
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Figure 3-2. γH2AX foci are detected in normal fibroblast and SH-SY5Y cells after CPT 

treatment. Cells were treated with CPT (10 μM) for 15, 30, 60, 90 and 120 min, then IFAs 

were performed. (A) 100% of fibroblast cells are found with more than two γH2AX foci in 

nuclei within 120 min CPT treatment. (B) Significant γH2AX foci are found in nuclei after 

CPT treatment in SH-SY5Y cells. Images were taken with 60× magnification. Data of percent 

of γH2AX-positive cells are shown in (C) and (D). At least 200 cells were counted from three 

random chosen views. *p<0.01, **p<0.0001, compared to the 0 min.     



 81 

 

Figure 3-3. P-p53
ser15 

 levels increase in nuclei of fibroblast and SH-SY5Y cells after 

CPT treatment. Cells were treated with CPT (10 μM) for 15, 30, 60, 90 and 120 min, then IFAs 

were performed. (A) Significant increased number of p-p53
ser15

-positive cells is detected within 

120 min CPT treatment in fibroblast cells. (B) Number of p-p53
ser15

-positive cells is 

dramatically increased after 60 min CPT treatment in SH-SY5Y cells. Images were taken with 

60× magnification. Percent of p-p53
ser15 

positive cells is shown in (C) and (D). At least 200 

cells were counted from three random chosen views. *p<0.0001, compared to 0 min.  
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Figure 3-4. The levels of γH2AX and p-p53
ser15

 increase after CPT treatment. 

Fibroblast and SH-SY5Y cells were treated with CPT (10 μM) for 15, 30, 60, 90 and 120 min, 

then western blots were performed. (A) γH2AX and (B) p-p53
ser15

 levels were dramatically 

increased after 120 min CPT treatment in fibroblast cells. (E) γH2AX and (F) p-p53
ser15

 levels 

were dramatically increased after 60 min CPT treatment in SH-SY5Y cells. The graphic data, 

shown in (C), (D), (G) and H, represent quantitative analysis of protein levels of γH2AX and p-

p53
ser15

, which were normalized to β-actin. Compared to 0 min, 
*
p<0.01, 

**
 p<0.0001; 

compared to 120 min, 
#
 p<0.05, 

##
 p<0.0001.  
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SH-SY5Y Cells are deficient in repairing CPT-induced DNA Damage 

 In order to examine whether DNA damage caused by CPT in SH-SY5Y cells was 

resistant to repair, we treated SH-SY5Y and fibroblast cells with CPT (10 µM) for 2 hours, 

then cells were briefly washed with PBS. Cells continued to grow in fresh medium in the 

absence of CPT for 24, 48, 72 and 96 h. In normal fibroblast cells, number of γH2AX foci and 

the level of p-p53
ser15

 significantly reduced within 24 h after removal of CPT (Figure 3-5). 

However, in SH-SY5Y cells, the number of γH2AX-positive cells was gradually reduced over 

72 h (Figure 3-6A, F5,12=453.9, p<0.0001). Unexpectedly, the number of γH2AX-positive 

SH-SY5Y cells dramatically decreased from 76.9% to 41.0% within 24 h, but increased from 

41.0% to 52.3% from R24 h to R 48 h. The level of p-p53
ser15 

in SH-SY5Y nuclei decreased 

gradually over 72 h (Figure 3-6B, F5,12=203.0, p<0.0001). Western blotting analysis also 

showed in SH-SY5Y cells, reduced γH2AX (F4,20=43.23, p<0.0001) and p-p53
ser15  

(F4,10=205.3, p<0.0001) protein levels over 72 h after washing-out of CPT (Figure 3-7). 

To further explore the repair efficiency, CPT-treated cells were analyzed by comet 

assays. We treated both fibroblast and SH-SY5Y cells with CPT, and then neutral and alkaline 

comet assays were performed. Interestingly, tails in fibroblast cells were detected under both 

neutral and alkaline conditions, which suggest that CPT induces both DSBs and SSBs in 

fibroblast cells.  However, tails were only detected under alkaline condition in SH-SY5Y cells, 

which indicated SSBs. Tails gradually shorted or disappeared over 72 h in SH-SY5Y cells, 

while began to short and disappeared at 24 h in normal fibroblast cells (Figure 3-10).  

In sum, compared to fibroblast cells, CPT-treated SH-SY5Y cells exhibited a delay in 

reducing levels of two DDR markers γH2AX and p-p53
ser15

.
 
In addition, comet assays showed 
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that CPT-induced DNA damage were persistent in SH-SY5Y cells. These data indicated that 

SH-SY5Y cells were deficient to repair CPT-induced DNA damage. 

 

 

Figure 3-5. The number of γH2AX- or p-p53
ser15

-positive cells is reduced within 24 h in 

fibroblast cells. Cells were treated with CPT (10 μM) for 2 h, then CPT was washed away. 

Cells continued to grow in fresh prepared media without CPT for 24 or 48 h. After 2 h CPT 

treatment, significant γH2AX foci were found in nuclei (A), and the level of p-p53
ser15

 (B) was 

increased in nuclei.  The numbers of γH2AX- or p-p53
ser15

-positive fibroblast cells were 

reduced within 24 h. The Images were taken with 60× magnification. Blue: DAPI, Red: 

γH2AX.  
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Figure 3-6. The number of γH2AX- and p-p53
ser15

-positive cells is reduced within 72 h 

in SH-SY5Y cells. Cells were treated with CPT (10 μM) for 2 h. After CPT was washed away, 

cells continued to grow in media without CPT for 24, 48, 72 or 96 h. (A) The number of 

γH2AX-positive cells decreased within 72 h. (B) The level of p-p53
ser15 

was gradually 

decreased within 72 h. Analytical data of percent of γH2AX- or p-p53
ser15

-positive cells are 

shown in (C) and (D). At least 200 cells were counted from three random chosen views. 
*
p<0.0001, compared to the control; 

#
p<0.05, 

##
p<0.0001, compared to CPT, 

&
p<0.05, 

&&
p<0.001, 

&&&
p<0.0001, compared to R24 h.  
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Figure 3-7. The levels of γH2AX and p-p53
ser15

 are decreased within 72 h in SH-SY5Y 

cells after washing out of CPT. SH-SY5Y cells were treated with CPT (10 μM) for 2 h, then 

CPT was washed away, cells continued to grow in media without CPT for 24 h , 48 h and 72 h. 

Then western blot analyses were performed. (A) and (B) show western blots results. Quantity 

analysis data are shown in (C) and (D) (N=5). 
#
p<0.001, 

##
p<0.0001, compared to the control; 

*
p<0. 0001, compared to CPT group; 

&
p<0.05, 

&&
p<0.001, 

&&&
p<0.0001, compared to R24 h 

group.  
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Figure 3-8. CPT-induced DNA damage can be reduced. Fibroblast and SH-SY5Ycells 

were exposed to CPT (10 μM) for 2 h, then CPT was washed away, cells continued to grow in 

media without CPT for 24 h (R24 h), 48 h (R48 h) and 72 h (R72 h). The cells were processed 

for neutral or alkaline comet assays. Images were taken with 10× magnification. (A) After CPT 

treatment, both neutral and alkaline comet assay detected comet tails in fibroblast cells. Comet 

tails were shorted or disappeared at 24 h. (B) After CPT treatment, only alkaline comet assay 

detected comet tails in SH-SY5Y cells. Comet tails were shorted or disappeared within 72 h.  
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CPT-induced the DDR in cultured LC and raphe neurons 

           Previous data (Figure 3-2, 3-3, 3-4, 3-5, 3-6, 3-7 and 3-8) showed that noradrenergic 

SH-SY5Y cells were sensitive to CPT-induced DNA damage and showed deficiency of 

repairing the damage, compared to fibroblast cells. In order to confirm that SH-SY5Y cells can 

be used as an appropriate in vitro noradrenergic cell model for in vivo studies, primary LC and 

raphe neuronal cultures were used. Primary neuronal cultures derived from rodents are very 

useful tool to study basic physiological properties of neurons and the potential neurotoxicins 

effects in vitro. To develop a cell culture system of the LC and raphe, which would facilitate 

the investigation of various properties of these noradrenergic and non-noradrenergic neurons 

under well-controlled conditions (Masuko et al. 1986). LC is the main source of noradrenergic 

neurons while raphe is a key center for serotonin expressing neurons. Thus, primary cultured 

LC and raphe neurons were used to examine whether these neurons respond to DNA damage 

differently from each other. LC and raphe tissues were separated from 15 to 18 days rat 

embryos, then cultured for 12 days. Since we did not get enough neurons to do western blots, 

therefore in this part we mainly focused on IFAs.  LC neurons are DBH positive and raphe 

neurons are SERT positive. These primary cultures were treated with CPT (10 µM) for 2 h, and 

then after brief wash, cells continued to grow in the media without CPT for another 24, 48 or 

72 h. As shown in Figure 3-9, significant γH2AX foci were found in LC neurons after CPT 

treatment (F4,11=558.3, p<0.0001). The number of γH2AX-positive cells were gradually 

reduced over 72 h after CPT wash-out. However, we could barely detect γH2AX foci in raphe 

neurons after CPT treatment (Figure 3-10). Together, primary cultured LC neurons are 

sensitive to CPT-induced DNA damage and deficient to repair the damage.  
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Figure 3-9. CPT induces the DDR in DBH-positive cultured neurons. Cultured LC 

neurons were treated with CPT (10 μM) for 2 h, then continued to grow in the media without 

CPT for 24 h, 48 h and 72 h. Only DBH-positive cells were counted. (A) Significant γH2AX 

foci were found in nuclei after CPT treatment. The number of γH2AX-positive cells was 

reduced gradually within 72 h. Images were taken with 60× magnification. Percent of γH2AX 

positive cells were shown in (B). At least 100 cells from three random chosen views were 

counted. (C) γH2AX foci in DBH-positive cells. Enlarged images from yellow boxes in (A), 

yellow arrows indicated γH2AX foci in nuclei. Blue: DAPI, Green: DBH, Red: γH2AX. 
*
p<0.05, 

**
p<0.001, 

***
p<0.0001, compared to the control. 

#
p<0.0001, compared to CPT.  

 

 

Figure 3-10. γH2AX foci are not detected in SERT-positive cultured neurons. Raphe 

neurons were treated with CPT (10 μM) for 2 h, then IFAs were performed. Only SERT-

positive cells were counted. No significant γH2AX foci were found in nucleus after CPT 

treatment. Images were taken with 60× magnification. Blue: DAPI, Red: SERT, Green: 

γH2AX. 

 

LC Neurons Accumulate DSP4-induced DNA Damage 

 DSP4 has been thought to damage the nerve terminals originating from the LC. Most of 

the cell bodies of the LC neurons were intact for weeks despite substantial loss of NE nerve 

terminals in the projection field. The reason for such different effects is unknown. Our 

previous study showed that DSP4 could induce the DDR in SY5Y cells (Wang et al. 2014). To 
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test the effect of DSP4 on primary cultured LC and raphe neurons, cells were treated with 

DSP4 (50 µM) for 24 h, and IFAs were performed. As shown in Figure 3-11B, γH2AX foci 

were detected in DSP4-treated primary cultured LC neurons after DSP4 treatment. However, 

no significant γH2AX foci were found in primary cultured raphe neurons after DSP4 treatment 

(Figure 3-11A).  

 

Discussion 

 

Our data showed that SH-SY5Y cells are sensitive to accumulate CPT-induced DNA 

damage (Figure 3-2, 3-3, 3-4, 3-5, 3-6) and deficient to repair the damage (Figure 3-7, 3-8, 3-9, 

3-10), compared to that in fibroblast cells. γH2AX and p-p53
ser15

 were measured as the DDR 

markers to evaluate CPT-induced DNA damage and repair rate. In order to conform these in 

vitro findings in in vivo conditions, we used primary LC and raphe neuronal cultures, which 

would facilitate the investigation of various properties of these noradrenergic and non-

noradrenergic neurons under well-controlled conditions and mimicked the in vivo conditions. 

Our data show that LC neurons are more sensitive to DNA damage induced by CPT or DSP4 

than raphe neurons (Figure 3-11, 3-12, 3-13). These pathological characteristics are consistent 

with the in vivo observation, which demonstrate that degeneration of noradrenergic neurons 

occurs in an early stage in the brain of neurodegenerative disease patients (Bondareff et al. 

1982, Mann and Yates 1983, Mann et al. 1983, Bondareff et al. 1987, German et al. 1992, 

Weinshenker 2008).  
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Figure 3-11. γH2AX foci were detected in DBH- but not SERT-positive cultured 

neurons after DSP4 treatment. Cultured neurons were treated with DSP4 (50 μM) for 24 h, and 

then IFAs were performed. Only DBH- or SERT-positive cells were counted. Images were 

taken with 60× magnification. (A) No γH2AX foci were detected in SERT-positive cultured 

raphe neurons after DSP4 treatment. (B) γH2AX foci were detected in DBH-positive cultured 

LC neurons after DSP4 treatment. (C) Quantity analysis data for percent of in γH2AX-positive 

cells in (B). At least 100 cells from three random chosen views were counted. (D) γH2AX foci 

in DBH-positive cells. Enlarged images from yellow boxes from B, yellow arrows indicated 

γH2AX foci in nuclei.  In Figure 3-11A, Blue: DAPI, Red: SERT, Green: γH2AX. In Figure 3-

11B and 3-11D, Blue: DAPI, Green: DBH, Red: γH2AX.  
*
p<0.0001, compared to control. 

 

γH2AX and p-p53
ser15

 were measured as DDR markers to evaluate the response to 

DNA damage, as well as the repair rate for CPT- or DSP4-induced DNA damage. As a very 

earlier step in the cellular response to DNA damage, histone H2AX is phosphorylated at C-

terminal serine residues (Ser136 and Ser139) (Rogakou et al. 1998). This phosphorylated 

H2AX, called γH2AX, and γH2AX foci can be detected within minutes after the introduction 

of DNA damages (Kang et al. 2005). H2AX phosphorylation has an important role in the 

initiation of DNA repair (Downs et al. 2000), including the recruitment of DNA repair or 

damage-signaling factors to the damage site, maintenance of the integrity of the DDR, and 

bringing the broken DNA ends closer (Bassing and Alt 2004, Thiriet and Hayes 2005). Known 

as a classic “gatekeeper” of cellular fate, p53 tumor suppressor protein is activated in response 

to genotoxic stress-induced DNA damage (May and May 1999), among which phosphorylation 

of serine-15 is one of the key responses (Hammond et al. 2002). P-p53
ser15

 levels can be rapidly 

increased several folds after DNA damage. Phosphorylated p53 has been linked to DNA repair 

processes, such as activation of DNA repair and stalling the cell cycle (Offer et al. 1999, 

Okorokov 2003, Ford 2005). Therefore, the formation and disappearance of γH2AX and p-

p53
ser15

 can be used to represent a relative time process in CPT-induced DDR and repair rate.  
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LC is important to regulate the amount of norepinephrine in the brain. A deficiency in 

the noradrenergic system of the brain originating from LC cell loss is an early pathological 

indicator in the progression of several neurodegenerative diseases, including PD and AD 

(Marien et al. 2004). Aging-related cognitive decline is associated with accumulation of nDNA 

damage in neurons (Rutten et al. 2003, Rutten et al. 2007), and this effect is due to insufficient 

nDNA repair. Our data shows that noradrenergic SH-SY5Y cells and LC neurons are sensitive 

to CPT-treatment, which results in accumulation of DNA damage (Figure 3-2, 3-3, 3-4). 

Deficiency in DNA repair could be one possible explanation of SH-SY5Y cell and LC neuron 

CPT sensitivity. The repair of DNA damage is depend on functional repair system (Hickson et 

al. 1990).  For example, it has been reported that cells without some DNA repair genes or DNA 

repair enzymes are hypersensitive to CPT and cannot repair CPT-induced DSBs (Nitiss and 

Wang 1988, Chatterjee et al. 1989). Therefore, noradrenergic SH-SY5Y cells and LC neurons 

may be relatively deficient in DNA repair system and consequently sensitive to DNA damage 

produced by CPT. This explanation is consistent with our data that SH-SY5Y cells and LC 

neurons are deficient in repairing CPT-induced DNA damage (Figure 3-5, 3-6, 3-7, 3-8, 3-9).   

Additionally, the literature on oxidative stress induced DNA damage lead to cell cycle 

arrest (Migliore and Coppede 2002). For example, human H2O2-treated fibroblasts undergo 

either cell cycle arrest or apoptosis (Chen et al. 2000). The majority of the apoptotic fibroblasts 

were found in the S phase, whereas growth-arrested cells were predominantly accumulated in 

the G1 or the G2/M phase (Chen et al. 2000). This apoptotic death of fibroblasts in the S phase 

is consistent with the death of neurons that have aberrant cell cycle activity and express S-

phase proteins. Dorsal root ganglion neurons go to apoptosis in the S phase (ElShamy et al. 

1998), and the apoptotic neurons express S-phase proteins (Folch et al. 2012). Hippocampal 
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pyramidal and basal forebrain neurons from AD brains show chromosomal duplication and die 

before mitosis, these are consistent with cell death in the S or G2 phase of the cell cycle (Nagy 

et al. 1997b). It was reported that insufficient nDNA repair system leads to accumulation of 

nDNA in neurons. So if SH-SY5Y cells were in S or G2/M phase when CPT was added, these 

cells might respond severely with much more γH2AX foci in nuclei. This hypothesis also can 

be used to explain our data in Figure 3-6A. The number of γH2AX-positive cells decreased at 

R24 h then increased at R48 h compared to R24 h. This effect might be explained as at R24 h, 

the number of γH2AX-positive cells dramatically decreased due to cells with high amounts of 

DNA damage went to apoptosis. At R48 h, the number of γH2AX-positive cells still decreased 

but higher than that at R24 h, this indicated that cells with lower amount of DNA damage 

recruited γH2AX to repair the damage. To measure the number of survived cells at each time 

point and test if cells with more γH2AX are in S or G2/M phase, these further experiments will 

help to explain why a dramatically decreased expression of γH2AX after wash-out CPT at 24 

h.  

In Figure 3-10, under neutral condition, CPT-induced DNA damage was detected in 

fibroblast cells not in SH-SY5Y cells, which indicates that CPT does not induce DSBs in SH-

SY5Y cells. However, CPT induced-DNA damage could be detected in both SH-SY5Y and 

fibroblast cells under alkaline condition, which suggests that CPT induces SSBs in both cell 

lines. Toxicity of CPT is primarily a result of conversion of SSBs into DSBs during the S 

phase when the replication fork collides with the cleavage complexes formed by DNA and 

Topo I-CPT complex. Therefore, our data suggest that SH-SY5Y probably has special repair 

system, which blocks CPT-induced DSB formation.  

CPT induces DNA DSBs during DNA synthesis (S phase), suggesting that this agent 
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should not be toxic to non-dividing cells, such as neurons. However, CPT induces significant 

and dose-dependent cell death of post-mitotic rat cortical neurons and its neurotoxic activity 

also was found in cultured cerebellar granule neurons (Morris and Geller 1996, Uday Bhanu 

and Kondapi 2010). Taken together, these observations indicate that CPT also exhibits 

significant toxicity toward neuronal cells in vitro. This could explain the results in Figure 3-9 

and 3-11B, which CPT induces DDR in LC neurons.  In the present study, exposure of the 

primary cultures from rat raphe to CPT (Figure 3-10) and DSP4 (Figure 3-11A) did not cause 

obvious DDR. Although to date there is no report about the effects of CPT on serotonergic 

neurons in vitro or in vivo, the result of DSP4 is in agreement with previous studies in that 

DSP4 did not change the amount of 5-hydroxytryptamine and its metabolite 5-

hydroxyindoleacetic acid in the hippocampus (Jackisch et al. 2008) and dorsal raphe nucleus 

(Cassano et al. 2009). Also, previous studies have demonstrated that DSP4 treatment of Fischer 

344 rats affects only noradrenergic neurons, leaving serotonergic and dopaminergic neurons 

intact (Chrobak et al. 1985, Martin and Elgin 1988).  

 In summary, in the present study, SH-SY5Y cells and primary cultures from rat LC are 

sensitive to neurotoxins CPT- or DSP4-induced DNA damage, and deficient in repairing the 

damage, compared to fibroblast cells and raphe neurons, respectively. These pathological 

characteristics may be consistent with the in vivo observation that degeneration of 

noradrenergic neurons occurs earlier than other neuronal systems in the brain of 

neurodegenerative diseases. The present study may serve as an initial effort to explore the 

molecular mechanisms underlying pathophysiological alterations of LC neurons in PD and 

AD.     
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Abstract 

 

DNA damage is a form of cell stress and injury. An increased systemic DNA damage is related 

to the pathogenic development of neurodegenerative diseases. Also, depression occurs in a 

relatively high percentage of patients suffered from degenerative diseases, for whom 

antidepressants are often used to relieve depression symptoms. To date, however, few studies 

have elucidated why different groups of antidepressants have the similar effects on relieving 

depression. Previously, we demonstrate that neurotoxins DSP4 and CPT induce the DDR in 

SH-SY5Y cells. SH-SY5Y cells are predominately arrested in S and G2/M phases with DSP4 

treatment. The current study shows that some antidepressants reduce the DDR, which is 

induced by DSP4 or CPT in SH-SY5Y cells. Flow cytometry data demonstrate that selective 
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antidepressants protect cells from being arrested in S phase. These effects suggest that blocking 

DNA damage may be the common pharmacologic characteristic of antidepressants, which may 

explain why different antidepressants could alleviate depression symptoms in 

neurodegenerative patients.  

 

Introduction 

 

 DNA damage is a form of cell stress and injury. An increased systemic DNA damage 

caused by neurotoxins, psychological and oxidative stress has been found to be related to the 

pathogenic development of neurodegenerative and psychiatric diseases (Martin 2008). 

Progressive neuronal DNA damage in aging brains has been closely linked with the onset of 

neurodegenerative disorders (Lindahl 1993). Brain is one of the most important organs, but 

studies of DNA transactions were neglected for a long time. This is because adult brain cells 

are considered in low levels of DNA synthesis and repair (Subba Rao 2007). However, 

increased evidence shows that oxidative stress in the brain affects the brain's DNA repair 

pathways and genomic stability.  Deficiency in DNA repair system has been linked to 

cognitive decline with aging-related diseases, but the mechanisms that protect neurons from 

genotoxic stress remain unclear (Dobbin et al. 2013).  

 DSP4 has widely been used as a noradrenergic neurotoxin to construct AD and PD 

animal models. Ross first reported the effects of DSP4 on norepinephrine levels in the 

peripheral and central noradrenergic system several decades ago (Ross 1976). It was 

hypothesized that DSP4 selectively damages noradrenergic projections originating from the LC 
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by interacting with the norepinephrine reuptake system and depleting intracellular 

norepinephrine, finally inducing degeneration of noradrenergic terminals (Winkler 1976, 

Ransom et al. 1985, Dooley et al. 1987, Howard et al. 1990, Prieto and Giralt 2001).  

Aberrant cell cycle activity also has been detected during the progression of 

neurodegenerative conditions. Oxidative DNA damage is correlated with cell cycle arrest 

(Migliore and Coppede 2002). For example, human H2O2-treated fibroblasts undergo either 

cell cycle arrest or apoptosis (Chen et al. 2000). The majority of the apoptotic fibroblasts were 

found in the S phase, whereas growth-arrested cells were predominantly accumulated in the G1 

or the G2/M phase (Chen et al. 2000). This apoptotic death of fibroblasts in the S phase is 

consistent with the death of neurons that have aberrant cell cycle activity and express S-phase 

proteins. Dorsal root ganglion neurons go to apoptosis in the S phase (ElShamy et al. 1998), 

and the apoptotic neurons express S-phase proteins (Folch et al. 2012). Hippocampal 

pyramidal and basal forebrain neurons from AD brains show chromosomal duplication and die 

before mitosis, these are consistent with cell death in the S or the G2 phase of the cell cycle 

(Nagy et al. 1997b). Some neurotoxins can arrest the cell cycle in different phases (Klein and 

Ackerman 2003). We demonstrate that DSP4 induces the DDR in SH-SY5Y cells and DSP4 

treatment results in cell cycle arrest predominantly in the S (Wang et al. 2014) and the G2/M 

phase. CPT is found to induce cell death of post-mitotic rat cortical neurons in vitro (Morris 

and Geller 1996) and neurotoxic activity of CPT also was found in cultured cerebellar granule 

neurons (Uday Bhanu and Kondapi 2010). We demonstrated in Chapter 3 that CPT-induced 

DDR occurred in primary cultured LC and raphe neurons in vitro (Wang et al. 2014).  

The common behavioral symptoms of neurodegenerative disorders include depression, 

mood swings, and social withdrawal. The process of neurodegeneration is not well understood, 
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so there is no known cure for this group of diseases. Current therapeutic approaches are limited 

to disease managements and symptomatic relief. Depression symptoms often accompany 

neurodegenerative disorders, which could be relieved by using antidepressants. 

Antidepressants are drugs used for the treatment of major depression disorder and other 

conditions (Briley and Moret 1993, Martin 2008). They can be used alone or in combination 

with other medications. For example, depression in patients with PD can be alleviated by the 

NRI reboxetine (McNamara and Durso 2006).  

The most important classes of antidepressants are the SSRIs (Geddes and Cipriani 

2004), SNRIs, TCAs and MAOIs (Table 1-1). Antidepressants are often used to treat patients 

suffering from depression, however, few studies have shown why these drugs or combination 

of drugs help to alleviate depression symptoms. Furthermore, neurodegenerative diseases 

always accompany depression symptoms for which antidepressants are often prescribed. On 

the other side, DNA damage is associated with the pathophysiological process of 

neurodegenerative diseases and some psychiatric diseases. Therefore, in the present study, we 

tried to examine whether antidepressants influence neurotoxins DSP4- and CPT-induced DNA 

damage. The present results demonstrated that most tested antidepressants could reduce the 

DDR induced by DSP4 or CPT.   

 

Materials and Methods 

 

Cell Culture and Drug Exposure 

The human neuroblastoma SH-SY5Y cells were used in these experiments. Cells were 

maintained in a 1:1 mix of RPMI 1640 and F12 media, which was supplemented with 10 % 
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heat-inactivated fetal bovine serum (FBS), penicillin (100 U/ml) and streptomycin (100 µg/ml) 

at 37°C in humidified air containing 5% CO2. Culture medium and supplements were obtained 

from Gibco-Invitrogen (Carlsbad, CA, USA). Cells were seeded into 6-well or 100-mm plates. 

Drug exposures were started after 24 h of each subculture. DSP4 (Sigma, St Louis, MO, USA) 

was dissolved in distilled water at 50 mM, then diluted with culture media and added to cells to 

a final concentration of 50 µM, alone or in combination with antidepressants for the times as 

indicated in the text. CPT was dissolved in 10 mM dimethyl sulfoxide , then diluted with 

culture media and added to cells to a final concentration of 10 µM, alone or in combination 

with antidepressants for the times as indicated in the text.  Different antidepressants were used 

in this study: fluoxetine (1 and 5 µM), reboxetine (1 and 5 µM), desipramine (1 and 5 µM), 

paroxetine (1 and 5 µM), imipramine (50 and 100 µM), amitricyclin (10 and 50 µM), deprenyl 

(50 and 100 µM), and pargyline (1, 5, 10, 50 µM). Antidepressants were dissolved in water. 

The selection of the concentration of DSP4 was based on our previous data (Wang et al. 2014). 

The concentration of CPT and antidepressants were based on published papers (Lai and Yu 

1997, Leskiewicz et al. 2013, Serrano et al. 2013). Only SH-SY5Y cells prior to passage 15 

were used. Cell viability was determined by exclusion of trypan blue dye; cell viability was 

90–95% in the untreated cells. 

Western Blotting Analysis 

Whole cell extracts for western blot analysis were prepared by lysing cells in ice-cold 

Nonidet P-40 (NP-40; Sigma, St Louis, MO, USA) buffer (0.5% NP-40, 50 mM Tris–HCl pH 

8.0, 150 mM NaCl, 2 mM EDTA) for 30 min, after which nuclei and cell debris were removed 

by centrifugation at 12,000 rpm for 10 min at 4
o
C. An equal volume of sodium dodecyl sulfate 

(SDS) gel-loading buffer then was added to the supernatant and the samples were denatured at 
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70
o
C for 5 min. Protein concentrations in cell extracts were quantified prior to addition of the 

loading buffer with the Micro BCA Protein Assay Kit (Thermo Science, Rockford, IL USA). 

Proteins (40 µg) were electrophoretically separated on a 10% or a 15% SDS–polyacrylamide 

gel and electro-blotted onto a nitrocellulose membrane (Amersham Life Sciences, 

Buckinghamshire, UK). For protein detection, the blots were probed with anti-γH2AX 

antibody (1:1,000 dilution, Bethyl Laboratories, Inc., Montgomery, TX, USA), or an anti-p-

p53
ser15

 antibody (1:1,000 dilution, Cell Signaling Technology, Inc., Danvers, MA, USA). A 

horseradish peroxidase-conjugated anti-mouse or anti-rabbit antibody (1:5,000 dilution; 

Amersham Life Sciences, Buckinghamshire, UK) was used as the secondary antibody. The 

membranes were subjected to enhanced chemiluminescence (Amersham Life Sciences, 

Buckinghamshire, UK) or super enhanced ECL (Sigma Chemical Co., St Louis, MO, USA) 

and autoradiography. To check for equal loading and transfer, the membranes were reprobed 

with a mouse IgG monoclonal anti-ß-actin antibody (1:5,000 dilution, Amersham Life 

Sciences, Buckinghamshire, UK). 

Flow Cytometry 

SH-SY5Y cells were sub-cultured in a 6-well plate at 2×10
4 

cells/well, then cells were 

pretreated with fluoxetine (1 and 5 µM), reboxetine (1 and 5 µM), desiprimine (DMI, 1 and 5 

µM), paroxetine (1 and 5 µM), imipramine  (50 and 100 µM), amitricyclin (10 and 50 µM), 

and deprenyl (50 and 100 µM) for 1 h, and then DSP4 (5 μM) was added for another 24 h.  

Cells were washed with 37
o
C warm phosphate buffered saline (PBS), 200 μl of 0.25 % 

trypsin–EDTA (Gibco, Carlsbad, CA, USA) was added per well, and the plate was incubated at 

37
o
C for 1 min. The trypsin was aspirated off and the cells were suspended with 1 ml ice-cold 

PBS containing 0.5 mM EDTA (PBSE). The cells were collected by centrifugation at 3,000 
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rpm for 10 min at 4
o
C and fixed by slowly adding 1 ml ice-cold 70% ethanol to resuspend the 

cells. The cells were stored at -20
o
C overnight, and then collected at 3,000 rpm for 10 min at 

4
o
C. The cells were washed once with ice-cold PBSE, then recentrifuged and resuspended in 

300 μl of freshly prepared PBSE containing 20 μg/ml propidium iodide (Sigma, St Louis, MO, 

USA) and 20 μg/ml DNase-free RNase A (Invitrogen, Grand Island, NY, USA). After 

incubation at 37
o
C for 30 min, the cells were analyzed on the BD Accuri C6 flow cytometer. 

The population of G0/G1, S, and G2/M was determined using C6 Flow Cytometer Software. 

The results are expressed as percentage of the attached cells in each phase. 

Statistics 

All experimental data are presented in the text and graphs as the mean ± SEM. The 

number of replicates is enumerated in the figure legends. Data were analyzed by using one-way 

analysis of variance (ANOVA) in GraphPad Prism.  

 

Results 

 

DSP4-induced DNA Damage Response Can be Reduced by Some Antidepressants 

Our previous study demonstrated that DSP4 as a neurotoxin induced DDR in SH-SY5Y 

cells (Wang et al. 2014). To test the effects of antidepressants on DDR induced by DSP4, in 

this study, SH-SY5Y cells were pretreated with different antidepressants for 1 h before 4 h 

DSP4 (50 µM) treatment. Antidepressants include SSRIs (fluoxetine and paroxetine), NRI 

(reboxetine), TCAs (imipramine, amitriptyline and desipramine) and MAOIs (deprenyl and 

pargyline). As shown in figures 4-1, 4-2, 4-3 and 4-4, SSRIs, NRI and TCAs when given alone 
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to SH-SY5Y cells in the absence of DSP4 did not induce any significant changes in protein 

levels of γH2AX and p-p53
ser15

, as measured by western blottings. However, most tested 

antidepressants significantly attenuated DSP4-induced DDR levels, as compared to DSP4 

alone groups (for effects on γH2AX: desipramine: F5,12=379.6, p<0.0001; imipramine: 

F5,12=46.9, p<0.0001; amitriptyline: F5,18=36.2, p<0.0001; fluoxetine: F5,24=249.6, p<0.0001; 

paroxetine:  F5,15=387.2, p<0.0001; reboxetine: F5,16=203.8, p<0.0001; deprenyl: F5,18=200.0, 

p<0.0001. For effects on p-p53
ser15

: desipramine: F5,16=111.3, p<0.0001; imipramine: 

F5,16=285.2, p<0.0001; amitriptyline: F5,12=369.4, p<0.0001; fluoxetine: F5,18=81.5, p<0.0001; 

paroxetine:  F5,12=159.1, p<0.0001; reboxetine: F5,12=119.3, p<0.0001; deprenyl: F5,12=212.9, 

p<0.0001). Further analyses revealed some specific outcomes: 1) The alleviatory effects of 

some antidepressants on DSP4-induced DDR seem to be concentration-dependent. For 

example, while both concentrations of desipramine (1 and 5 µM), imipramine (50 and 100 

µM), amitriptyline (10 and 50 µM), fluoxetine (1 and 5 µM), paroxetine (1 and 5 µM), 

reboxetin (1 and 5 µM), and deprenyl (50 and 100 μM) significantly inhibited DSP4-induced 

increases of γH2AX and p-p53
ser15

, and lower concentrations of desipramine (1 μM, Figures. 4-

1A and 4-1B), fluoxetine (1 μM, Figs. 2A and 2B) and paroxetine (50 μM, Figures. 4-2E and 

4-2F) showed more significant effects than their higher concentrations on reducing γH2AX and 

p-p53
ser15

 levels. Furthermore, the effect of amitriptyline (Figure 4-1J), reboxetine (Figure 4-

3B) and deprenyl (Figure 4-4B) also reduced the p-p53
ser15

 levels in a concentration-dependent 

manner.  2) Both deprenyl and pargyline are MAOIs to inhibit the activity of monoamine 

oxidase, thus preventing the breakdown of monoamine neurotransmitters and thereby 

increasing their availability. While pargyline (1, 5, 10 and 50 µM) did not have any effects on 

DSP4-induced DDR in SH-SY5Y cells (Figure 4-4E), deprenyl (50 and100 µM) suppressed 
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DDR (Figs. 4-4A and 4-4B). 

 

Figure 4-1. TCAs desipramine, imipramine and amitriptyline reduce DSP4-induced 

DDR in SH-SY5Y cells. Cells were pretreated with desipramine (1 and 5 µM), imipramine (50 

and 100 µM), and amitriptyline (10 and 50 µM) for 1 h, then DSP4 (50 µM) was added for 

another 4 h. γH2AX and p-p53
ser15

 were used as DDR markers. Western blots data were shown 
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in (A), (B), (E), (F), (I) and (J). Quantified data analysis were shown in (C), (D), (G), (H), (K) 

and (L). 
##

p<0.01, 
####

p<0.0001, compared to the control; 
****

p<0.0001, compared to the DSP4 

group; 
&&

P<0.01, 
&&&&

p<0.0001, compared to desipramine (1 μM), imipramine (50 μM), or 

amitriptyline (10 μM). 

 

 

Figure 4-2. SSRIs antidepressants fluoxetine and paroxetine reduce DSP4-induced 

DDR in SH-SY5Y cells. Cells were pretreated with fluoxetine (1 and 5 µM) and paroxetine (1 

and 5 µM) for 1 h, and then DSP4 (50 µM) was added for another 4 h. γH2AX and p-p53
ser15

 

were used as DDR markers. Western blots data were shown in (A), (B), (E) and (F). Quantified 

analysis data were shown in (C), (D), (G) and (H). The graphic data represent averages 

obtained from 3-5 separate experiments. 
#
p<0.05, 

##
p<0.01, 

###
p<0.001, 

####
p<0.0001, 

compared to the control; 
****

p<0.0001, compared to the DSP4; 
&

p<0.05, 
&&

P<0.01, 
&&&

p<0.001, 
&&&&

p<0.0001, compared to groups of fluoxetine (1 μM), or paroxetine (1 μM). 
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Figure 4-3. NRI antidepressant reboxetine reduces DSP4-induced DDR in SH-SY5Y 

cells. Cells were pretreated with reboxetine (1 and 5 µM) for 1 h, and then DSP4 (50 µM) was 

added for another 4 h. γH2AX and p-p53
ser15

 were used as DDR markers. Western blots data 

were shown in (A) and (B). Quantified analysis data were shown in (C) and (D). The graphic 

data represent averages obtained from 3-5 separate experiments. 
###

p<0.001, 
####

p<0.0001, 

compared to the control; 
****

p<0.0001, compared to the DSP4; 
&&

P<0.01, 
&&&

p<0.001, 
&&&&

p<0.0001, compared to the group of reboxetine (1 μM). 
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Figure 4-4. MAOI antidepressant deprenyl reduces DSP4-induced (DDR) in SH-SY5Y 

cells while pargyline does not. SH-SY5Y cells were pretreated with deprenyl (50 and 100 µM) 

or pargyline (1, 5, 10 and 50 µM) for 1 h, then DSP4 (50 µM) was added for another 4 h. 

γH2AX and p-p53
ser15

 were used as DDR markers. Western blots data were shown in (A), (B) 

and (E). Quantified analysis data were shown in (C), (D), (F) and (G). The graphic data 

represent averages obtained from 3-5 separate experiments. 
##

p<0.01, 
###

p<0.001, 
####

p<0.0001, 

compared to the control; 
*
p<0.05, 

**
p<0.01, 

****
p<0.0001, compared to the DSP4. 
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Table 4-1. Summary of the effects of antidepressants on reducing γH2AX (Green) and 

p-p53
ser15

 (Blue) levels.  This table shows two concentrations for each antidepressants. The 

effects of DSP4 on levels of γH2AX and p-p53
ser15 

are considered 100%, which is shown as 

+++. The effects of antidepressants are normalized by DSP4. -: 0-25%; +: 25-50%; ++: 50-

75%; +++: 75-100%; ++++>100%.  
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Selected Antidepressants Reduce CPT-induced DNA Damage Response  

CPT is commonly used as a DNA topo I inhibitor to induce DNA DSBs (Liu et al. 

2000). CPT induces significant DDR in SH-SY5Y cells as early as 1 h (Figure 3-4, 3-6). We 

pretreated SH-SY5Y with antidepressants used above for 1 h then CPT (10 µM) was added for 

another 1 h. Interestingly, we only found that paroxetine (1 and 5 µM), imipramine (10 and 50 

µM) and amitrycycline (50 and 100 µM) could attenuate CPT-induced DDR in SH-SY5Y 

cells, as shown by reduced levels of γH2AX and p-p53
ser15 

(Figure 4-5).  

 

Effects of Selected Antidepressants on Protecting Cells from Arresting in S phase 

Previously, our study showed that DSP4 could arrest SH-SY5Y cells in S (Wang et al. 

2014) and G2 phases. Since G2/M phase was not significantly affected by antidepressants and 

DSP4, therefore we focused on discussing S phase arrest in Chapter 4. To test the effect of 

antidepressants on S phase arrest caused by DSP4, two parallel experiments were carried out. In 

the first experiment, cells were treated with different antidepressants alone for 25 h. In the 

second experiment, cells were pretreated with antidepressants for 1 h, and then DSP4 (5 µM) 

was added for another 24 h. Cells were collected and flow cytometric analyses were performed.  

As shown in Figure 4-6, control cells with neither antidepressants nor DSP4 treatment, 

distributed 51.7/52.1 in G1 phase and 17.6/17.8 % in S phase (See Con in Figures 4-6 and 4-7). 

For the groups treated with 5 µM DSP4 only, cells were distributed 40.1/41.0 in G1 phase and 

30.6/30.4% in S phase (See DSP4 in Figures 4-6 and 4-7). Compared to control cells, DSP4 

significantly decreased G1- and increased S-phase cell populations. In contrast, compared to the 

magnitude of changes in G1 and S phases caused by DSP4, effects of most tested 

antidepressants did not affect G1 and S phases (Figure 4-6).  

http://en.wikipedia.org/wiki/DNA
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Figure 4-5. CPT-induced DNA damage response is reduced by imipramine, 

amitriptyline and paroxetine. SH-SY5Y cells were pretreated with imipramine (50 and 100 

µM), amitriptyline (10 and 50 µM) or paroxetine (1 and 5 µM) for 1 h, then CPT (10 µM) was 

added for another 1 h. γH2AX and p-p53
ser15

 were used as DDR markers. Western blots data 
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were shown in (A), (D) and (G). Quantified analysis data were shown in (B), (C), (E), (F), (H) 

and (I). The graphic data represent averages obtained from 3-5 separate experiments. 
#
p<0.05, 

##
p<0.01, 

####
p<0.0001, compared to the control; 

**
p<0.01, 

***
p<0.001, 

****
p<0.0001, compared 

to the DSP4; 
&

p<0.05, 
&&&

p<0.001, 
&&&&

p<0.0001, compared to of imipramine (50 μM), 

amitriptyline (10 μM), or paroxetine (1 μM). 

 

DSP4 actives intra-S and G2/M checkpoints, therefore cells go through G1 phase and 

accumulate in S (Wang et al. 2014) and G2 phases. Flow cytometric data show significantly 

decreased G1 phase and increased S phase population after DSP4 treatment in SH-SY5Y cells.  

Interestingly, as shown in Figure 4-7 and flow-cytometric histograms in Figure S-1, effects of 

DSP4 on changing of cells distribution partially were decreased when co-treated with some 

antidepressants. After SH-SY5Y cells co-treated with some antidepressants, the effects of 

increased G1 and decreased S phases population were detected (Figure 4-7). However, 1 μM 

fluoxetine, 50 and 100 μM deprenyl, 5 and 10 μM pargyline, they did not show significant 

effects on G1 population. In addition, co-treatment of antidepressants still showed increased S 

phase population except desipramine (1 and 5 μM) and reboxetine (1 and 5 μM), compared to 

control. However, compared to DSP4, significantly decreased S phase population except 50 μM 

deprenyl was detected with antidepressants co-treatment. A summary of antidepressants’ effects 

was shown in Table 4-2. These data suggested that some antidepressants could protect cells 

from arresting in S phase and increasing cell population in G1 phase.  
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Figure 4-6.  Effects of some antidepressants on cell cycle in SH-SY5Y cells. Cells were 

pretreated with imipramine (50 and 100 µM), amitriptyline (5 and 10 µM), desipramine (1 and 

5 µM), fluoxetine (1 and 5 µM), paroxetine (1 and 5 µM), reboxetine (1 and 5µM) and 

deprenyl (50 and 100 µM) for 25 h. The percents of cells in G1 and S phases were shown in 

(A) and (B), respectively. Each bar represents data obtained from 3 to 6 separate experiments. 
#
p<0.05, 

##
p<0.01, 

####
p<0.0001, compared to the control; 

*
p<0.0001, compared to the DSP4. 
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Figure 4-7. Effects of some antidepressants on cell cycle transitions in SH-SY5Y cells 

with DSP4 co-treatment. SH-SY5Y cells were pretreated with imipramine (50 and 100 µM), 

amitriptyline (10 and 50 µM), desipramine (1 and 5 µM), fluoxetine (1 and 5 µM), paroxetine 

(1 and 5 µM), reboxetine (1 and 5µM) and deprenyl (50 and 100 µM) for 1 h, and then DSP4 

(5 µM) was added for 24 h. The percents of cells in G1 and S phase were shown in (A) and 

(B), respectively. Each bar represents data obtained from 3 to 7 separate experiments. 
#
p<0.05, 

##
p<0.01, 

###
p<0.001, 

####
p<0.0001, compared to the control; 

*
p<0.05, 

**
p<0.01, 

***
p<0.001, 

****
p<0.0001, compared to the DSP4. 
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Table 4-2. Summary of the effects of some antidepressants on cell cycle transitions in 

SH-SY5Y cells with (B) or without (A) DSP4 co-treatment. /p<0.05, /p<0.01, 

/p<0.001, /p<0.0001, compared to the control; /p<0.05,  

/p<0.01, /p<0.001, /p<0.0001, compared to the DSP4. 

Blank boxes show no significant difference.  
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Discussion 

 

In the present study, we attempt to elucidate potential new mechanisms of 

antidepressants, SH-SY5Y cells co-treated with SSRIs, NRI and TCAs and MAOIs 

antidepressants and neurotoxins DSP4 and CPT. Our results showed that pretreatment of SH-

SY5Y cells with antidepressants resulted in protection effects on reducing DSP4-induced 

DDR. For example, exposure of cells to TCAs SSRIs, NRI and deprenyl blocked DSP4-

induced elevation of γH2AX and p-p53
ser15 

(Table 4-1). Furthermore, pretreatment of cells with 

imipramine, amitriptyline and paroxetine also showed a similar protective effect on CPT-

induced DNA damage. Moreover, flow cytometric data showed that selective antidepressants 

could reduce the effects of DSP4-induced S-phase arrest in SH-SY5Y cells. These results 

reveal that although these tested antidepressants have different pharmacologic mechanisms 

regarding their clinical use, they may have a common feature to protect cells from DNA 

damage, specifically by protecting cells from S-phase arrest. This is because the majority of 

dead neurons are in S phase (Yang et al. 2001). 

 The common behavioral symptoms of neurodegenerative disorders include depression, 

mood swings, and social withdrawal. About 30-50% of AD patients have depression symptoms 

(Brown and Jahanshahi 1995, Cummings and Masterman 1999, Lee and Lyketsos 2003). 

Several pathological events have been explained that the coborbility may be due to depletion of 

the LC neurons (Zubenko and Moossy 1988). In Chapter 2, DSP4 has been found to reduce 

expression of DBH in SH-SY5Y cells, mediated by its action of DDR (Wang et al. 2014). 

Further study in Chapter 3 shows that primary-cultured LC neurons are sensitive to DSP4- and 

CPT-induced DNA damage. Recent post-mortem study demonstrated that major depression 
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disorder was associated with oxidative stress (Shelton et al. 2011) and accumulated oxidative 

DNA damage was detected in brain cells of AD (Kadioglu et al. 2004) and PD (Zhang et al. 

1999) patients.  

Antidepressants are used for the treatment of major depression disorder and depression 

symptoms in other diseases (Briley and Moret 1993, Martin 2008). They can be used alone or 

in combination with other medications in other diseases. Although antidepressant drugs have 

been clinically used in the treatment of depression for decades, the precise mechanism of their 

therapeutic action is still unclear. Currently, the pharmacological mechanisms of the most 

clinically used antidepressants are related to the “monoamine hypothesis” (Schildkraut 1965), 

which states that antidepressants, such as SSRIs, NRIs, TCAs and MAOIs, increase 

neurotransmitter levels, especially serotonin and norepinephrine, in the synapses. This action in 

turn restore the neurotransmission and functions of brains caused by deficiency of these 

neurotransmitters. However, this hypothesis has been challenged due to the conflict between 

rapid increases in serotonin and norepinephrine levels induced by antidepressants and the 

delayed appearance of therapeutic efficacy. Therefore, new molecular mechanisms are needed 

for antidepressant actions. In the present study, almost all tested antidepressants effectively 

ameliorate the DDR caused by neurotoxins, indicating that blocking neuronal damage, such as 

DNA damage, may be the common pharmacologic action of antidepressants.  This notion is 

supported by some new observations related to the etiology of depression. For example, 

oxidative and nitrosative stress are involved in the pathophysiology of depression (Maes et al. 

2009, Maes et al. 2011). DNA is perhaps one of the major targets for oxyradicals, therefore, 

oxidative stress may cause DNA damage. Furthermore, antidepressants may protect cells 

against neurotoxicity caused by several toxic compounds. For example, fluoxetine suppresses 
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kainic acid-induced neuronal loss in the rat hippocampus, which might be associated with its 

anti-inflammatory effects. It was reported that both R and S isomers of fluoxetine attenuated 

chronic neurodegeneration induced by a commonly used inflammogen lipopolysaccharide 

(Zhang et al. 2012). Moreover, some studies suggest that antidepressants and mood stabilizers 

may act as antioxidant mechanisms (Berk et al. 2011, Maes et al. 2011), and antioxidants have 

antidepressant properties (Berk et al. 2008, Scapagnini et al. 2012). Therefore, it is important to 

elucidate potential mechanisms of antidepressants for new drug target discovery in the 

treatment of depression. 

It is important to note that in the present study, pargyline is the only antidepressant that 

did not inhibit the formation of DSP4- or CPT-induced DNA damage and cell cycle arrest. In 

contrast, the MAOI deprenyl exhibited the similar effects on DNA damage as other 

antidepressants. Currently, we do not have a satisfactory explanation for this difference. One 

potential explanation is that at least monoamine inhibition activity of these MAOIs does not 

account for the effect of blocking DDR. Rather, it depends upon the other specific 

pharmacologic activity of these compounds.  It was reported that pretreatment with deprenyl 

prevented the effect of specific neurotoxins like DSP4. Deprenyl pretreatment prevented the 

depletion of norepinephrine induced by DSP4 in the rat hippocampus (Magyar and Haberle 

1999). This could be due to the uptake inhibitory effect of deprenyl and mainly to its 

metabolite methylamphetamine, which is a more potent inhibitor of the re-uptake than the 

parent compound. Moreover, pretreatments of SH-SY5Y cells with imipramine, amitriptyline, 

desipramine, reboxetine, paroxetine, fluoxetine, and deprenyl showed protective effects on 

DSP4-induced DNA damage. However, only imipramine, amitriptyline and paroxetine showed 

protective effects on CPT-induced DNA damage. It is difficult to explain why DSP4 and CPT 
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have different responses to these antidepressants, since the mechanisms of DSP4 and CPT to 

induce DNA damage are not totally understood.  

In Chapter 2, we showed that DSP4 decreased G1 and increased S phase cell population 

in SH-SY5Y cells. In this Chapter, our data showed that co-treatment some antidepressants 

with DSP4 increased G1 and decreased S phase cell population. Damage and loss of LC 

noradrenergic neurons is accelerated in certain progressive neurodegenerative diseases 

including AD (Mann and Yates 1983, Bondareff et al. 1987, German et al. 1992, Weinshenker 

2008) and PD (Mann et al. 1983, Rommelfanger and Weinshenker 2007), representing an early 

pathological indicator of AD and PD.  It is believed that a neuron loses its capacity to divide 

and differentiate once it is born. Differentiated neurons were considered to be irreversibly post-

mitotic, however, some cell cycle proteins were found in neuronal-programmed apoptotic cells, 

such as cyclins and CDKs have been found to be up-regulated after exposure to severe 

conditions, such as oxidative stress (Kruman et al. 2004, Murray 2004 Currais et al. 2009). 

Cyclins, CDKs, and other cell cycle proteins can be expressed in the AD brain after exposuring 

to stress (Nagy et al. 1997a, Vincent et al. 1997, Smith et al. 1999). Flow cytometric data 

revealed that a significant increased S-phase neuron population after exposure to different 

genotoxic insults (Kruman et al. 2004).  Also a significant percent of apoptotic neurons with 

incorporate BrdU indicated that neurons underwent apoptosis during S phase (Kruman et al. 

2004). Our data indicated that antidepressants might play a role in preventing cell cycle activity 

in noradrenergic LC neurons, therefore to decrease LC neurons loss in AD and PD. LC 

dysfunction plays an important role in the development of neurodegenerative diseases, so the 

present data may provide experimental evidence for reasonable use of antidepressants in the 

neurodegenerative diseases to eliminate depression symptoms and DNA damage in the LC 
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region.  

In summary, our data showed that selective antidepressants protected SH-SY5Y cells 

from DSP4- or CPT-induced DNA damage and cell cycle arrest, indicating a new potential 

mechanism of antidepressants. The effects of antidepressants against DNA damage can be used 

to explain their clinical uses to relieve depression symptoms in psychiatric and 

neurodegenerative diseases. Further exploration of underlying mechanism may shed light on 

the efforts to improve therapeutic strategies for treatment of these diseases. 
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CHAPTER 5 

 

SUMMARY AND CONCLUSIONS 

 

Neurodegenerative diseases primarily affect in middle to late life period; therefore, the 

incidence increases as the population ages. It is estimated that approximately 1 in 5 Americans 

will be over the age of 65, and more than 12 million will suffer from age-related 

neurodegenerative diseases including AD and PD by the year 2030. Neurodegenerative 

diseases are incurable and debilitating conditions that result in progressive loss of neuronal 

structure and function and neuronal death. It is reported that LC cell numbers are reduced 

during normal aging, as are brain norepinephrine levels (Marien et al. 2004). Accumulated 

oxidative DNA damage was found in brain cells of patients with AD (Kadioglu et al. 2004) and 

PD (Zhang et al. 1999). Damage and loss of LC noradrenergic neurons is accelerated in certain 

progressive neurodegenerative diseases including AD (Mann et al. 1983, Bondareff et al. 1987, 

German et al. 1992, Weinshenker 2008) and PD (Mann et al. 1983, Rommelfanger et al. 2007), 

representing an early pathological indicator of these diseases. Both increased DNA damage and 

decreased DNA repair were detected in AD patients (Fishel et al. 2007), and oxidative stress 

and DNA damage also are implicated in PD (Fukae et al. 2005). The number of LC neurons 

during aging and some neurodegenerative disorders might be reduced because of a high 

amount of nDNA damage and their deficiency in repairing the damage. 

 In Chapter 3, our data show that noradrenergic SH-SY5Y cells and LC neurons are 

sensitive to CPT-induced DNA damage. γH2AX and p-p53
ser15

 were measured as DDR 
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markers that are persistent in noradrenergic SH-SY5Y cells and LC neurons, indicating a 

deficiency in repairing the DNA damage caused by CPT. These pathological characteristics 

may be consistent with the in vivo observation that degeneration of noradrenergic neurons 

occurs earlier in the brains of patients with neurodegenerative diseases. The present study may 

serve as an initial trial to explore the molecular mechanisms underlying pathophysiological 

alterations of LC neurons in PD and AD. Also, SH-SY5Y cells should be considered as an 

ideal noradrenergic in vitro model. Further studies are preferred to elucidate whether CPT or 

DSP4 have similar effects on LC in vivo, which will provide strong supportive evidence for the 

current hypothesis.  

DSP4 has been used as a noradrenergic neurotoxin in the development of AD or PD 

animal models with LC degeneration (Heneka et al. 2006, Rey et al. 2012). It is hypothesized 

that neurotoxin DSP4 selectively damages noradrenergic projections originating from the LC 

by interacting with the norepinephrine reuptake system and depleting intracellular 

norepinephrine, finally inducing degeneration of noradrenergic terminals (Winkler 1976, 

Ransom et al. 1985, Dooley et al. 1987, Howard et al. 1990, Prieto et al. 2001).  Our data in 

Chapter 2 support this hypothesis. The expression levels of DBH and NET were down-

regulated by DSP4 in SH-SY5Y cells. However, limited data have been reported from in vitro 

studies on the mechanism of DSP4-induced neuronal degeneration. Thus, elucidating the 

molecular mechanism by which DSP4 evokes its neurodegenerative effect may promote the 

effort to find novel therapeutic strategies for treatment of degenerative diseases. The study in 

Chapter 2 of this dissertation also shows that DSP4 induces DNA SSBs and arrested cells in 

the S and the G2/M phases. According to Figure 2-5C, we primarily focused on discussing the 

S-phase arrest caused by DSP4 when we published the paper. In addition, the proportion of 



 135 

cells remaining in the G2/M phase was relatively constant after DSP4 treatment. These 

cytometric results demonstrated that the S-phase and the G2/M-phase checkpoints were 

activated by DSP4 treatment of SH-SY5Y cells. This arrest resulted in cells transiting G1 

phase or already in S phase to be accumulated in S phase, while those cells in G2/M phases 

remained there.  In addition, as shown in Fig 2-6, arrested cells resumed cycle transit within 12 

or 24 h after DSP4 removal. Although there still are more cells in S phase compared to the 

control, the proportion of cells in G1 phase returned to normal. Interestingly, after removal of 

DSP4 for 24 h, fewer cells were in G2 phase compared to the control group. These data 

indicate that DSP4-arrested cells were able to resume cell cycle transit after removal of DSP4. 

It is important for cells to delay mitotic entry, which allows cells to repair any DNA damage 

that may have accumulated after S phase. Our data are consistent with the death of neurons that 

have aberrant cell cycle activity. Dorsal root ganglion neurons go to apoptosis in the S phase 

(ElShamy et al. 1998), and the apoptotic neurons express S-phase proteins (Folch et al. 2012). 

Hippocampal pyramidal and basal forebrain neurons from AD brains show chromosomal 

duplication and die before mitosis. These are consistent with cell death in the S or the G2 phase 

of the cell cycle (Nagy et al. 1997b). In addition, DNA damage in apoptotic neurons is 

dependent on ATM activation, which suggests that neurons are affected by the same cell cycle 

checkpoints that regulate apoptosis in other cell types (Kruman 2004). Our data showed that 

DSP4 treatment activated the ATM pathway as part of the DDR (Wang et al. 2014). Taken 

together, these results suggest that down-regulation of the noradrenergic phenotypes caused by 

DSP4 stems from the DSP4-induced DDR and replication stress, which affected the 

transcriptional rate of the DBH and NET. 

Based on our findings in Chapters 2, we demonstrate that DSP4 induces the DDR in 
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SH-SY5Y cells. How does DSP4 cause DDR? Oxygen radicals are involved in many 

biochemical activities of cells such as signaling transduction and gene transcription (Uttara et 

al. 2009). Although oxygen is imperative for life, imbalanced oxidative metabolism and excess 

production of ROS lead to several disorders such as AD and PD. Toxicity of these free radicals 

contributes to damage of proteins and DNA, inflammation, and subsequent cellular apoptosis. 

The most common cellular free radicals are hydroxyl (OH·), superoxide (O2–·), and nitric 

monoxide (NO·). One of the hypotheses indicates that DSP4 depletes intracellular 

norepinephrine to induce LC degeneration. Norepinephrine is synthesized inside the nerve 

axon and stored in vesicles (Figure 1-1). Many enzymes are involved in the process of 

norepinephrine synthesis, such as tyrosine hydroxylase, DOPA decarboxylase, and DBH. 

These processes lead to formation of some ROS. ROS are a product of processes taking place 

during the oxygen metabolism. Therefore, we might explain that DSP4 induces oxidative 

stress, which damages DNA because of excessive ROS formation due to excessive intracellular 

norepinephrine synthesis. To elucidate this explanation, we need to test if DSP4 induces 

oxidative DNA damage in SH-SY5Y cells. We could treat SH-SY5Y and fibroblast cells with 

DSP4 and measure 8-hydroxyguanosine, which is a classical marker of oxidative damage to 

DNA. We expect to see a higher level of 8-hydroxyguanosine in SH-SY5Y cells than in 

fibroblast cells, because fibroblast cells do not express noradrenergic phenotypes and no 

norepinephrine is synthesized. Moreover, it has been reported that stress hormones such as 

norepinephrine can increase DNA damage (Flint et al. 2007). It has been proposed that the 

mechanism why norepinephrine induces DNA damage is by creation of ROS (Djelic et al. 

2003). Both DSP4 hypotheses support that excessive norepinephrine is released extracellularly. 

So cells are exposed to a higher concentration of norepinephrine, which induces oxidative 
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DNA damage.  

 

Figure 5-1. Enzymes involved in norepinephrine synthesis 

 

The exact mechanisms of neurodegeneration are still unknown, so there is no cure for 

neurodegenerative diseases. Therefore, it is urgent to find treatments and cures for 

neurodegenerative diseases. Depression symptoms often accompany neurodegenerative 

disorders. Antidepressants are used to treat major depression disorder (Briley et al. 1993, 

Martin 2008) and are clinically used to relieve depression symptoms in neurodegenerative 

patients. The “monoamine theory” of depression has been proposed for a long time, but the 

pathologies and mechanisms for depression disorders remain unclear. Within the last decade, 

increasing evidence showed oxidative/antioxidant effects of antidepressants and discussed the 

relevance of intracellular oxidative pathways in the pathophysiology of depression (Michel et 

al. 2007, Maes et al. 2009, Maes et al. 2011, Behr et al. 2012, Michel et al. 2012). It has been 

reported that some antidepressants could protect cells form oxidative stress. For example, 
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fluoxetine reduces oxidative stress in brain (Omar M.E. Abdel-Salam 2011), and desipramine’s 

protective effect against ischemia/reperfusion-induced oxidative stress was found in mice 

(Gaur et al. 2010). Also, it has been reported that venlafaxine protects against stress-induced 

oxidative neuronal DNA damage (Abdel-Wahab et al. 2011), and deprenyl was found to 

protect neurons in the substantia nigra from oxidative stress (Wu et al. 1993). Considering that 

the pathophysiology of depression is not fully clarified, the present findings suggest that one 

important action of antidepressants that may contribute to therapeutic efficacy in the treatment 

of depression is protection from DNA damage. In Chapter 4, the experiments demonstrate that 

some antidepressants reduce DSP4-induced DDR in SH-SY5Y cells. These effects might be 

ascribed to the abilities of some antidepressants in scavenging hydroxyl radicals or up-

regulating the expression of antioxidant defense enzymes. In all, the present findings that some 

antidepressants could protect cells from DSP4-induced DNA damage may add a new feature to 

the neuroprotective potency of these antidepressants. To test this hypothesis, we could pretreat 

SH-SY5Y cells with these antidepressants before DSP4 treatment. 8-hydroxyguanosine also 

can be used to measure oxidative stress level. We expect to see a lower level of 8-

hydroxyguanosine after cotreatment with antidepressants. 

In addition, it is shown that DSP4 irreversibly inhibits the human NET, SERT, and 

dopamine transporter (DAT) (Wenge et al. 2009). However, this inhibition includes a 

reversible component at the DAT and SERT but not at the NET. Thus, DSP4's high-affinity 

uptake through the NET and its interaction with NET may support it to be a noradrenergic 

neurotoxin. Moreover, although SSRIs and NRIs antidepressants are clinical important, key 

aspects of their molecular mechanisms such as the binding sites of these antidepressants are 

still unclear. Recently, it has been reported many antidepressants bind to key residues in S1 
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pocket; Sorensen et al. mutated 6 S1 residues in SERT and NET to determine the potency of 

some SSRIs and NRIs antidepressants (Sorensen et al. 2012). This finding can serve as a future 

model for studying the molecular mechanisms of antidepressants at SERT and NET. Another 

explanation for the protective effects of some antidepressants on reducing DSP4-induced DDR 

in SH-SY5Y cells is that these antidepressants compete with DSP4 for binding to the 

transporters. Further experiments are needed to demonstrate this explanation. For example, we 

need to test if antidepressants bind to DSP4 or antidepressants bind to the transporters to block 

DSP4 uptake.  

In this ease, deprenyl and pargyline belong to the type B MAOIs. The enzyme in SH- 

SY5Y cells is only type A (Maruyama et al. 1997), so deprenyl and pargyline did not function 

as type B MAOIs. This is probably why deprenyl and pargyline have less effect on reducing 

DSP4-induced DDR in SH-SY5Y cells. 

In summary (Figure 5-2), our data indicate that the neurotoxin DSP4 can be used to 

cause LC degeneration, which is because of its effects on inducing the DDR. Noradrenergic 

SH-SY5Y cells and LC neuron cultures are sensitive to DNA damage and deficient in repairing 

the damage, which might be an explanation of why LC degeneration is an early indicator of 

AD and PD. The DNA damage caused by DSP4 activates the ATM pathway and arrests cells 

in S and G2/M phases. Some antidepressants partially protect cells from DDR and cell cycle 

arrested caused by DSP4, which suggests a common mechanism of antidepressants to explain 

their clinical use to ameliorate depression symptom in AD or PD.   
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Figure 5-2. Proposed mechanisms of neurotoxins-induced DNA damage response. The 

presence of neurotoxin leads to replicative stress or DNA damage, which further results in 

activation of the ataxia-telangiectasia-mutated (ATM) protein kinase or ataxia telangiectasia 

and Rad3-related (ATR) protein kinase. ATM or ATR phosphorylate downstream targets; 

including p53 and the histone H2AX. In this way, ATM/ATR can influence cell cycle 

transititions and DNA damage response, transcription, in addition to cell death through 

apoptosis. The orange bars in cell cycle transitions indicate the three main cell-cycle 

checkpoints. Selective antidepressants reduce neurotoxins-induced DNA damage response.  

 

 

 

 



 141 

REFERENCES 

 

Abdel-Wahab BA, Salama RH (2011) Venlafaxine protects against stress-induced oxidative 

DNA damage in hippocampus during antidepressant testing in mice. Pharmacol 

Biochem Behav 100:59-65. 

Abraham RT (2001) Cell cycle checkpoint signaling through the ATM and ATR kinases. 

Genes Dev 15:2177-2196. 

Adamec E, Vonsattel JP, Nixon RA (1999) DNA strand breaks in Alzheimer's disease. Brain 

Res 849:67-77. 

Adolfsson R, Gottfries CG, Roos BE, Winblad B (1979) Changes in the brain catecholamines 

in patients with dementia of Alzheimer type. Br J Psychiatry 135:216-223. 

Anne SL, Saudou F, Humbert S (2007) Phosphorylation of huntingtin by cyclin-dependent 

kinase 5 is induced by DNA damage and regulates wild-type and mutant huntingtin 

toxicity in neurons. J Neurosci 27:7318-7328. 

Axelrod J, Kopin IJ (1969) The uptake, storage, release and metabolism of noradrenaline in 

sympathetic nerves. Prog Brain Res 31:21-32. 

Bakkenist CJ, Kastan MB (2003) DNA damage activates ATM through intermolecular 

autophosphorylation and dimer dissociation. Nature 421:499-506. 

Bakkenist CJ, Kastan MB (2004) Initiating cellular stress responses. Cell 118:9-17. 

Balaban RS, Nemoto S, Finkel T (2005) Mitochondria, oxidants, and aging. Cell 120:483-495. 

Barker E BR (1995) Norepinephrine and serotonin transporters. Molecular targets of 

antidepressant drugs In: Bloom F, Kupfer D (eds) Psychopharmacology A fourth 

generation of progress Raven Press, New York 321-333. 



 142 

Bartek J, Lukas J (2001) Mammalian G1- and S-phase checkpoints in response to DNA 

damage. Curr Opin Cell Biol 13:738-747. 

Bassing CH, Alt FW (2004) H2AX may function as an anchor to hold broken chromosomal 

DNA ends in close proximity. Cell Cycle 3:149-153. 

Behr GA, Moreira JC, Frey BN (2012) Preclinical and clinical evidence of antioxidant effects 

of antidepressant agents: implications for the pathophysiology of major depressive 

disorder. Oxid Med Cell Longev 2012:609421. 

Berk M, Copolov DL, Dean O, Lu K, Jeavons S, Schapkaitz I, Anderson-Hunt M, Bush AI 

(2008) N-acetyl cysteine for depressive symptoms in bipolar disorder--a double-blind 

randomized placebo-controlled trial. Biol Psychiatry 64:468-475. 

Berk M, Kapczinski F, Andreazza AC, Dean OM, Giorlando F, Maes M, Yucel M, Gama CS, 

Dodd S, Dean B, Magalhaes PV, Amminger P, McGorry P, Malhi GS (2011) Pathways 

underlying neuroprogression in bipolar disorder: focus on inflammation, oxidative 

stress and neurotrophic factors. Neurosci Biobehav Rev 35:804-817. 

Biedler JL, Roffler-Tarlov S, Schachner M, Freedman LS (1978) Multiple neurotransmitter 

synthesis by human neuroblastoma cell lines and clones. Cancer Res 38:3751-3757. 

Bokov A, Chaudhuri A, Richardson A (2004) The role of oxidative damage and stress in aging. 

Mech Ageing Dev 125:811-826. 

Boksa P, Aitken D, Meaney M (1989) Effects of the catecholaminergic neurotoxin N-(2-

chloroethyl)-N-ethyl-2-bromobenzylamine (DSP-4) on adrenal chromaffin cells in 

culture. Biochem Pharmacol 38:1491-1498. 



 143 

Bondareff W, Mountjoy CQ, Roth M (1982) Loss of neurons of origin of the adrenergic 

projection to cerebral cortex (nucleus locus ceruleus) in senile dementia. Neurology 

32:164-168. 

Bondareff W, Mountjoy CQ, Roth M, Rossor MN, Iversen LL, Reynolds GP, Hauser DL 

(1987) Neuronal degeneration in locus ceruleus and cortical correlates of Alzheimer 

disease. Alzheimer Dis Assoc Disord 1:256-262. 

Brasnjevic I, Hof PR, Steinbusch HW, Schmitz C (2008) Accumulation of nuclear DNA 

damage or neuron loss: molecular basis for a new approach to understanding selective 

neuronal vulnerability in neurodegenerative diseases. DNA Repair (Amst) 7:1087-

1097. 

Brazel CY, Rao MS (2004) Aging and neuronal replacement. Ageing Res Rev 3:465-483. 

Briley M, Moret C (1993) Neurobiological mechanisms involved in antidepressant therapies. 

Clin Neuropharmacol 16:387-400. 

Brown R, Jahanshahi M (1995) Depression in Parkinson's disease: a psychosocial viewpoint. 

Adv Neurol 65:61-84. 

Burma S, Chen BP, Murphy M, Kurimasa A, Chen DJ (2001) ATM phosphorylates histone 

H2AX in response to DNA double-strand breaks. J Biol Chem 276:42462-42467. 

Busser J, Geldmacher DS, Herrup K (1998) Ectopic cell cycle proteins predict the sites of 

neuronal cell death in Alzheimer's disease brain. J Neurosci 18:2801-2807. 

Butler SG, Meegan MJ (2008) Recent developments in the design of anti-depressive therapies: 

targeting the serotonin transporter. Curr Med Chem 15:1737-1761. 

Caldecott KW (2004) DNA single-strand breaks and neurodegeneration. DNA Repair (Amst) 

3:875-882. 



 144 

Cassano T, Gaetani S, Morgese MG, Macheda T, Laconca L, Dipasquale P, Taltavull J, 

Shippenberg TS, Cuomo V, Gobbi G (2009) Monoaminergic changes in locus 

coeruleus and dorsal raphe nucleus following noradrenaline depletion. Neurochem Res 

34:1417-1426. 

Chan-Palay V, Asan E (1989) Quantitation of catecholamine neurons in the locus coeruleus in 

human brains of normal young and older adults and in depression. J Comp Neurol 

287:357-372. 

Chatterjee S, Cheng MF, Trivedi D, Petzold SJ, Berger NA (1989) Camptothecin 

hypersensitivity in poly(adenosine diphosphate-ribose) polymerase-deficient cell lines. 

Cancer Commun 1:389-394. 

Chen QM, Liu J, Merrett JB (2000) Apoptosis or senescence-like growth arrest: influence of 

cell-cycle position, p53, p21 and bax in H2O2 response of normal human fibroblasts. 

Biochem J 347:543-551. 

Cho YJ, Liang P (2011) S-phase-coupled apoptosis in tumor suppression. Cell Mol Life Sci 

68:1883-1896. 

Chrobak JJ, DeHaven DL, Walsh TJ (1985) Depletion of brain norepinephrine with DSP-4 

does not alter acquisition or performance of a radial-arm maze task. Behav Neural Biol 

44:144-150. 

Copani A, Condorelli F, Caruso A, Vancheri C, Sala A, Giuffrida Stella AM, Canonico PL, 

Nicoletti F, Sortino MA (1999) Mitotic signaling by beta-amyloid causes neuronal 

death. FASEB J 13:2225-2234. 

Crane GE (1956) The psychiatric side-effects of iproniazid. Am J Psychiatry 112:494-501. 



 145 

Cummings JL, Masterman DL (1999) Depression in patients with Parkinson's disease. Int J 

Geriatr Psychiatry 14:711-718. 

Currais A, Hortobagyi T, Soriano S (2009) The neuronal cell cycle as a mechanism of 

pathogenesis in Alzheimer's disease. Aging (Albany NY) 1:363-371. 

Czeh B, Lucassen PJ (2007) What causes the hippocampal volume decrease in depression? Are 

neurogenesis, glial changes and apoptosis implicated? Eur Arch Psychiatry Clin 

Neurosci 257:250-260. 

Del Bino G, Bruno S, Yi PN, Darzynkiewicz Z (1992) Apoptotic cell death triggered by 

camptothecin or teniposide. The cell cycle specificity and effects of ionizing radiation. 

Cell Prolif 25:537-548. 

Dias V, Junn E, Mouradian MM (2013) The role of oxidative stress in Parkinson's disease. J 

Parkinsons Dis 3:461-491. 

Djelic N, Anderson D (2003) The effect of the antioxidant catalase on oestrogens, 

triiodothyronine, and noradrenaline in the Comet assay. Teratog Carcinog Mutagen 

Suppl 2:69-81. 

Dobbin MM, Madabhushi R, Pan L, Chen Y, Kim D, Gao J, Ahanonu B, Pao PC, Qiu Y, Zhao 

Y, Tsai LH (2013) SIRT1 collaborates with ATM and HDAC1 to maintain genomic 

stability in neurons. Nat Neurosci 16:1008-1015. 

Dooley DJ, Heal DJ, Goodwin GM (1987) Repeated electroconvulsive shock prevents 

increased neocortical beta 1-adrenoceptor binding after DSP-4 treatment in rats. Eur J 

Pharmacol 134:333-337. 

Downs JA, Lowndes NF, Jackson SP (2000) A role for Saccharomyces cerevisiae histone H2A 

in DNA repair. Nature 408:1001-1004. 



 146 

Dudley MW, Howard BD, Cho AK (1990) The interaction of the beta-haloethyl benzylamines, 

xylamine, and DSP-4 with catecholaminergic neurons. Annu Rev Pharmacol Toxicol 

30:387-403. 

Dunnett SB, Bjorklund a (1992) Staging and dissection of rat embryos. In: Neuroa (A., D. S. B. 

B., ed). 

ElShamy WM, Fridvall LK, Ernfors P (1998) Growth arrest failure, G1 restriction point 

override, and S phase death of sensory precursor cells in the absence of neurotrophin-3. 

Neuron 21:1003-1015. 

Engler H, Doenlen R, Riether C, Engler A, Besedovsky HO, Del Rey A, Pacheco-Lopez G, 

Schedlowski M (2010) Chemical destruction of brain noradrenergic neurons affects 

splenic cytokine production. J Neuroimmunol 219:75-80. 

Fishel ML, Vasko MR, Kelley MR (2007) DNA repair in neurons: so if they don't divide 

what's to repair? Mutat Res 614:24-36. 

Flint MS, Baum A, Chambers WH, Jenkins FJ (2007) Induction of DNA damage, alteration of 

DNA repair and transcriptional activation by stress hormones. 

Psychoneuroendocrinology 32:470-479. 

Folch J, Junyent F, Verdaguer E, Auladell C, Pizarro JG, Beas-Zarate C, Pallas M, Camins A 

(2012) Role of cell cycle re-entry in neurons: a common apoptotic mechanism of 

neuronal cell death. Neurotox Res 22:195-207. 

Ford JM (2005) Regulation of DNA damage recognition and nucleotide excision repair: 

another role for p53. Mutat Res 577:195-202. 



 147 

Fornai F, Bassi L, Torracca MT, Alessandri MG, Scalori V, Corsini GU (1996) Region- and 

neurotransmitter-dependent species and strain differences in DSP-4-induced 

monoamine depletion in rodents. Neurodegeneration 5:241-249. 

Fritschy JM, Geffard M, Grzanna R (1990) The response of noradrenergic axons to 

systemically administered DSP-4 in the rat: an immunohistochemical study using 

antibodies to noradrenaline and dopamine-beta-hydroxylase. J Chem Neuroanat 3:309-

321. 

Fritschy JM, Grzanna R (1991a) Experimentally-induced neuron loss in the locus coeruleus of 

adult rats. Exp Neurol 111:123-127. 

Fritschy JM, Grzanna R (1991b) Selective effects of DSP-4 on locus coeruleus axons: are there 

pharmacologically different types of noradrenergic axons in the central nervous 

system? Prog Brain Res 88:257-268. 

Fukae J, Takanashi M, Kubo S, Nishioka K, Nakabeppu Y, Mori H, Mizuno Y, Hattori N 

(2005) Expression of 8-oxoguanine DNA glycosylase (OGG1) in Parkinson's disease 

and related neurodegenerative disorders. Acta Neuropathol 109:256-262. 

Gaur V, Kumar A (2010) Protective effect of desipramine, venlafaxine and trazodone against 

experimental animal model of transient global ischemia: possible involvement of NO-

cGMP pathway. Brain Res 1353:204-212. 

Geddes JR, Cipriani A (2004) Selective serotonin reuptake inhibitors. BMJ 329:809-810. 

German DC, Manaye KF, White CL, 3rd, Woodward DJ, McIntire DD, Smith WK, Kalaria 

RN, Mann DM (1992) Disease-specific patterns of locus coeruleus cell loss. Ann 

Neurol 32:667-676. 



 148 

Gesi M, Soldani P, Giorgi FS, Santinami A, Bonaccorsi I, Fornai F (2000) The role of the 

locus coeruleus in the development of Parkinson's disease. Neurosci Biobehav Rev 

24:655-668. 

Gillman PK (2007) Tricyclic antidepressant pharmacology and therapeutic drug interactions 

updated. Br J Pharmacol 151:737-748. 

Golden TR, Hinerfeld DA, Melov S (2002) Oxidative stress and aging: beyond correlation. 

Aging Cell 1:117-123. 

Gordon JT, Kaminski DM, Rozanov CB, Dratman MB (1999) Evidence that 3,3',5-

triiodothyronine is concentrated in and delivered from the locus coeruleus to its 

noradrenergic targets via anterograde axonal transport. Neuroscience 93:943-954. 

Hallman H, Sundstrom E, Jonsson G (1984) Effects of the noradrenaline neurotoxin DSP 4 on 

monoamine neurons and their transmitter turnover in rat CNS. J Neural Transm 60:89-

102. 

Hammond EM, Denko NC, Dorie MJ, Abraham RT, Giaccia AJ (2002) Hypoxia links ATR 

and p53 through replication arrest. Mol Cell Biol 22:1834-1843. 

Harman D (1981) The aging process. Proc Natl Acad Sci U S A 78:7124-7128. 

Hatip-Al-Khatib I, Bolukbasi F (1999) Destruction of the noradrenergic system with DSP4 

potentiates the behavioral effects of MK-801 in rats. Pharmacol Biochem Behav 

62:233-237. 

Henderson L, Bortone DS, Lim C, Zambon AC (2013) Classic "broken cell" techniques and 

newer live cell methods for cell cycle assessment. Am J Physiol Cell Physiol 

304:C927-938. 



 149 

Heneka MT, Galea E, Gavriluyk V, Dumitrescu-Ozimek L, Daeschner J, O'Banion MK, 

Weinberg G, Klockgether T, Feinstein DL (2002) Noradrenergic depletion potentiates 

beta -amyloid-induced cortical inflammation: implications for Alzheimer's disease. J 

Neurosci 22:2434-2442. 

Heneka MT, Ramanathan M, Jacobs AH, Dumitrescu-Ozimek L, Bilkei-Gorzo A, Debeir T, 

Sastre M, Galldiks N, Zimmer A, Hoehn M, Heiss WD, Klockgether T, Staufenbiel M 

(2006) Locus ceruleus degeneration promotes Alzheimer pathogenesis in amyloid 

precursor protein 23 transgenic mice. J Neurosci 26:1343-1354. 

Hickson ID, Davies SL, Davies SM, Robson CN (1990) DNA repair in radiation sensitive 

mutants of mammalian cells: possible involvement of DNA topoisomerases. Int J 

Radiat Biol 58:561-568. 

Howard BD, Cho AK, Zhang MB, Koide M, Lin S (1990) Covalent labeling of the cocaine-

sensitive catecholamine transporter. J Neurosci Res 26:149-158. 

Hsiang YH, Hertzberg R, Hecht S, Liu LF (1985) Camptothecin induces protein-linked DNA 

breaks via mammalian DNA topoisomerase I. J Biol Chem 260:14873-14878. 

Hwang O (2013) Role of oxidative stress in Parkinson's disease. Exp Neurobiol 22:11-17. 

Iversen LL (1971) Role of transmitter uptake mechanisms in synaptic neurotransmission. Br J 

Pharmacol 41:571-591. 

Jackisch R, Gansser S, Cassel JC (2008) Noradrenergic denervation facilitates the release of 

acetylcholine and serotonin in the hippocampus: towards a mechanism underlying 

upregulations described in MCI patients? Exp Neurol 213:345-353. 

Jaim-Etcheverry G, Zieher LM (1980) DSP-4: a novel compound with neurotoxic effects on 

noradrenergic neurons of adult and developing rats. Brain Res 188:513-523. 



 150 

Jardanhazi-Kurutz D, Kummer MP, Terwel D, Vogel K, Dyrks T, Thiele A, Heneka MT 

(2010) Induced LC degeneration in APP/PS1 transgenic mice accelerates early cerebral 

amyloidosis and cognitive deficits. Neurochem Int 57:375-382. 

Jeppesen DK, Bohr VA, Stevnsner T (2011) DNA repair deficiency in neurodegeneration. Prog 

Neurobiol 94:166-200. 

Jonsson G, Hallman H, Ponzio F, Ross S (1981) DSP4 (N-(2-chloroethyl)-N-ethyl-2-

bromobenzylamine)--a useful denervation tool for central and peripheral noradrenaline 

neurons. Eur J Pharmacol 72:173-188. 

Kadioglu E, Sardas S, Aslan S, Isik E, Esat Karakaya A (2004) Detection of oxidative DNA 

damage in lymphocytes of patients with Alzheimer's disease. Biomarkers 9:203-209. 

Kalinin S, Feinstein DL, Xu HL, Huesa G, Pelligrino DA, Galea E (2006) Degeneration of 

noradrenergic fibres from the locus coeruleus causes tight-junction disorganisation in 

the rat brain. Eur J Neurosci 24:3393-3400. 

Kang J, Ferguson D, Song H, Bassing C, Eckersdorff M, Alt FW, Xu Y (2005) Functional 

interaction of H2AX, NBS1, and p53 in ATM-dependent DNA damage responses and 

tumor suppression. Mol Cell Biol 25:661-670. 

Kastan MB, Lim DS (2000) The many substrates and functions of ATM. Nat Rev Mol Cell 

Biol 1:179-186. 

Katyal S, McKinnon PJ (2008) DNA strand breaks, neurodegeneration and aging in the brain. 

Mech Ageing Dev 129:483-491. 

Kaufman S, Friedman S (1965) Dopamine-Beta-Hydroxylase. Pharmacol Rev 17:71-100. 



 151 

Kim CH, Zabetian CP, Cubells JF, Cho S, Biaggioni I, Cohen BM, Robertson D, Kim KS 

(2002) Mutations in the dopamine beta-hydroxylase gene are associated with human 

norepinephrine deficiency. Am J Med Genet 108:140-147. 

Kim ST, Lim DS, Canman CE, Kastan MB (1999) Substrate specificities and identification of 

putative substrates of ATM kinase family members. J Biol Chem 274:37538-37543. 

Klabunde R (2012) http://www.cvpharmacology.com/norepinephrine.htm. 

Klein JA, Ackerman SL (2003) Oxidative stress, cell cycle, and neurodegeneration. J Clin 

Invest 111:785-793. 

Kobayashi K, Morita S, Mizuguchi T, Sawada H, Yamada K, Nagatsu I, Fujita K, Nagatsu T 

(1994) Functional and high level expression of human dopamine beta-hydroxylase in 

transgenic mice. J Biol Chem 269:29725-29731. 

Kruman, II (2004) Why do neurons enter the cell cycle? Cell Cycle 3:769-773. 

Kruman, II, Wersto RP, Cardozo-Pelaez F, Smilenov L, Chan SL, Chrest FJ, Emokpae R, Jr., 

Gorospe M, Mattson MP (2004) Cell cycle activation linked to neuronal cell death 

initiated by DNA damage. Neuron 41:549-561. 

Kuhn R (1958) The treatment of depressive states with G 22355 (imipramine hydrochloride). 

Am J Psychiatry 115:459-464. 

Kurose A, Tanaka T, Huang X, Traganos F, Darzynkiewicz Z (2006) Synchronization in the 

cell cycle by inhibitors of DNA replication induces histone H2AX phosphorylation: an 

indication of DNA damage. Cell Prolif 39:231-240. 

Lai CT, Yu PH (1997) R(-)-deprenyl potentiates dopamine-induced cytotoxicity toward 

catecholaminergic neuroblastoma SH-SY5Y cells. Toxicol Appl Pharmacol 142:186-

191. 

http://www.cvpharmacology.com/norepinephrine.htm


 152 

Lavin MF (1999) ATM: the product of the gene mutated in ataxia-telangiectasia. Int J Biochem 

Cell Biol 31:735-740. 

Lee CM, Javitch JA, Snyder SH (1982) Characterization of [3H]desipramine binding 

associated with neuronal norepinephrine uptake sites in rat brain membranes. J 

Neurosci 2:1515-1525. 

Lee HB, Lyketsos CG (2003) Depression in Alzheimer's disease: heterogeneity and related 

issues. Biol Psychiatry 54:353-362. 

Leskiewicz M, Jantas D, Regulska M, Kaczanowska J, Basta-Kaim A, Budziszewska B, 

Kubera M, Lason W (2013) Antidepressants attenuate the dexamethasone-induced 

decrease in viability and proliferation of human neuroblastoma SH-SY5Y cells: a 

involvement of extracellular regulated kinase (ERK1/2). Neurochem Int 63:354-362. 

Li TK, Liu LF (2001) Tumor cell death induced by topoisomerase-targeting drugs. Annu Rev 

Pharmacol Toxicol 41:53-77. 

Lindahl T (1993) Instability and decay of the primary structure of DNA. Nature 362:709-715. 

Liu LF, Desai SD, Li TK, Mao Y, Sun M, Sim SP (2000) Mechanism of action of 

camptothecin. Ann N Y Acad Sci 922:1-10. 

Liu Z, Martin LJ (2001) Motor neurons rapidly accumulate DNA single-strand breaks after in 

vitro exposure to nitric oxide and peroxynitrite and in vivo axotomy. J Comp Neurol 

432:35-60. 

Lode HN, Bruchelt G, Seitz G, Gebhardt S, Gekeler V, Niethammer D, Beck J (1995) Reverse 

transcriptase-polymerase chain reaction (RT-PCR) analysis of monoamine transporters 

in neuroblastoma cell lines: correlations to meta-iodobenzylguanidine (MIBG) uptake 

and tyrosine hydroxylase gene expression. Eur J Cancer 31A:586-590. 



 153 

Lyness SA, Zarow C, Chui HC (2003) Neuron loss in key cholinergic and aminergic nuclei in 

Alzheimer disease: a meta-analysis. Neurobiol Aging 24:1-23. 

Lyons WE, Fritschy JM, Grzanna R (1989) The noradrenergic neurotoxin DSP-4 eliminates 

the coeruleospinal projection but spares projections of the A5 and A7 groups to the 

ventral horn of the rat spinal cord. J Neurosci 9:1481-1489. 

Maeda T (2000) The locus coeruleus: history. J Chem Neuroanat 18:57-64. 

Maes M, Galecki P, Chang YS, Berk M (2011) A review on the oxidative and nitrosative stress 

(O&NS) pathways in major depression and their possible contribution to the 

(neuro)degenerative processes in that illness. Prog Neuropsychopharmacol Biol 

Psychiatry 35:676-692. 

Maes M, Yirmyia R, Noraberg J, Brene S, Hibbeln J, Perini G, Kubera M, Bob P, Lerer B, Maj 

M (2009) The inflammatory & neurodegenerative (I&ND) hypothesis of depression: 

leads for future research and new drug developments in depression. Metab Brain Dis 

24:27-53. 

Magyar K, Haberle D (1999) Neuroprotective and neuronal rescue effects of selegiline: review. 

Neurobiology (Bp) 7:175-190. 

Mann DM, Yates PO (1983) Pathological basis for neurotransmitter changes in Parkinson's 

disease. Neuropathol Appl Neurobiol 9:3-19. 

Mann DM, Yates PO, Hawkes J (1982) The noradrenergic system in Alzheimer and multi-

infarct dementias. J Neurol Neurosurg Psychiatry 45:113-119. 

Mann DM, Yates PO, Hawkes J (1983) The pathology of the human locus ceruleus. Clin 

Neuropathol 2:1-7. 



 154 

Marien MR, Colpaert FC, Rosenquist AC (2004) Noradrenergic mechanisms in 

neurodegenerative diseases: a theory. Brain Res Brain Res Rev 45:38-78. 

Martin GE, Elgin RJ, Jr. (1988) Effects of cerebral depletion of norepinephrine on conditioned 

avoidance responding in Sprague-Dawley and Fischer rats. Pharmacol Biochem Behav 

30:137-142. 

Martin LJ (2008) DNA damage and repair: relevance to mechanisms of neurodegeneration. J 

Neuropathol Exp Neurol 67:377-387. 

Maruyama W, Naoi M, Kasamatsu T, Hashizume Y, Takahashi T, Kohda K, Dostert P (1997) 

An endogenous dopaminergic neurotoxin, N-methyl-(R)-salsolinol, induces DNA 

damage in human dopaminergic neuroblastoma SH-SY5Y cells. J Neurochem 69:322-

329. 

Masuko S, Nakajima Y, Nakajima S, Yamaguchi K (1986) Noradrenergic neurons from the 

locus ceruleus in dissociated cell culture: culture methods, morphology, and 

electrophysiology. J Neurosci 6:3229-3241. 

Matsukawa M, Nakadate K, Ishihara I, Okado N (2003) Synaptic loss following depletion of 

noradrenaline and/or serotonin in the rat visual cortex: a quantitative electron 

microscopic study. Neuroscience 122:627-635. 

May P, May E (1999) Twenty years of p53 research: structural and functional aspects of the 

p53 protein. Oncogene 18:7621-7636. 

McGowan CH, Russell P (2004) The DNA damage response: sensing and signaling. Curr Opin 

Cell Biol 16:629-633. 

McNamara P, Durso R (2006) Neuropharmacological treatment of mental dysfunction in 

Parkinson's disease. Behav Neurol 17:43-51. 



 155 

Michel TM, Frangou S, Thiemeyer D, Camara S, Jecel J, Nara K, Brunklaus A, Zoechling R, 

Riederer P (2007) Evidence for oxidative stress in the frontal cortex in patients with 

recurrent depressive disorder--a postmortem study. Psychiatry Res 151:145-150. 

Michel TM, Pulschen D, Thome J (2012) The role of oxidative stress in depressive disorders. 

Curr Pharm Des 18:5890-5899. 

Migliore L, Coppede F (2002) Genetic and environmental factors in cancer and 

neurodegenerative diseases. Mutat Res 512:135-153. 

Morris EJ, Geller HM (1996) Induction of neuronal apoptosis by camptothecin, an inhibitor of 

DNA topoisomerase-I: evidence for cell cycle-independent toxicity. J Cell Biol 

134:757-770. 

Muller N, Schwarz MJ (2007) The immune-mediated alteration of serotonin and glutamate: 

towards an integrated view of depression. Mol Psychiatry 12:988-1000. 

Murray AW (2004) Recycling the cell cycle: cyclins revisited. Cell 116:221-234. 

Murren JR, Beidler DR, Cheng YC (1996) Camptothecin resistance related to drug-induced 

down-regulation of topoisomerase I and to steps occurring after the formation of 

protein-linked DNA breaks. Ann N Y Acad Sci 803:74-92. 

Nagy Z, Esiri MM, Cato AM, Smith AD (1997a) Cell cycle markers in the hippocampus in 

Alzheimer's disease. Acta Neuropathol 94:6-15. 

Nagy Z, Esiri MM, Smith AD (1997b) Expression of cell division markers in the hippocampus 

in Alzheimer's disease and other neurodegenerative conditions. Acta Neuropathol 

93:294-300. 

Nitiss J, Wang JC (1988) DNA topoisomerase-targeting antitumor drugs can be studied in 

yeast. Proc Natl Acad Sci U S A 85:7501-7505. 



 156 

Noguchi E (2004-2006) http://eishinoguchi.com/checkpoint.htm. 

Offer H, Wolkowicz R, Matas D, Blumenstein S, Livneh Z, Rotter V (1999) Direct 

involvement of p53 in the base excision repair pathway of the DNA repair machinery. 

FEBS Lett 450:197-204. 

Okorokov AL (2003) p53 in a crosstalk between DNA repair and cell cycle checkpoints. Cell 

Cycle 2:233-235. 

Omar M.E. Abdel-Salam SMYM, Amany A. Sleem (2011) The effect of different 

antidepressant drugs on oxidative stress after lipopolysaccharide administration in 

mice. EXCLI Journal 290-302. 

Palmer AM, DeKosky ST (1993) Monoamine neurons in aging and Alzheimer's disease. J 

Neural Transm Gen Sect 91:135-159. 

Pommier Y, Redon C, Rao VA, Seiler JA, Sordet O, Takemura H, Antony S, Meng L, Liao Z, 

Kohlhagen G, Zhang H, Kohn KW (2003) Repair of and checkpoint response to 

topoisomerase I-mediated DNA damage. Mutat Res 532:173-203. 

Prieto M, Giralt MT (2001) Effects of N-(2-chloroethyl)-N-ethyl-2-bromobenzylamine (DSP4) 

on alpha2-adrenoceptors which regulate the synthesis and release of noradrenaline in 

the rat brain. Pharmacol Toxicol 88:152-158. 

Pugh PL, Vidgeon-Hart MP, Ashmeade T, Culbert AA, Seymour Z, Perren MJ, Joyce F, Bate 

ST, Babin A, Virley DJ, Richardson JC, Upton N, Sunter D (2007) Repeated 

administration of the noradrenergic neurotoxin N-(2-chloroethyl)-N-ethyl-2-

bromobenzylamine (DSP-4) modulates neuroinflammation and amyloid plaque load in 

mice bearing amyloid precursor protein and presenilin-1 mutant transgenes. J 

Neuroinflammation 4:8. 

http://eishinoguchi.com/checkpoint.htm


 157 

Ransom RW, Waggaman LA, Cho AK (1985) Interaction of xylamine with peripheral 

sympathetic neurons. Life Sci 37:1177-1182. 

Rass U, Ahel I, West SC (2007) Defective DNA repair and neurodegenerative disease. Cell 

130:991-1004. 

Rey NL, Jardanhazi-Kurutz D, Terwel D, Kummer MP, Jourdan F, Didier A, Heneka MT 

(2012) Locus coeruleus degeneration exacerbates olfactory deficits in APP/PS1 

transgenic mice. Neurobiol Aging 33:426 e421-411. 

Richards ML, Sadee W (1986) Human neuroblastoma cell lines as models of catechol uptake. 

Brain Res 384:132-137. 

Rivory LP (2002) New Drugs for colorectal cancer-mechanisms of action. Australian 

Prescriber 25:108-110. 

Robinson GB, Fluharty SJ, Zigmond MJ, Sclabassi RJ, Berger TW (1993) Recovery of 

hippocampal dentate granule cell responsiveness to entorhinal cortical input following 

norepinephrine depletion. Brain Res 614:21-28. 

Robison SH, Bradley WG (1984) DNA damage and chronic neuronal degenerations. J Neurol 

Sci 64:11-20. 

Rogakou EP, Pilch DR, Orr AH, Ivanova VS, Bonner WM (1998) DNA double-stranded 

breaks induce histone H2AX phosphorylation on serine 139. J Biol Chem 273:5858-

5868. 

Rommelfanger KS, Weinshenker D (2007) Norepinephrine: The redheaded stepchild of 

Parkinson's disease. Biochem Pharmacol 74:177-190. 



 158 

Ross SB (1976) Long-term effects of N-2-chlorethyl-N-ethyl-2-bromobenzylamine 

hydrochloride on noradrenergic neurones in the rat brain and heart. Br J Pharmacol 

58:521-527. 

Rouse J, Jackson SP (2002) Interfaces between the detection, signaling, and repair of DNA 

damage. Science 297:547-551. 

Rutten BP, Korr H, Steinbusch HW, Schmitz C (2003) The aging brain: less neurons could be 

better. Mech Ageing Dev 124:349-355. 

Rutten BP, Schmitz C, Gerlach OH, Oyen HM, de Mesquita EB, Steinbusch HW, Korr H 

(2007) The aging brain: accumulation of DNA damage or neuron loss? Neurobiol 

Aging 28:91-98. 

Scapagnini G, Davinelli S, Drago F, De Lorenzo A, Oriani G (2012) Antioxidants as 

antidepressants: fact or fiction? CNS Drugs 26:477-490. 

Schildkraut JJ (1965) The catecholamine hypothesis of affective disorders: a review of 

supporting evidence. Am J Psychiatry 122:509-522. 

Serrano MA, Li Z, Dangeti M, Musich PR, Patrick S, Roginskaya M, Cartwright B, Zou Y 

(2012) DNA-PK, ATM and ATR collaboratively regulate p53-RPA interaction to 

facilitate homologous recombination DNA repair. Oncogene. 

Serrano MA, Li Z, Dangeti M, Musich PR, Patrick S, Roginskaya M, Cartwright B, Zou Y 

(2013) DNA-PK, ATM and ATR collaboratively regulate p53-RPA interaction to 

facilitate homologous recombination DNA repair. Oncogene 32:2452-2462. 

Shelton RC, Claiborne J, Sidoryk-Wegrzynowicz M, Reddy R, Aschner M, Lewis DA, Mirnics 

K (2011) Altered expression of genes involved in inflammation and apoptosis in frontal 

cortex in major depression. Mol Psychiatry 16:751-762. 



 159 

Shiloh Y (2001) ATM and ATR: networking cellular responses to DNA damage. Curr Opin 

Genet Dev 11:71-77. 

Shiloh Y (2003) ATM and related protein kinases: safeguarding genome integrity. Nat Rev 

Cancer 3:155-168. 

Smith MZ, Nagy Z, Esiri MM (1999) Cell cycle-related protein expression in vascular 

dementia and Alzheimer's disease. Neurosci Lett 271:45-48. 

Sontag TA, Hauser J, Kaunzinger I, Gerlach M, Tucha O, Lange KW (2008) Effects of the 

noradrenergic neurotoxin DSP4 on spatial memory in the rat. J Neural Transm 115:299-

303. 

Sorensen L, Andersen J, Thomsen M, Hansen SM, Zhao X, Sandelin A, Stromgaard K, 

Kristensen AS (2012) Interaction of antidepressants with the serotonin and 

norepinephrine transporters: mutational studies of the S1 substrate binding pocket. J 

Biol Chem 287:43694-43707. 

Srinivasan J, Schmidt WJ (2004) Behavioral and neurochemical effects of noradrenergic 

depletions with N-(2-chloroethyl)-N-ethyl-2-bromobenzylamine in 6-

hydroxydopamine-induced rat model of Parkinson's disease. Behav Brain Res 151:191-

199. 

Subba Rao K (2007) Mechanisms of disease: DNA repair defects and neurological disease. Nat 

Clin Pract Neurol 3:162-172. 

Suberbielle E, Sanchez PE, Kravitz AV, Wang X, Ho K, Eilertson K, Devidze N, Kreitzer AC, 

Mucke L (2013) Physiologic brain activity causes DNA double-strand breaks in 

neurons, with exacerbation by amyloid-beta. Nat Neurosci 16:613-621. 



 160 

Szot P, Miguelez C, White SS, Franklin A, Sikkema C, Wilkinson CW, Ugedo L, Raskind MA 

(2010) A comprehensive analysis of the effect of DSP4 on the locus coeruleus 

noradrenergic system in the rat. Neuroscience 166:279-291. 

Tatsumi M, Groshan K, Blakely RD, Richelson E (1997) Pharmacological profile of 

antidepressants and related compounds at human monoamine transporters. Eur J 

Pharmacol 340:249-258. 

Thiriet C, Hayes JJ (2005) Chromatin in need of a fix: phosphorylation of H2AX connects 

chromatin to DNA repair. Mol Cell 18:617-622. 

Tieu K, Zuo DM, Yu PH (1999) Differential effects of staurosporine and retinoic acid on the 

vulnerability of the SH-SY5Y neuroblastoma cells: involvement of bcl-2 and p53 

proteins. J Neurosci Res 58:426-435. 

Uday Bhanu M, Kondapi AK (2010) Neurotoxic activity of a topoisomerase-I inhibitor, 

camptothecin, in cultured cerebellar granule neurons. Neurotoxicology 31:730-737. 

Usher M, Cohen JD, Servan-Schreiber D, Rajkowski J, Aston-Jones G (1999) The role of locus 

coeruleus in the regulation of cognitive performance. Science 283:549-554. 

Uttara B, Singh AV, Zamboni P, Mahajan RT (2009) Oxidative stress and neurodegenerative 

diseases: a review of upstream and downstream antioxidant therapeutic options. Curr 

Neuropharmacol 7:65-74. 

Verdaguer E, Garcia-Jorda E, Canudas AM, Dominguez E, Jimenez A, Pubill D, Escubedo E, 

Pallas JC, Camins A (2002) Kainic acid-induced apoptosis in cerebellar granule 

neurons: an attempt at cell cycle re-entry. Neuroreport 13:413-416. 



 161 

Vincent I, Jicha G, Rosado M, Dickson DW (1997) Aberrant expression of mitotic cdc2/cyclin 

B1 kinase in degenerating neurons of Alzheimer's disease brain. J Neurosci 17:3588-

3598. 

Wang JC (1996) DNA topoisomerases. Annu Rev Biochem 65:635-692. 

Wang Y, Musich PR, Serrano MA, Zou Y, Zhang J, Zhu MY (2014) Effects of DSP4 on the 

Noradrenergic Phenotypes and Its Potential Molecular Mechanisms in SH-SY5Y Cells. 

Neurotoxicity research 25:193-207. 

Ward IM, Chen J (2001) Histone H2AX is phosphorylated in an ATR-dependent manner in 

response to replicational stress. J Biol Chem 276:47759-47762. 

Waterman SA, Harding CF (2008) Neurotoxic effects of DSP-4 on the central noradrenergic 

system in male zebra finches. Behav Brain Res 188:271-280. 

Weinshenker D (2008) Functional consequences of locus coeruleus degeneration in 

Alzheimer's disease. Current Alzheimer research 5:342-345. 

Weissman L, de Souza-Pinto NC, Mattson MP, Bohr VA (2009) DNA base excision repair 

activities in mouse models of Alzheimer's disease. Neurobiol Aging 30:2080-2081. 

Wenge B, Bonisch H (2009) Interference of the noradrenergic neurotoxin DSP4 with neuronal 

and nonneuronal monoamine transporters. Naunyn Schmiedebergs Arch Pharmacol 

380:523-529. 

Winkler H (1976) The composition of adrenal chromaffin granules: an assessment of 

controversial results. Neuroscience 1:65-80. 

Wolfman C, Abo V, Calvo D, Medina J, Dajas F, Silveira R (1994) Recovery of central 

noradrenergic neurons one year after the administration of the neurotoxin DSP4. 

Neurochem Int 25:395-400. 



 162 

Wu RM, Chiueh CC, Pert A, Murphy DL (1993) Apparent antioxidant effect of l-deprenyl on 

hydroxyl radical formation and nigral injury elicited by MPP+ in vivo. Eur J Pharmacol 

243:241-247. 

Yang Y, Geldmacher DS, Herrup K (2001) DNA replication precedes neuronal cell death in 

Alzheimer's disease. J Neurosci 21:2661-2668. 

Yu PH, Davis BA, Fang J, Boulton AA (1994) Neuroprotective effects of some monoamine 

oxidase-B inhibitors against DSP-4-induced noradrenaline depletion in the mouse 

hippocampus. J Neurochem 63:1820-1828. 

Zarei M, Stephenson JD (2002) Effects of DSP4 and dizolcipine on connectivity of solid E19 

cortical grafts to ablated SmI region of adult rats; an in vivo electrophysiological study. 

Brain Res 947:182-190. 

Zarow C, Lyness SA, Mortimer JA, Chui HC (2003) Neuronal loss is greater in the locus 

coeruleus than nucleus basalis and substantia nigra in Alzheimer and Parkinson 

diseases. Arch Neurol 60:337-341. 

Zhang F, Zhou H, Wilson BC, Shi JS, Hong JS, Gao HM (2012) Fluoxetine protects neurons 

against microglial activation-mediated neurotoxicity. Parkinsonism Relat Disord 18 

Suppl 1:S213-217. 

Zhang J, Perry G, Smith MA, Robertson D, Olson SJ, Graham DG, Montine TJ (1999) 

Parkinson's disease is associated with oxidative damage to cytoplasmic DNA and RNA 

in substantia nigra neurons. Am J Pathol 154:1423-1429. 

Zhou BB, Elledge SJ (2000) The DNA damage response: putting checkpoints in perspective. 

Nature 408:433-439. 



 163 

Zigmond RE, Schwarzschild MA, Rittenhouse AR (1989) Acute regulation of tyrosine 

hydroxylase by nerve activity and by neurotransmitters via phosphorylation. Annu Rev 

Neurosci 12:415-461. 

Zou Y, Liu Y, Wu X, Shell SM (2006) Functions of human replication protein A (RPA): from 

DNA replication to DNA damage and stress responses. J Cell Physiol 208:267-273. 

Zubenko GS, Moossy J (1988) Major depression in primary dementia. Clinical and 

neuropathologic correlates. Arch Neurol 45:1182-1186. 

 

 

 

 

 

 

 

 

 

 

 

 

 



 164 

APPENDICES 

 

APPENDIX A 

 

SUPPLEMENTAL FIGURES 

 

Figure S-1. Representative flow-cytometric histograms show effects of antidepressants 

on cell cycle with or without DSP4 co-treatment. Different colors show different drugs 

treatments.  



 165 

APPENDIX B 

 

ABBREVIATIONS 

 

AD, Alzheimer’s Disease 

ATM, Ataxia telangiectasia mutated  

ATR, Ataxia telangiectasia mutated and RAD 3-related  

CDKs, cyclin-dependent kinases  

CPT, camptothecin  132  

DAPI, 4’,6-diamidino-2-phenylindole  

DAT, dopamine transporter  

DBH, dopamine -hydroxylase  

DDR, DNA damage response  

DMEM, Dulbecco’s modified Eagle’s medium 

DMSO, dimethyl sulfoxide  

DNA, deoxyribonucleic acid 

DIV, day in vitro 

DSBs, double-strand breaks  

DSP4, N-(2-chloroethyl)-Nethyl-2-bromobenzylamine  
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EDTA, ethylenediaminetetraacetic acid  

FBS, fetal bovine serum  

HBSS, Hank’s balanced salt solution 

HD, Huntington’s Disease 

IFA, immunofluoresce assay 

LC, locus coeruleus  

MAOIs, monoamine oxidase inhibitors  

nDNA, nuclear DNA 

NE, norepinephrine 

NET, norepinephrine transporter 

NO·, nitric monoxide  

NRIs, norepinephrine reuptake inhibitors 

O2–·, superoxide  

OH·, hydroxyl  

PBS, phosphate buffered saline  

PD, Parkinson’s Disease 

ROS, reactive oxygen species  

RPA, replication protein A  

RPMI, Roswell Park Memorial Institute  
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RNA, ribonucleic acid 

SERT, serotonin transporter 

SSRIs, selective serotonin reuptake inhibitors 

SDS-PAGE, sodium docecyl sulfate-polyacrylamide gel electrophoresis  

topo I: topoisomerase I  
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