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Abstract 

 Phenelzine (PLZ) is a monoamine oxidase (MAO)-inhibiting 

antidepressant with anxiolytic and neuroprotective properties. Metabolites of PLZ 

were investigated in rat brain. Levels of phenylacetic acid (PAA) and β-

phenylethylamine (PEA) were found to be elevated after administration of PLZ 

and PEH (a major metabolite of PLZ) to rats, but the effect was greater with PLZ 

in both cases. Acute administration of PLZ or PEH increased brain levels of 

alanine (ALA) and GABA and decreased glutamine (GLN) levels. When MAO 

was inhibited prior to PLZ administration, levels of GABA and ALA were not 

increased, supporting the idea that the metabolite PEH formed by MAO is 

responsible for the increases. Chronic PLZ administration significantly reduced 

weight gain in rats, and brain levels of amino acids were quite different after 1 

and 3 weeks of PLZ administration, perhaps as a result of its decreased 

metabolism to PEH with time. 
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1.0. INTRODUCTION: 

1.1. Preamble 

 Phenelzine (PLZ) (Figure 1) is an irreversible monoamine oxidase (MAO) 

inhibitor used in the treatment of atypical depression and anxiety disorders. In 

addition to inhibiting MAO, PLZ inhibits the catabolic enzymes GABA-

transaminase (GABA-T) and alanine transaminase (ALA-T), leading to marked 

increases in rat brain levels of the amino acids γ-aminobutyric acid (GABA) and 

alanine (ALA). There is less information available about its effects on rat brain 

levels of other amino acids that may be involved in the etiology of mood and 

anxiety disorders. It is important to note that some of the effects of PLZ 

administration may be mediated by active metabolites such as β-

phenylethylidenehydrazine (PEH) (Figure 1)  and 2-phenylethylamine (PEA) 

(Figure 1). This thesis presents the results of studies comparing the effects of PLZ 

and PEH (a major metabolite) on levels of PEA, phenylacetic acid (PAA) and 

several amino acids in rat brain. The effects of PLZ on the weights of rats after 

acute and chronic administration are also reported. 

1.2. Monoamine Oxidase 

The enzyme MAO is responsible for oxidative deamination of serotonin (5-

hydroxytryptamine, 5-HT), noradrenaline (NA) and dopamine (DA) (Pisani et al. 

2011). Aldehydes, hydrogen peroxide (H2O2) and ammonia (NH3) are the 

products of such metabolism (Youdim et al. 2006). There are two isoforms of 

MAO, namely MAO-A and MAO-B (Johnson, 1968). The genes for both 

isoforms are located on the X-chromosome (Xp11.23) (Lan et al. 1989). The 
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isoforms differ in substrate specificity, sensitivity to inhibitors, and tissue 

localization. 5-HT, NA and adrenaline are preferential substrates of MAO-A and 

benzylamine (BZA) and β-phenylethylamine (PEA) are preferential substrates of 

MAO-B. (Pisani et al. 2011). DA degradation by MAO is mainly carried out by 

MAO-B in humans and other primates (Johnston 1968). There are selective 

inhibitors of each isoform. MAO-A is selectively inhibited by clorgyline and 

MAO-B is selectively inhibited by l-deprenyl (selegiline) and rasagiline (Stahl et 

al. 2008). 

 The MAO isoforms have specific tissue expressions. Many tissues, 

including the liver and the brain, express both MAO-A and MAO-B (Thorpe et al. 

1987). The placenta expresses mostly MAO-A (Weyler and Salach 1985) and 

specific blood components including lymphocytes and platelets only express 

MAO-B (Bond and Cundall 1977; Donnelly and Murphy 1977). In the brain, 

expression of MAO isoforms displays regional variation. In rat brain, MAO-A 

mRNA is localized primarily in the locus ceruleus, ventral tegmental area, 

substantia nigra, hippocampus, thalamus, hypothalamus and cerebral cortex 

(Jahng et al. 1997). Highest levels of MAO-B mRNA are seen in the area 

postrema, subfornical organ and dorsal raphe (Jahng et al. 1997).  

 Expression of brain MAO has been reported to change with aging and 

with neurodegenerative disease. Levels of MAO-A in brain have been reported to 

be unchanged (Gottfries et al. 1975; Fowler et al. 1980; Saura et al., 1997; Mahy 

et al., 2000; Volchegorskii et al. 2001) or increased (Shih 1979) with age. There is 

an age-related increase in brain MAO-B expression and activity (Mahy et al., 
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2000; Saura et al., 1997). In Alzheimer's and Parkinson's disease MAO-B activity 

has been reported to be increased to an even greater extent (Benedetti and Dostert, 

1989; Jossan et al. 1991; Sherif et al. 1992; Saura et al. 1994). 

 

 

 

 

     

 

Figure 1. Structures of phenelzine (PLZ), β-phenylethylidenehydrazine (PEH) and 

β-phenylethylamine (PEA) 
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1.3. Monoamine Oxidase Inhibitors 

 In the 1950s a drug used to treat tuberculosis, iproniazid, was clinically 

observed to have mood enhancing qualities in patients (Fox and Gibas 1953). The 

antidepressant actions of iproniazid were attributed to its MAO inhibition and the 

resultant elevation of levels of monoamines in the CNS (Zeller and Barsky, 1952). 

Iproniazid was of limited value as an antidepressant as it has serious adverse 

affects such as liver toxicity (Youdim and Bakhle, 2006). Additional MAO 

inhibitors with more favorable side effect profiles such as phenelzine and 

tranylcypromine were developed soon after iproniazid for the treatment of 

depression.  

MAO inhibitor (MAOI) profiles are classified based on selectivity and 

reversibility of inhibition. Selective MAOIs selectively inhibit one of the two 

isoforms (although many inhibit both isoforms at high doses). Non-selective 

MAOIs inhibit both isoforms relatively equally. Irreversible MAOIs bind 

irreversibly to the MAO enzyme or its cofactors, requiring new enzyme to be 

synthesized for a restoration in function. Reversible MAO inhibitors temporarily 

bind to MAO, and substrate can competitively displace a reversible MAO 

inhibitor (Krishnan 2007).  

The MAOIs have been used in psychiatry as antidepressants and 

antianxiety agents and in the treatment of Parkinson's disease (Sowa et al. 2004). 

The pharmacological effect of a MAOI is primarily related to which MAO 

isoenzyme is inhibited. The antidepressant action of MAOIs is mainly due to the 
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inhibition of MAO-A, as this isoform is responsible for degrading 5-HT and NA. 

Inhibition of MAO-A leads to an increase in functional availability of NA and 5-

HT at the synapse. Selective MAO-B inhibitors are not generally effective 

antidepressants, although l-deprenyl has been reported in recent years to be 

effective for treating depression if administered transdermally (Lee and Chen 

2007). MAO-B inhibitors such as l-deprenyl and rasagiline are used in the 

treatment of Parkinson's disease to increase concentrations of dopamine in the 

substantia nigra. Interestingly, these drugs have also been reported to be 

neuroprotective or neurorescue drugs in a wide variety of toxicity models in vivo 

and in vitro (Chetsawang et al. 2008, Ebadi et al. 2002, Finnegan et al. 1990, 

Tatton et al. 2003, Abu-Raya et al. 2002, Buys et al. 1995, Knollema et al. 1995, 

Abu-Raya et al. 1999, Maruyama et al. 2002, Maruyama et al. 2001, Ou et al. 

2009). Reports of neuroprotection/neurorescue with these drugs has increased 

interest in MAOIs in general and stimulated research on 

neuroprotective/neurorescue properties of a wide variety of psychiatric drugs (Li 

and Xu, 2007; Jantzie et al., 2007). 

Although MAOIs are effective for treating a number of psychiatric 

disorders, they have several adverse side effects, which often preclude their use as 

first line agents. First generation (nonselective and irreversible) MAO inhibitors 

(eg. PLZ, tranylcypromine, isocarboxazid)  may produce side effects such as 

orthostatic hypotension and weight gain (Yamada and Yasuhara 2004). In 

contrast, a side effect known as "the cheese effect" can result when irreversible 

MAO-A inhibitors such as PLZ and tranylcypromine are combined with foods 
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rich in the sympathomimetic amine tyramine such as aged cheese or red wine. 

Tyramine, normally metabolized by MAO-A in the gut enters the systemic 

circulation and causes the release of NA (which is normally metabolized by 

MAO-A), resulting in hypertension and possibly a hypertensive crisis leading to 

cerebral hemorrhage (Bortolato et al. 2008). Thus foods containing high amounts 

of tyramine and related sympathomimetic amines must be avoided by patients 

taking these drugs. Reversible inhibitors of MAO-A (RIMAs) such as 

moclobemide usually do not lead to a hypertensive crisis since the enzyme can 

still partially metabolize tyramine in the gut (Krishnan, 2007). Another important 

adverse effect of MAOIs, serotonin syndrome, can occur when an MAOI is 

combined with other drugs that enhance serotonergic neurotransmission in the 

CNS. The syndrome produces restlessness, confusion, tremors, hyperpyrexia and 

diarrhea and can result in a coma (Nierenberg and Semprebon 1993). Drugs that 

may interact with MAOIs to produce serotonin syndrome include the selective-

serotonin reuptake inhibitors (SSRIs), tricylic antidepressants, meperidine and 

dextromethorphan (Nierenberg and Semprebon 1993). 

1.4. Phenelzine 

Although it is not usually used as a first line antidepressant agent, PLZ is 

effective in the pharmacotherapy of atypical depression (Quitkin et al. 1988, 

Quitkin et al. 1990), social anxiety disorder (Heimberg et al. 1998) and panic 

disorder (Ballenger, 1986). In animal models, PLZ has been observed to 

significantly reduce neuronal loss in transient forebrain ischemia (Wood et al. 

2006) and to reverse some of the neurochemical (NA, 5-HT, GABA) and 
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behavioral deficits in an animal model of multiple sclerosis (Musgrave et al., 2011 

a,b). 

Due to its irreversible inhibition of MAO, PLZ raises brain levels of 5-HT, 

DA, and NA (McKim et al. 1983, Baker et al. 1984, Blier et al. 1986, McKenna et 

al. 1991) and the trace amines β-phenylethylamine (PEA), tryptamine and 

tyramine (Philips and Boulton 1979). PLZ irreversibly inhibits both MAO 

isoenzymes. The proposed mechanism by which PLZ inhibits MAO involves 

oxidation by MAO to a reactive diazine metabolite that binds to the 4a carbon of 

the FAD cofactor (Holt et al, 2004).  

PLZ also inhibits the catabolic enzymes GABA-transaminase (GABA-T) and 

alanine transaminase (ALA-T), leading to a marked increase in brain levels of the 

amino acids γ-aminobutyric acid (GABA) (Popov and Matthies 1969, Baker et al. 

1991, McManus et al. 1992) and ALA (Tanay et al. 2001). The antianxiety effects 

of PLZ have been suggested to be due to its elevation of brain GABA (Paslawski 

et al. 1996). The proposed mechanism in which PLZ inhibits GABA-T and ALA-

T may be by binding to the pyridoxal L-phosphate (PLP) cofactor required by 

both enzymes as PLZ has been shown to inhibit a number of PLP-dependent 

enzymes (Dyck and Dewar 1986; Yu and Boulton 1992; Holt et al. 2004).  

In rats, PLZ has been reported to increase brain GABA levels to be 3-4 times 

control values (Popov and Matthies, 1969; Baker et al. 1991). Pre-administration 

of tranylcypromine (TCP) to inhibit MAO was observed to prevent the GABA-

elevating effects of PLZ, suggesting that an active metabolite of PLZ may be 

responsible for its GABA-elevating properties (Popov and Matthies 1969; Todd 
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and Baker, 1995). Acute and chronic administration of PLZ did not lead to 

changes in the expression of mRNA encoding for GABA-T or for GAD65 and 

GAD67, the rate limiting enzyme in GABA synthesis (Lai et al. 1998). Chronic 

administration of PLZ has been reported to lead to an increase in expression of 

mRNA for the GABA transporter-1 (GAT-1), which takes up GABA from the 

synaptic cleft (Lai et al. 1998) and may protect it from catabolism by GABA-T. 

Administration of PLZ has been shown to significantly reduce glutamatergic 

neurotransmission as it reduces potassium induced outflow of glutamate from the 

prefrontal cortex (Michael-Titus et al. 2000), and significantly reduces the 

glutamate-glutamine cycling rate (Yang and Shen 2005). However it is important 

to note that PLZ was also observed to have no significant effect on whole brain 

glutamate levels (Parent et al. 2000). More studies on PLZ's effect on 

glutamatergic transmission are required to determine why these inconsistencies 

are observed. Recently, the reactive aldehyde formaldehyde has been shown to 

decrease glutamate uptake in astrocytes, and PLZ has been shown to reverse this 

decrease in glutamate uptake (Song et al. 2010). 

PLZ also has other actions which may contribute to its neuroprotective effects. 

It is an inhibitor of primary amine oxidase (PrAO), formerly called 

semicarbazide-sensitive amine oxidase (SSAO) (Holt et al., 2004) and also 

sequesters reactive aldehydes (Wood et al., 2006). PrAO is responsible for 

oxidation of amines like methylamine and aminoacetone to potentially toxic 

reactive aldehydes (formaldehyde and methylglyoxal respectively). This amine 

oxidase has been reported to be overexpressed in Alzheimers' disease and a 
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variety of cardiovascular disorders (Yu et al., 2003; Chen et al., 2006; Jiang et al., 

2008). Other reactive aldehydes that have been proposed to be produced in 

excessive amounts in various neurodegenerative disorders include 3-

aminopropanal (3-AP), acrolein, 4-hydroxynonenol and malondialdehyde. 

Abnormally high levels of these aldehydes and their adducts have been reported 

in a variety of neurodegenerative disorders, including Alzheimer`s disease (Kuhla 

et al., 2005; Lovell et al., 2001; Gustaw-Rothenberg et al., 2010; Sinem at al., 

2010; Greilberger et al., 2008; Martin-Aragon et al., 2009; Casado et al., 2008; 

Markesbery and Lovell, 1998), Parkinson`s disease (Serra et al., 2009; Ilic et al., 

1999; Baillet et al., 2010; Selley, 1998; Chen et al., 2009), multiple sclerosis 

(Leung et al., 2011) and amyotrophic lateral sclerosis (ALS) (Baillet et al., 2010; 

Bonnefont-Rousselot et al., 2000; Oteiza et al., 1997; Ferrante et al., 1997; Smith 

et al., 1998; Simpson et al., 2004; Pedersen et al., 1998; Pedersen et al., 1999). 

Being a hydrazine, PLZ forms inactive hydrazones with aldehydes (Wood et al., 

2006). A similar sequestering action has also been shown with PEH, a proposed 

metabolite of PLZ (Clineschmidt and Horita, 1969a; Tipton and Spires, 1972; 

Binda et al., 2008; Mackenzie, 2009). Thus PLZ has a dual action, ie. inhibition of 

PrAO and direct sequestration that can counteract the deleterious effects of 

reactive aldehydes. 

1.5.  Metabolism of Phenelzine 

For a long time it was assumed that the main route of catabolism of PLZ is 

acetylation in the liver. This assumption was based on evidence that structurally 

related compounds such as isoniazid, hydrazine and many sulfa drugs are 
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metabolized by acetylation in the liver (Robinson et al. 1985). Early studies on 

PLZ metabolism suggested a link between the acetylator phenotype and PLZ’s 

therapeutic effect, although subsequent studies have failed to make an association 

between phenelzine treatment efficacy and acetylator status (Robinson et al. 

1985). Additional studies in the 1980s concluded that N-acetylphenelzine is only 

a minor metabolite (Robinson, 1985; Mozayani et al., 1988). However, evidence 

suggests that oxidation, N-methylation, and ring hydroxylation may be other steps 

in the metabolism of PLZ (Clineschmidt and Horita, 1969 a,b; Tipton and Spires, 

1972; Baker et al. 1999).  

In addition to being an inhibitor of MAO, PLZ is a substrate of MAO 

(Clineschmidt and Horita 1969a, 1969b). Steady-state plasma levels of PLZ 

increase gradually over 6-8 weeks of treatment as a greater percentage of MAO is 

inhibited (Robinson at al., 1978, 1980 ; Mallinger and Smith 1991). Inhibition of 

MAO prior to PLZ administration in rats negates its GABA-elevating properties 

in brain (Popov and Matthies 1969, Todd and Baker 1995), suggesting that an 

active metabolite of PLZ is responsible for this effect. Phenylethylidenehydrazine 

(PEH) (Figure 1) was suggested to be that metabolite (Tipton and Spires 1971; 

Patek and Hellerman 1974) and metabolism of PLZ to PEH has now been 

demonstrated in vitro and ex vivo (Mackenzie, 2009; Tipton and Spires, 1972; 

Matveychuk, Baker and Holt, unpublished). When administered to rodents, PEH 

leads to inhibition of GABA-T and elevations in brain GABA levels (Paslawski et 

al. 2001). PEH increases extracellular GABA in the striatum when administered 

to rats (Parent et. al, 2002), increases rat brain levels of ornithine (MacKenzie et 
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al., 2008) and has neuroprotective actions in a gerbil model of global ischemia 

(Todd et al., 1999; MacKenzie et al. 2011). Because of its ability to elevate brain 

GABA levels and to produce neuroprotective effects, PEH may be a useful drug 

in the treatment of a variety of psychiatric and neurological disorders, and such 

potential activity is currently being investigated by other researchers. Unlike PLZ, 

PEH only weakly inhibits MAO (Paslawski et al. 2001; Mackenzie et al., 2008), 

suggesting that PEH would lack the potential side effects of PLZ resulting from 

MAO inhibition. 

Another possible active metabolite of PLZ, the trace amine β-

phenylethylamine (PEA) (Figure 1), may also have important implications. PEA 

is called a trace amine because at physiological levels there is a very low 

concentration of PEA in the CNS relative to the catecholamines and 5-HT (Baker 

et al. 1982; Boulton, 1984). However, the turnover rate (synthesis and catabolism) 

of PEA is very rapid and thus the amount of PEA being processed by the brain is 

much larger than would be indicated by its absolute brain levels (Boulton, 1984). 

It can also cross the blood-brain barrier readily, and a deficiency of brain PEA has 

been implicated in depression (Dewhurst, 1968; Sabelli and Mosnaim, 1974; 

Boulton et al., 1984; Tomlinson and Baker, 2009). The discovery and cloning of a 

unique family of G protein coupled receptors, some of which are selectively 

activated by trace amines (Borowsky et al., 2001; Bunzow et al., 2001) has caused 

a flurry of research interest in PEA and other trace amines (Berry, 2007; Narang 

et al., 2011). Dyck et al. (1985), in studies with deuterated PLZ demonstrated that 

part of PLZ is converted to PEA in rats (Dyck et al. 1985). After acute 
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administration (1 and 2 days) of PLZ to rats, whole brain PEA levels are not 

significantly different from control values, but after chronic administration (19 

days), levels of PEA are markedly increased (Baker et al. 1982).  Since it has been 

proposed that a functional deficiency of PEA may be involved in the etiology of 

certain types of depression, elevation of PEA after chronic PLZ administration 

may contribute to the observed antidepressant effect. A major metabolite of PLZ 

identified in urine samples of human subjects taking PLZ is phenylacetic acid 

(PAA) (Robinson et al., 1985), the major metabolite of PEA. Studies with 

radiolabelled PLZ incubated with rat liver homogenates and in urine of rats 

treated with radiolabelled PLZ also reported PAA as a major metabolite of PLZ 

(Clineschmidt and Horita, 1969a,b), although it was suggested by Clineschmidt 

and Horita (1969a) that the PAA might be formed from an intermediate 

metabolite such as PEH. 

1.6. Phenelzine and Weight Gain 

There have been reports in the literature that γ-vinylGABA (vigabatrin), a 

GABA-T inhibitor, decreases weight gain in Sprague-Dawley rats and in Zucker 

fatty rats (Huot and Palfreyman, 1982; Morgan and Dewey, 1998; De Marco et al. 

2008). Since PLZ is an even stronger inhibitor of GABA-T than vigabatrin (Todd 

and Baker, 2008) and is a more potent elevator of GABA levels (Yang and Shen, 

2005), it was of interest to determine its effects on weight gain in rats.  
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1.7. Chromatography 

 Chromatography is a technique used to separate mixtures and to identify 

and quantify substances of interest. Gas chromatography (GC) with electron 

capture detection (ECD) and high-performance liquid chromatography (HPLC) 

with fluorescence detection were used in this thesis for analysis of PLZ 

metabolites and amino acids, respectively.  

1.7.1 Gas chromatography (GC) 

 The technique of GC involves vaporization of a sample and separation of 

its components in a specialized chromatography column, followed by 

identification and quantification of the individual components. Compounds 

analyzed in GC must be volatile. However, heat stability is required so that the 

compound of interest is not altered by high oven temperatures. Chemical 

derivatization of a compound is often employed to produce a derivative with the 

desired properties of greater volatility, heat stability, and sensitivity to detection 

(Sparkman et al., 2011). 

 There are two phases used in GC, a mobile and a stationary phase. The 

mobile phase consists of a inert carrier gas such as helium, nitrogen or hydrogen 

that is used to carry the sample from the injector site, through the column and to 

the detector (Sparkman et al. 2011). The stationary phase is a nonvolatile liquid 

that lines the analytical column. Individual components of the analyte are 

separated based on differential affinities for the stationary phase (Skoog et al., 

1996a). Compounds that have a high affinity for the stationary phase remain in 



14 
 

the column longer and have a greater retention time than compounds that have a 

low affinity for the stationary phase. Compounds that elute close together in time 

can be separated by the use of a specific oven temperature program that has a 

specific rate or pattern of temperature increase. Variations in temperature can alter 

the retention times of compounds relative to one another. 

 Electron capture detection (ECD) is a highly sensitive method of detection 

that detects compounds containing electron-absorbing components. A radioactive 

isotope (such as 
63

Ni) is used to create a source of electrons by continuous beta 

decay. The beta particles act on the makeup gas (argon-methane in our case) at the 

detector to produce electrons. The electrons generated migrate to the anode and 

create a baseline level of current. Absorption of electrons by gaseous analytes 

disrupts the baseline level of current, and this is recorded as a peak (Dybowski 

and Kaiser 2002). Although the ECD is very sensitive, often compounds of 

interest do not contain electrophilic groups and must be derivatized to add such 

groups; this was the case in the analyses reported in this thesis. GC-ECD was used 

in this thesis to measure brain and liver levels of PEH, PEA, and PAA following 

assay-specific methods of derivatization. 

1.7.2. High performance liquid chromatography (HPLC) 

 HPLC has an advantage over GC in that it does not require a sample to be 

volatile or heat stable and can be run at room temperature. HPLC involves 

separation of a mixture of compounds using a liquid mobile phase on a solid 

analytical column (stationary phase) (Odontiadis and Rauw, 2007). A sample is 



15 
 

introduced into the liquid mobile phase and separation of the compound is 

achieved through differential interactions of the individual components with the 

solid stationary phase of the analytical column and the liquid mobile phase 

(Skoog et al. 1996b). Gradient elution refers to the programmed use of two or 

more mobile phases in a time-dependent manner in order to achieve adequate 

compound separation and a desired retention time. Gradient elution was used in 

this thesis. 

  In the studies reported in this thesis, a fluorescence detector was 

used in combination with HPLC to measure levels of amino acids in brain. In this 

type of detection, the compound is excited with electromagnetic energy from the 

ultraviolet (UV) spectrum and emits energy at a longer wavelength (largely in the 

visible spectrum) (Baker et al., 1985). A fluorescence detector detects the amount 

of energy emitted by the derivatized compound. Derivatization of compounds of 

interest with fluorescent reagents is often done to introduce fluorescent groups, 

and such derivatization of amino acids was utilized in the studies reported here. 

 

1.8. Objectives and Hypotheses 

The objectives of the studies reported in this thesis were to study the 

formation of PEA and PAA from PLZ and PEH in rat brain. The effects of PLZ 

and PEH on amino acid levels in rat brain were also compared directly at a 

number of time intervals. The effects of chronic administration of PLZ on brain 

amino acid levels and weight gain in rats were also investigated.  
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The following hypotheses were put forward: 

-Both PLZ and PEH will be metabolized to PEA, but the effect will be much 

greater with PLZ 

-Both PLZ and PEH will be metabolized to PAA, but the effect will be greater 

with PLZ. 

-PLZ and PEH will have similar effects on rat brain levels of amino acids, but the 

effects of PLZ, but not PEH, will be blocked by inhibition of MAO prior to 

administration of PLZ. 

-After chronic administration of PLZ (1 week and 3 weeks), its effects on alanine 

and GABA will diminish, presumably because of increased inhibition of MAO, 

the enzyme that converts it to PEH. 

-PLZ will decrease weight gain in rats. 
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2.0.  METHODS 

2.1.  General Methods 

2.1.1 Animals 

 All animal procedures employed were approved by the University of 

Alberta Biosciences Animal Policy and Welfare Committee and were performed 

according to the guidelines set forth by the Canadian Council on Animal Care. 

Male Sprague-Dawley rats weighing 200-300g were housed in pairs in 

polycarbonate cages with free access to food (Purina Rat Chow) and water. 

Temperature was controlled at 19-21°C and a 12h light-dark cycle was 

maintained. 

2.1.2 Drug Administration 

 All drugs were administered by intraperitoneal (i.p.) injection. PEH was 

synthesized at the University of Alberta (Dr. E. E. Knaus, Faculty of Pharmacy 

and Pharmaceutical Sciences for synthetic details). For the acute administration 

studies, rats were injected with PLZ sulfate (30mg/kg in distilled water) or PEH 

(30mg/kg in pure corn oil, Mazola brand) or their respective vehicle solutions 

(saline or corn oil) and were euthanized by decapitation 1hr, 3 hr or 6 hr after drug 

administration. For the chronic PLZ administration study, rats were injected daily 

in the morning with PLZ sulfate (15mg/kg i.p.) for 1 week or 3 weeks, and the 

rats were euthanized 24 hr after the last treatment of PLZ. In the chronic studies a 

dose of 15mg/kg PLZ was used since preliminary studies by members of the 

Neurochemical Research Unit had suggested that the 30mg/kg dose might cause 
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excessive weight loss. In addition, previous studies in the Neurochemical 

Research Unit had also shown that both doses of PLZ produced similar effects on 

amino acid levels after acute administration. For acute studies in which TCP was 

used to pre-inhibit MAO, TCP or vehicle (saline) was injected 1hr before PLZ or 

PEH treatment, and animals were euthanized by decapitation at 0.5 hr or 1 hr 

following PLZ or PEH administration. After decapitation, livers and brains were 

quickly removed and flash-frozen in 2-methlybutane on dry ice, then stored in 

containers on dry ice. The containers were then stored at -80°C until analysis. 

2.1.3 Ex vivo determination of PEH in liver 

 Partially thawed liver tissue was homogenized in 8 volumes of ice-cold 

methanol (MeOH). A portion (1ml) of this homogenate was used in the assay. For 

the standard curves, standard dilutions of PEH in MeOH were added to 1ml 

aliquots of naïve homogenate. MeOH (20µl) was also added to each PEH-treated 

sample in order to keep the amount of MeOH constant between the standards and 

the samples. All homogenates were vortexed, then centrifuged at 13000g at 4°C 

for 10 min to precipitate protein. The supernatant (500µl) for the standards, blank, 

and samples was pipetted into a Savant size (10x100mm) drying tubes. 

Pentafluorobenzaldehyde (PFBA) (10µl) was added to each tube. The tubes were 

capped, vortexed and left to stand for 30 min in the dark. Solutions in the tubes 

were then taken to dryness in a Savant evaporator at ambient temperature. The 

residue was then reconstituted in 200µl of cylcohexane. The solution was then 

transferred to microfuge tubes and centrifuged at 13000g for 5 min. The 
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supernatant was transferred to GC inserts and 2ul were injected into a GC-ECD. 

The structure of the final derivative is shown in Figure 2.  

 An Agilent 6890 Series GC system was used with a HP-5MS column 

(length = 30m, internal diameter = 0.250mm, film thickness = 0.25 µm) and a 

micro-electron capture detector (ECD; Agilent). The carrier gas was helium, and 

argon-methane (95% argon: 5% methane) gas was used as the makeup gas at the 

ECD. The injector temperature was 250°C. At initial conditions, the oven 

temperature was set at 80°C, and increased at a rate of 15°C/min until a final 

temperature of 290°C was reached. The oven was held at the final temperature of 

290°C for 10 minutes before returning to initial conditions.  

2.1.4 Ex vivo determination of PEA 

 Partially thawed tissues were homogenized in 5 volumes of 0.1N HClO4 

for brain tissue and in 0.4N HClO4 for liver tissue. Homogenized samples were 

centrifuged at 12000 xg for 5 min at 4°C. To large tubes on ice 2ml of 0.1N 

HClO4 (brain) or 0.4N HClO4 (liver) were added for the standard curve and 

blanks. Internal standard benzylamine (BZA) (5µl= 50ng) was added to all tubes 

including the blank. Supernatants (0.1-2ml) of the brain and liver samples were 

added to tubes for the unknown samples. Appropriate dilutions of standard 

concentrations of PEA (diluted in Millipore-filtered water [MP H2O]) were then 

added to the standard tubes. All tubes were then vortexed and the solutions 

basified with solid NaHCO3 in excess, and then vortexed again thoroughly. The 

derivatizing reagent solution containing pentafluorobenzenesulfonyl chloride 
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(PFBS; 9ml of ethyl acetate: 1ml acetonitrile: 10µl of PFBS) was mixed and 4ml 

was added to each tube. Afterwards, the tubes were shaken for 5 min, and 

centrifuged for 5 min at 2000xg. Most of the top layer (organic) was removed into 

drying tubes (with care not to include any of the aqueous layer) and then left to 

dry in a Savant evaporator at ambient temperature. The residue was reconstituted 

in 100µl of toluene and the solution was transferred to microfuge tubes and 

centrifuged at 12000 xg for 5 min. The supernatant was transferred to GC inserts 

and 2µl were injected into a GC-ECD. 

 An Agilent 6890 Series GC system was used with a HP-5MS column 

(length = 30m, internal diameter = 0.250mm, film thickness = 0.25 µm) and a 

micro-electron capture detector (ECD; Agilent). The carrier gas was helium, and 

argon-methane (95% argon: 5% methane) gas was used as the makeup gas at the 

ECD. The injector temperature was 230°C. At initial conditions, the oven 

temperature was set at 100°C, and increased at a rate of 25°C/min until a final 

temperature of 295°C was reached. The oven was held at the final temperature of 

295°C for 5 minutes before returning to initial conditions. The structure of 

derivatized PEA is shown in Figure 3. 

2.1.5 Ex vivo determination of PAA 

 Partially thawed brains were homogenized in 5 volumes of 0.1N HClO4. 

Homogenates (1.5ml) were then centrifuged at 12000 xg at 0-4°C for 5 min. To 

tubes (15x100 mm) on ice, 1ml of 0.1N HClO4 (brain) was added for the 

standards and the blank, and 1ml of supernatant was added for the brain samples. 
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The internal standard p-chlorophenylacetic acid (pCPAA) (5µl= 50ng) was added 

to all the tubes. Appropriate standard dilutions of PAA (in MP H2O) were then 

added to the standard tubes. All tubes were then vortexed. Sodium phosphate 

buffer (21.48 g NaH2PO4, 3.16g Na2HPO4, 100ml of MP H2O) (1ml) of pH 5 to 6 

(checked by a pH indicator strip) was added to each tube, and the tubes were 

vortexed. N,N'-Dicyclohexylcarbodiimide (DCC) solution (900µl toluene, 100µl 

acetonitrile, 5µl DCC) (200µl) was then added to each tube. Following the 

addition of the DCC solution, 200µl of the derivatizing agent pentafluorophenol 

(PFPhOH) (900µl toluene, 100µl acetonitrile, 5µl PFPhOH) was added. The tubes 

were then shaken for 20 min and centrifuged at 2000xg for 5 min. The top layer 

(organic) was then transferred to 2ml microfuge tubes, and 400µl of 0.5N NH4OH 

was then added to each microfuge tube, and the tubes were vortexed, then 

centrifuged at 12000xg for 4 min. Part of the top layer (organic) was transferred to 

GC vials and 2µl was injected on a GC-ECD.  

An Agilent 6890 Series GC system was used with a HP-5MS column 

(length = 30m, internal diameter = 0.250mm, film thickness = 0.25 µm) and a 

micro-electron capture detector (ECD; Agilent). The carrier gas was helium, and 

argon-methane (95% argon: 5% methane) gas was used as the makeup gas at the 

ECD. The injector temperature was 250°C. At initial conditions, the oven 

temperature was set at 100°C, and increased at a rate of 15°C/min until a final 

temperature of 295°C was reached. The oven was held at the final temperature of 

295°C for 15 minutes before returning to initial conditions. The structure of 

derivatized PAA is shown in Figure 4. 
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Figure 2. Derivatization of PEH with pentafluorobenzaldehyde. 
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2-phenylethylamine        pentafluorobenzenesulfonyl chloride 

 

Figure 3. Derivatization of PEA with pentafluorobenzenesulfonyl chloride 
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Figure 4. Derivatization of PAA with pentafluorophenol produces a fluorinated 

ester. 
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2.1.6 Ex vivo determination of whole brain amino acid levels 

 Whole brain levels of the amino acids L-aspartate, L-glutamate, L-serine, 

D-serine, L-glutamine, glycine, L-arginine, L-taurine, ALA, and GABA were 

analyzed by HPLC using a slight modification of the procedure developed by 

Grant et al (2006) which uses o-pthalaldehyde (OPA) and N-isobutryl-L-cysteine 

(IBLC) as derivatizing reagents. Partially thawed brain tissues were homogenized 

in 5 volumes of ice-cold MP H2O. Homogenate (100µl) was added to 400µl of 

ice-cold MeOH in microfuge tubes, and the solution was vortexed and left to 

stand for 10 min. The microfuge tubes were then centrifuged at 12000xg for 5 min 

at 4°C. A portion of the supernatant (100µl) was removed and added to 100µl of 

MP H2O and the resultant solution was vortexed and transferred to HPLC vials. 

Supernatant (5µl) was reacted with a 5µl mixture of OPA/IBLC in the injection 

loop of a Waters Alliance 2690XE system for 5min before injection into the 

analytical column. Preparation of the OPA/IBLC mixture involved dissolving 

2mg of OPA and 3mg of IBLC in 150µl of methanol, followed by the addition of 

1350µl of 0.1M sodium borate buffer, and the resulting solution was vortexed. All 

samples were stored at 4°C before derivatization.  

 Derivatized amino acids were quantified by HPLC in combination with 

fluorescence detection. Compounds were separated using a Waters Alliance 2695 

system using a Symmetry C18 5µm (4.6 x 150mm) column connected to a 

Symmetry C18 guard column. The temperature of the system was maintained at 

30°C. Two mobile phases were used and were filtered under a vacuum using 

0.2µm filters. Mobile phase A consisted of 85% 0.04M Na phosphate buffer and 
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15% methanol, with pH adjusted to 6.2 using a phosphoric acid solution. Mobile 

phase B consisted of 53.4% 0.04M Na phosphate buffer, 44.2% methanol and 

2.4% tetrahydrofuran, with pH adjusted to 6.2 with NaOH solution.  

 The relative amounts of mobile phases used was time programmed. At 

starting conditions the mobile phase consisted of 85% mobile phase A and 15% 

mobile phase B. Over a time period of 35min the composition of mobile phases 

was shifted to 100% mobile phase B, which was maintained for 10 minutes before 

returning to initial conditions. The flow rate was 0.5ml/min. A Waters 474 

fluorescence detector was used to measure the energy emitted by the amino acid 

derivatives. The detector was set to an excitation wavelength of 344nm and an 

emission wavelength of 443 nm. The Empower Pro software package (Waters) 

was used to collect data. A standard curve was obtained by running standard 

concentrations of amino acids of interest with each assay run. The general 

structure of the derivatized amino acids is shown in Figure 5. 

2.1.7. Statistical Analysis 

 The data were analyzed by either one-way or two-way ANOVA followed 

by independent t-tests for single pair comparisons or by the Newman-Keuls test 

for comparing multiple means. A probability value (p-value) of <0.05 indicated 

statistical significance. 
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Figure 5. General structure of the derivatized amino acids using the method 

described here. 
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3.0. RESULTS 

3.1. PEH levels in liver of PEH- and PLZ-treated animals following acute i.p. 

administration 

A typical standard curve for the PEH assay is shown in Figure 6. 

 Results from acute administration with PEH indicate that liver levels of 

PEH steadily decline with time after acute PEH administration. One hour 

following a single i.p. injection of PEH (30mg/kg), levels of PEH in liver were 

9198 ± 1218 ng/g (mean ± SE). At 6hrs following i.p. injection of PEH 

(30mg/kg), levels of PEH were (1775 ± 336 ng/g). Acute PLZ treatment produces 

marked increases levels of PEH in liver, indicating that PLZ is metabolized to 

PEH in vivo. Liver levels of PEH in PLZ-treated animals were observed to 

steadily decrease with time. One hour following a single i.p. injection of PLZ 

(30mg/kg), liver levels of PEH were 12131  ± 887 ng/g. At 6hrs following i.p. 

injection of PLZ (30mg/kg), liver levels of PEH were reduced to 1242 ± 180 ng/g. 

Data for acute administration of PEH and PLZ are shown in Figure 7. Brain levels 

of PEH were not measured in these studies since the brain tissue was required for 

analyses of PAA and PEA. MacKenzie (2009) had already shown similar levels to 

the ones reported here for brain levels of PEH, and liver levels were measured 

here to demonstrate that the PLZ and PEH had been administered effectively. 
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Figure 6. Typical standard curve for the PEH assay. 
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Figure 7. PEH levels in liver after administration of PLZ or PEH (30mg/kg). 

Results are means ± SEM (N = 5)   
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3.2. PEA levels in brain and liver of PEH- and PLZ-treated animals following 

acute i.p. administration 

A typical standard curve for the PEA assay is shown in Figure 8. 

 Brain levels of PEA were slightly increased 1hr after administration of 

either 30mg/kg of PLZ or 30mg/kg of PEH (5.7 ± 0.7 ng/g and 2.6 ± 0.3 ng/g 

respectively) compared to control values of PEA (0.8 ± 0.3 ng/g). This indicates 

that some of PLZ and PEH is metabolized to PEA in vivo in brain. The levels 

decreased to control values with both drugs at 3h and 6h. 

 Liver levels of PEA were also increased following i.p. administration of 

PLZ. One hour after i.p. injection of PLZ (30mg/kg), PEA levels in liver were 

increased to 42.3 ± 8.8 ng/g (control values of PEA were 12.4 ± 10.9 ng/g). At 

6hrs following injection of PLZ, liver levels of PEA were reduced to 13.9 ± 0.5 

ng/g compared to control values of 3.8 ± 0.5 ng/g. Liver levels of PEA for PEH-

treated animals (30mg/kg) were not significantly different from control values at 

the time periods of 1hr, 3hr and 6hr after injection. Thus it appears that PEA is 

formed to a small extent from PLZ in liver and apparently not at all from PEH in 

this organ. The liver is the major metabolizing organ in the body and contains 

high activity of MAO: PEA is an excellent substrate for MAO and is probably 

metabolized very quickly after being formed; thus it was important to also 

conduct these studies in the presence of previous inhibition of MAO. 
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Figure 8. Typical standard curve for the PEA assay. 
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3.3. PAA levels in rat brain after administration of PLZ and PEH 

A typical standard curve for the PAA assay is shown in Figure 9. 

 Marked increases in brain levels of PAA were observed 1h after treatment 

with each drug, but the effect was greater with PLZ administration (Figure 10). 

PAA is cleared rapidly from the brain and was not different from control levels at 

3 or 6h after drug administration.  

 

 

Figure 9. Typical standard curve for the PAA assay. 
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Figure 10. Whole brain levels of PAA (mean ± SEM) in PEH or PLZ treated 

animals. N=3-5 for each group and the rats were euthanized 1 hour after drug 

administration.  (Done in collaboration with H. Banasch). * = significantly 

different from VEH/VEH; #= significantly different from VEH/PLZ. 
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3.4. Effect of prior MAO inhibition on levels of PEA in brain and liver of rats 

treated with PLZ and PEH 

 Prior inhibition of MAO by tranylcypromine (TCP) led to massive 

increases in brain levels of PEA for PLZ-treated animals and led to much smaller 

increases in brain PEA levels for PEH-treated animals which appear to be due 

primarily to the inhibition of MAO by TCP. TCP (1mg/kg) was administered by 

i.p. injection 1hr before i.p. injection of either PLZ or PEH treatment (30mg/kg) 

and animals were euthanized at 0.5hr and 1hr following PLZ or PEH 

administration. Brain levels of PEA in PLZ-treated animals (30mg/kg) pre-

inhibited by TCP (1mg/kg) were massively increased to 470.6 ± 113.1 ng/g at 

0.5hr and 712 ± 115.4 ng/g at 1hr compared to control VEH/PLZ levels of 3.5 ± 

0.7 ng/g (0.5 hr) and 5.7 ± 1.7 ng/g (1hr). This demonstrates that under 

circumstances of acute administration of PLZ, large amounts of PLZ are 

converted to PEA, which is rapidly catabolized by MAO since pre-inhibition of 

MAO with TCP leads to massive increases of PEA in rat brain (much greater than 

produced by inhibition of MAO by TCP alone). Brain levels of PEA in PEH-

treated animals (30mg/kg) pre-inhibited by TCP (1mg/kg) were slightly increased 

to 18.1 ± 6.0 ng/g at 1hr compared to VEH/PEH levels of 2.6 ± 0.3 and 

VEH/VEH levels of 0.8 ± 0.3 (there were no TCP/PEH treated animals at 0.5hr).  

However, brain levels of PEA in this case were not significantly higher than those 

produced by TCP alone, indicating that the increase in PEA levels in the 

TCP/PEH animals was due primarily to the MAO-inhibiting effect of  TCP and 
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that conversion of PEH to PEA was minimal.  The brain results are shown in 

Figures 11 and 12. 

 

 

Figure 11. PEA levels in rat brain following injection of TCP (1 hour) and PLZ (1 

hour). Results are means ± SEM (N=6). VEH/PLZ, TCP/VEH and TCP/PLZ 

values are all significantly different from control (VEH/VEH) values. 
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Figure 12. PEA levels in rat brain following injection of TCP (1 hour) and PEH (1 

hour). Results are means ± SEM (N=6). *= significantly different from VEH/VEH 

values; #= significantly different from VEH/PEH values.  
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3.5. Amino Acids in Rat Brain after Acute Administration of PLZ and PEH 

The assay used provides good separation of amino acids of interest (Figure 13). 

Typical standard curves for each of the amino acids are shown in Figures 14 to 

23. 

 

 

Figure 13. Example of an HPLC amino acid trace from the assay used for analysis 

of amino acid levels. ASP = L-aspartate; GLU =L-glutamate; L-SER = L-serine; 

D-SER = D-serine; GLN = L-glutamine; GLY = glycine; ARG = L-arginine; 

TAUR = L-taurine; ALA =L-alanine; GABA = γ-aminobutyric acid.  Hereafter in 

the thesis, D- and L- are only used with D- and L-serine.   
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Figure 14. Typical standard curve for alanine. 

 

Figure 15. Typical standard curve for arginine. 
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Figure 16. Typical standard curve for aspartate. 

 

Figure 17. Typical standard curve for GABA. 
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Figure 18. Typical standard curve for glutamate. 

 

Figure 19. Typical standard curve for glutamine. 
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Figure 20. Typical standard curve for glycine. 

 

Figure 21. Typical standard curve for L-serine. 
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Figure 22. Typical standard curve for D-serine. 

 

Figure 23. Typical standard curve for taurine. 
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 Amino acids in rat brain were measured after acute administration of PLZ 

(30mg/kg) or PEH (30mg/kg) at time intervals of 1hr, 3hrs and 6hrs after 

treatment administration. Whole brain levels of the amino acids glutamine (GLN) 

and glycine (GLY) were decreased at 3hrs and 6hrs  following administration of 

PLZ (30mg/kg), and levels of ALA and GABA  progressively increased with time 

following administration of PLZ (30mg/kg). L-Serine levels were decreased at 3 

and 6hrs.  Results are shown in Figures 24, 26 and 28. 

 Whole brain levels of amino acids following administration of PEH 

(30mg/kg) at 1hr, 3hr and 6hr are shown in figures 25, 27 and 29. Levels of GLN 

and L-serine were  decreased at 3hr and 6hr. Levels of GLY were not significantly 

changed after administration of PEH. Whole brain levels of ALA and GABA 

were increased at 1hr, 3hrs and 6hrs. The largest increase of ALA and GABA was 

observed at 6hr.  

3.6. Effect of Prior MAO Inhibition on Amino Acid Levels in Rat Brain 

 When MAO was inhibited by TCP prior to administration of PLZ, levels 

of ALA and GABA were not increased above control levels, GLY levels returned 

to control levels and GLN levels remained reduced (Figures 30 and 31).  When 

MAO was inhibited by TCP prior to administration of PEH, levels of ALA and 

GABA remained increased (Figures 32 and 33). 
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Figure 24. Amino acids in brain (means ± SEM, N=3) 1hr after administration of 

30mg/kg PLZ 

. *= significantly different from control values. 

 

Figure 25. Amino acids in brain (means ± SEM, N=4) 1hr after administration of 

30mg/kg PEH. 

*= significantly different from control values. 
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Figure 26. Amino acids in brain (means ± SEM, N=6) 3hr after administration of 

30mg/kg PLZ. 

*= significantly different from control values. 

 

Figure 27. Amino acids in brain (means ± SEM, N=4) 3hr after administration of 

30mg/kg PEH. 

*= significantly different from control values. 
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Figure 28. Amino acids in brain (means ± SEM, N=5) 6hr after administration of 

30mg/kg PLZ. 

*= significantly different from control values. 

 

Figure 29. Amino acids in brain (means ± SEM, N=4) 6hr after administration of 

30mg/kg PEH. 

*= significantly different from control values.  
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Figure 30. Amino acids in brain 1hr after administration of VEH/PLZ (30mg/kg). 

Results are means ± SEM (N=5). 

*= significantly different from control values. 

 

Figure 31. Amino acids (means ± SEM, N=5) in brain 1hr after administration of 

TCP/PLZ (30mg/kg). 

*= significantly different from control values. 
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Figure 32. Amino acids in brain (means ± SEM, N=5) 1hr after administration of 

VEH/PEH (30mg/kg).  

*= significantly different from control values. 

 

Figure 33. Amino acids (means ± SEM, N=5) in brain 1hr after administration of 

TCP/PEH (30mg/kg). TCP has no effect on PEH-induced changes in amino acid 

levels. 

*= significantly different from control values. 
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3.7. Effects of chronic PLZ on weight gain and brain amino acid levels in 

rats. 

 PLZ (15 mg/kg ip) produced a reduction in weight gain compared to 

vehicle-treated rats that was significant by day 3. The reduction in weight gain 

was persistent for the remainder of the 3 week period studied. Results are shown 

in Figures 34 and 35. 

 Amino acid levels (work done in collaboration with I. Armstrong) were 

also measured in the brains of these rats 24 h after administration of the last (7 

day or 21 day) dose of PLZ. At 1 week the levels of the amino acids were quite 

different from those at 3 weeks, with levels of aspartate, L-serine, D-serine, GLN, 

GLY and arginine decreased.  GABA levels had actually decreased to below 

control levels (Figure 36). At 3 weeks, GLN levels were still reduced compared to 

control values, and ALA and GABA levels were much reduced compared to the 

peak values in the acute PLZ-treated rats (Figure 37).  

 PAA levels were also measured in the brains treated for 1 week and 3 

weeks with PLZ and were not significantly different from values in the vehicle-

treated controls. Values were 6.4 ± 0.6 (vehicles) and 9.7 ± 2.9 (PLZ) at 1 week 

and 7.1 ± 1.5 (vehicles) and 3.1 ± 0.6 (PLZ) at 3 weeks. In these chronic studies 

there was a peak that showed up and interfered with the PEH analysis; we were 

unable to separate that peak from PEH and thus PEH levels were not recorded. 

There was not sufficient tissue left to measure PEA levels after all the other 

measurements mentioned above were done.  
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Figure 34. Weights of rats (as % of vehicle controls, means ± SEM, N=6) over 

3wks of treatment with PLZ (15mg/kg ip.). 

*= significantly different from control values. 

 

Figure 35. Daily weights of rats over 3wks of daily treatment with PLZ (15 mg/kg 

ip.). 

0.0 

50.0 

100.0 

150.0 

200.0 

250.0 

300.0 

350.0 

400.0 

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 

W
e

ig
h

t 
(g

) 

Day 

VEH 7day 

PLZ 7day 

VEH 3week 

PLZ 3week 



52 
 

 

Figure 36. Rat brain levels of amino acids 1 week after daily administration of 

PLZ (15mg/kg ip.). 

*= significantly different from control values. 

 

Figure 37. Rat brain levels of amino acids 3weeks after daily administration of 

PLZ (15mg/kg ip.). 

*= significantly different from control values. 



53 
 

4.0. DISCUSSION 

 The findings in rat liver after acute administration of PLZ (30mg/kg) show 

extensive conversion of PLZ to PEH (Fig. 7). These results are similar to those 

found in brain by MacKenzie (2009) and highlight the marked metabolism of PLZ 

into the metabolite PEH. Recent mass spectrometric analysis (Matveychuk, Holt 

and Baker, unpublished) has shown that in the assay procedure described here the 

final derivative is actually converted to a hydrazine derivative that is proportional 

to the amount of PEH present, ie. it is an indirect assay. Using another assay, 

those researchers have also shown that PEH is formed from PLZ when PLZ is 

incubated with human MAO-B. 

 The studies on formation of PEA from PLZ (Fig. 11) in the absence and 

the presence of TCP indicate that PEA is also an important metabolite of PLZ, but 

that it is rapidly metabolized by MAO as it is formed. A similar formation of 

amphetamine from the hydrazine analogue of amphetamine (pheniprazine) has 

been reported (Cristofoli et al., 1982), but the enzyme responsible was not 

identified. There also appears to be some PEA formed from PEH, but to a much 

lesser extent than from PLZ (Fig. 12). PEA may contribute to the antidepressant 

effects of PLZ since it has been proposed to have antidepressant-like effects in lab 

animals (Dewhurst, 1968) and to be excreted in lower amounts in depressed 

patients than in controls (Sabelli and Mosnaim, 1974; Boulton and Milward, 

1971). MAO-B knockout mice have a profound increase in central levels of PEA; 

these mice display behavioral characteristics similar to those induced by clinically 

effective antidepressants (Berry, 2007). In a clinical study, the MAO-B inhibitor 
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(-)deprenyl was combined with phenylalanine (a precursor of PEA) and was 

reported to reduce depressive symptoms in 70% of patients (Sabelli et al. 1996).  

Baker et al. (1982), in a study in rats, found an increase to 3 times brain control 

PEA levels after 8 days of administration of PLZ, but a massive increase (30 fold) 

after 19 days of PLZ administration, suggesting that after chronic administration 

of PLZ, PEA levels in brain may be high enough to contribute to the 

antidepressant effect of PLZ.   

 It is interesting that PAA is formed from both PLZ and PEH. The possible 

metabolic routes of PLZ are summarized in Figure 38. PAA is the major 

metabolite of PEA under normal circumstances. Clineschmidt and Horita 

(1969a,b) reported PAA as a major metabolite of PLZ in vitro in rat liver 

homogenates and in urine samples collected from rats treated with radiolabelled 

PLZ, but suggested that it may have come from an intermediate metabolite such 

as PEH. Robinson et al. (1985) reported that PAA was a major metabolite in urine 

of patients treated with a single dose of PLZ but did not measure PEH levels. 

Robinson et al. also found large amounts of p-hydroxyPAA but did not speculate 

on the origin of that potential metabolite. However, Kennedy et al. (2009) have 

speculated that it could arise from hydroxylation of PAA, from hydroxylation of 

PEA to p-tyramine followed by metabolism of p-tyramine to p-hydroxyPAA or by 

hydroxylation of PEH and then conversion to p-hydroxyPAA; none of these steps 

has been investigated. I did not find significant increases in brain levels of PAA in 

the brains of rats treated with PLZ for either 1 or 3 weeks, but this may be 
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because PAA is rapidly conjugated and cleared from the brain by a transport 

system after being formed (Dyck et al., 1993). 

 

 

 

Figure 38. Proposed metabolism of phenelzine (PLZ). PEH = 

phenylethylidenehydrazine; PEA = 2-phenylethylamine; PAA = phenylacetic 

acid.  

 

 

 

enzyme? 



56 
 

 In the acute administration studies, both PLZ and PEH produced changes 

in brain levels of several amino acids, particularly GABA, ALA, and GLN. The 

importance of the observed changes of these amino acids is that they may be 

related to changes in brain functioning. Alanine is a weak coagonist at the NMDA 

glutamate receptor (McBain et al. 1989). Glutamine is interconvertable with 

glutamate metabolically (Nestler et al., 2001). Glycine acts as a neurotransmitter 

and mediates inhibition in spinal cord motor neurons, but in higher brain regions 

acts as a coagonist at excitatory NMDA receptors (Mogaddam and Javitt, 2012). 

GABA is the major inhibitory neurotransmitter in the CNS (Olsen and DeLorey, 

1999). D-Serine is a coagonist at the NMDA glutamate receptor and is actually 

more potent than GLY in this regard (Labrie et al., 2010); it is formed 

metabolically from L-serine via the enzyme serine racemase (Labrie et al., 2009).  

The increases in brain levels of ALA and GABA are due, at least in part, 

to inhibition of alanine transaminase and GABA-T, respectively, as discussed 

earlier in this thesis. The decrease in levels of GLN may be indicative of effects of 

PLZ or PEH on both glia and neurons. Glutamate from the synapse is taken up by 

glia and converted to GLN by glutamine synthetase. The GLN can then pass to 

the neurons where it is converted to GLU by glutaminase (Nestler et al., 2001). It 

is possible that PLZ and PEH can alter the activity of one or both of these 

enzymes and/or reduce uptake of glutamate into glia, reducing the amount 

available in glia to be converted to GLN.  

PLZ causes a decrease in brain levels of GLY, a coagonist at the NMDA 

glutamate receptor. There is a great deal of evidence available now suggesting 
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hyperactivity of the NMDA receptor in depression (Gur and Arnold, 2009), and 

the NMDA receptor antagonist ketamine has been shown to produce very rapid 

antidepressant effects after intravenous administration (Zarate et al., 2006; 

Machado-Vieira et al., 2008; Sanacora et al., 2008). However nobody, to my 

knowledge, has looked at the effects of ketamine on levels of GLY, a coagonist 

required in order for the NMDA receptor to function. PLZ produced a decrease in 

GLY levels at all time intervals studied except 1hr and 3 weeks. 

 The acute study on levels of amino acids in brain after administration of 

PLZ and PEH in the presence and absence of TCP pretreatment (Figures 30-33) 

indicate that changes in levels of GABA and ALA, but not GLN, observed in 

brains of rats treated with PLZ are actually related to its conversion to PEH, since 

TCP blocks formation of PEH from PLZ. It would appear that both PLZ and PEH 

contribute to the reduction of GLN levels. As expected, prior treatment with TCP 

had no effect on the amino acid level changes produced by PEH, providing further 

support that PEH, unlike PLZ, is not a substrate of MAO. It is interesting that 

chronic administration of PLZ for 1 week results in a reduction of brain levels of 

several amino acids, including, surprisingly, GABA. The reason for the 

“overshoot” depletion of GABA levels is not clear at this time. Recent studies in 

the Neurochemical Research Unit (Matveychuk and Baker, unpublished) on 1 

week administration of PEH (30mg/kg) showed that PEH had similar effects to 

PLZ  in depleting D-serine, GLY and GLN levels, but increased levels of GABA 

and alanine above control levels and above levels observed with PLZ. These 

findings suggest that conversion of PLZ to PEH has declined by 1 week of PLZ 
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administration. By 3 weeks of PLZ administration, levels of all the amino acids 

except D-serine and GLN have returned to control values, presumably as a result 

of lack of PEH formation (inhibition of MAO-A and -B was at 95% by 3 weeks). 

ALA levels were still slightly above control values but reduced from the levels 

observed in the acute studies. 

 The effects of PLZ on reducing weight gain in normal rats has not, to my 

knowledge, been reported previously. However, PLZ has also been shown to 

lower body weight in obese Zucker rats (Carpene et al. 2007). The reduction in 

weight gain observed with PLZ in normal rats is similar to the findings of De 

Marco et al. (2008) with vigabatrin, another GABA-T inhibitor. It is possible that 

PLZ could be a more useful drug than vigabatrin at preventing weight gain since 

it is 50-100x more potent as an inhibitor of GABA-T (Todd and Baker, 2008). 

Also, vigabatrin produces a high incidence of visual field deficits due to 

retinopathy from the drug  (Fecarotta and Sergott, 2012). Elevation in brain 

GABA may be a common mechanism responsible for the observed anorectic 

effects of PLZ and vigabatrin. Ethanolamine-O-sulfate (EOS), an irreversible 

inhibitor of GABA-T was reported to result in a dose-dependent decrease in food 

consumption and body weights in rats (Cooper et al. 1980). Muscimol, a GABAA 

receptor agonist, was observed to decrease consumption of sweetened milk in rats 

(Cooper et al. 1980). These findings suggest that brain GABA levels are 

important for satiety and decreased food consumption. Future studies on weight 

loss with PLZ or PEH should measure the amount of food consumed to see if 

there is a reduction in food intake. The area of the brain involved in the GABA-
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mediated reduction in food consumption and satiety may be the lateral 

hypothalamus (LH). In one study, the relative levels of glutamate and GABA in 

the LH were seen to influence food consumption and satiety, with increased 

glutamate resulting in increased food consumption and increased GABA resulting 

in decreased food consumption (Rada et al. 2003). However, only whole brain 

levels of GABA were looked at in my studies, and measuring regional levels of 

GABA is warranted in the future. PLZ's weight reducing effect may also be due to 

peripheral effects such as decreased lipogenesis. PLZ appears to act directly on 

adipocytes to limit lipogenesis, an effect only partially due to SSAO/PrAO 

inhibition (Carpene et al. 2012). Future studies should also look at the relative 

contributions of CNS and peripheral effects of PLZ with regard to effects on 

weight gain.  

 It will now be of interest to repeat these weight studies with PEH since it 

would be expected that PEH would continue to elevate brain GABA levels for a 

longer period of time than PLZ.  
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4.1. Possible Future Directions 

Based on the findings of this project, the following should be studied in the future: 

 Effects of chronic administration (3 weeks) of PEH on whole brain levels of 

amino acids. Regional brain analysis of amino acids should be conducted after 

acute and chronic administration of PLZ and PEH. 

 Effects of chronic administration (at least 3 weeks) of PEH on weight and food 

intake in rats. 

 The studies on PLZ and weight gain should be repeated to include studies on food 

intake. 

 The effects of PEH as an antidepressant, anxiolytic, and anticonvulsant because of 

its GABAergic actions. 

 Based on the repeated effectiveness of PLZ on relieving some of the symptoms in 

the EAE mouse model of MS (Musgrave et al. 2011a), such studies should also be 

extended to PEH to determine if effects of PLZ on biogenic amines or GABA are 

more important in its positive effects in this animal model. 
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5.0. SUMMARY 

 A series of experiments with administration of PLZ and PEH in the 

presence and absence of prior inhibition of MAO by TCP indicated that PEA and 

PAA are present as metabolites of PLZ and PEH in rat brain, although formed in 

much larger quantities from PLZ. Direct comparisons between PLZ and PEH at 

various time intervals after injection showed that both had similar effects on brain 

levels of several important amino acids. Studies of  brain levels of these amino 

acids in PLZ- and PEH-treated rats after prior inhibition of MAO by TCP  

provided further evidence that PLZ is metabolized to PEH by MAO. Another 

chronic experiment with PLZ (up to 3 weeks of PLZ administration) showed that 

PLZ decreased weight gain in normal rats; parallel studies on amino acid brain 

levels at 1 week and 3 weeks showed a marked difference of PLZ on amino acids 

levels between 1 and 3 weeks, providing further evidence suggesting that less 

PLZ is converted to PEH by MAO over time. 

 

 

 

 

 

 

 



62 
 

6. 0. REFERENCES 

Abu-Raya, S., Blaugrund, E., Trembovler, V., et al. (1999). Rasagiline, a 

monoamine oxidase-B inhibitor, protects NGF-differentiated PC12 

cells against oxygen-glucose deprivation. J Neurosci Res 58:456-463. 

Abu-Raya, S., Tabakman, R., Blaugrund, E., et al. (2002). Neuroprotective 

and neurotoxic effects of monoamine oxidase-B inhibitors and derived 

metabolites under ischemia in PC12 cells. Eur J Pharmacol 434:109-

116. 

Baillet, A., Chanteperdrix, V., Trocmé, C., Casez, P., Garrel, C. and Besson, 

G. (2010). The role of oxidative stress in amyotrophic lateral sclerosis 

and Parkinson’s disease. Neurochem Res 35: 1530-1537. 

Baker, G.B., LeGatt, D.F. and Coutts, R.T. (1982). Effects of acute and 

chronic administration of phenelzine on 2-phenylethylamine levels in 

rat brain. Proc West Pharmacol Soc 25: 417-420. 

Baker, G.B., LeGatt, D.F., Coutts, R.T., and Dewhurst, W.G. (1984). Rat brain 

concentrations of 5-hydroxytryptamine following acute and chronic 

administration of MAO-inhibiting antidepressants. Prog 

Neuropsychopharmacol Biol Psychiatry 8: 653-6. 

Baker, G.B., Urichuk, L.J., K.F. McKenna and Kennedy, S. H. (1999). 

Metabolism of monoamine oxidase inhibitors. Cell Mol Neurobiol 19: 

411-426. 



63 
 

Baker, G.B., Wong, J.T., Yeung, J.M. and Coutts, R.T. (1991). Effects of the 

antidepressant phenelzine on brain levels of gamma-aminobutyric acid 

(GABA). J Affect Disord 21: 207-11. 

Baker, J.M., Butterworth, R.F. and Dewhurst, W.G. (1985). Fluorescence 

analysis of amines and their metabolites. In: Neuromethods, Vol. 2: 

Amines and Their Metabolites. Boulton, A.A., Baker, G.B. and Baker, 

J.M. (eds). Clifton, N.J., Humana Press: pp. 1-44. 

Ballenger, J.C. (1986). Pharmacotherapy of the panic disorders. J Clin 

Psychiatry 47:27-32. 

Benedetti, M.S., and Dostert, P. (1989). Monoamine oxidase, brain aging and 

degenerative diseases. Biochem Pharmacol 38: 555-561. 

Berry, M.D. (2007). The potential of trace amines and their receptors for 

treating neurological and psychiatric diseases. Rev Rec Clin Trials 2:3-

19. 

Blier, P., de Montigny, C., and Azzaro, A.J. (1986). Modification of 

serotonergic and noradrenergic neurotransmissions by repeated 

administration of monoamine oxidase inhibitors. Electrophysiological 

studies in rat central nervous system. J Pharmacol Exp Ther 237:987-

994. 



64 
 

Bond, P. A. and Cundall, R. L. (1977). Properties of monoamine oxidase 

(MAO) in human blood platelets, plasma, lymphocytes and 

granulocytes. Clin Chim Acta 80: 317-26. 

Bonnefont-Rousselot, D., Lacomblez, L., Jaudon, M., Lepage, S., Salachas, F., 

Bensimon, G. et al. (2000). Blood oxidative stress in amyotrophic 

lateral sclerosis. J Neurol Sci 178: 57-62. 

Bortolato, M., Chen, K. and Shih, J.C. (2008). Monoamine oxidase 

inactivation: from pathophysiology to therapeutics. Adv Drug Deliv 

Rev 60: 1527-33. 

Boulton, A.A. (1984). Trace amines and the neurosciences. In: Neurobiology 

of the Trace Amines. Boulton, A.A., Baker, G.B., Dewhurst, W.G. and 

Sandler, M. (eds.) Clifton, N.J., Humana Press Inc: pp. 13-24. 

Boulton, A.A. and Milward, L. (1971). Separation, detection, and quantitative 

analysis of urinary β-phenylethylamine. J Chromatogr 57: 287-296. 

Buys, Y.M., Trope, G.E., and Tatton, W.G. (1995). (-)-Deprenyl increases the 

survival of rat retinal ganglion cells after optic nerve crush. Curr Eye 

Res 14:119-126. 

Carpene, C., Abello, V., Iffiu-Soltesz, Z., Bour, S., Prevot, D. and Valet, P. 

(2007). Reduction of fat deposition by combined inhibition of 

monoamine oxidases and semicarbazide-sensitive amine oxidases in 

obese Zucker rats. Pharmacol Res 56:522-530. 



65 
 

Carpene, C., Gres, S. and Rascalou, S. (2012). The amine oxidase inhibitor 

phenelzine limits lipogenesis in adipocytes without inhibiting insulin 

action on glucose uptake. J Neur Transm (in press). 

Casado, A., Encarnacion Lopez-Fernandez, M., Concepcion Casado, M. and 

de La Torre, R. (2008). Lipid peroxidation and antioxidant enzyme 

activities in vascular and Alzheimer dementias. Neurochem Res 33: 

450-458. 

Chen, C.M., Liu, J.L., Wu, Y.R., Chen, Y.C., Cheng, H.S., Cheng, M.L. et al. 

(2009). Increased oxidative damage in peripheral blood correlates with 

severity of Parkinson's disease. Neurobiol Dis 33: 429-435. 

Chen, K., Maley, J. and Yu, P.H. (2006). Potential implications of endogenous 

aldehydes in beta-amyloid misfolding, oligomerization and 

fibrillinogenesis. J Neurochem           99: 1413-24. 

Chetsawang, B., Kooncumchoo, P., Govitrapong, P. et al. (2008). 1-Methyl-4-

phenyl-pyridinium ion-induced oxidative stress, c-Jun phosphorylation 

and DNA fragmentation factor-45 cleavage in SK-N-SH cells are 

averted by selegiline. Neurochem Int. 53:283-288. 

Clineschmidt, B. V., and Horita, A. (1969a). The monoamine oxidase 

catalyzed degradation of phenelzine-l-
14

C, an irreversible inhibitor of 

monoamine oxidase – I: Studies in vitro. Biochem Pharmacol 18: 

1011-1020. 



66 
 

Clineschmidt, B. V., and Horita, A. (1969b). The monoamine oxidase 

catalyzed degradation of phenelzine-l-
14

C, an irreversible inhibitor of 

monoamine oxidase--II. Studies in vivo. Biochem Pharmacol 18: 1021-

8. 

Cooper, B.R., Howard, J.L., White, H.L, Soroko, F., Ingold, K., and Maxwell, 

R.A. (1980). Anorexic effects of ethanolamine-O-sulfate and muscimol 

in the rat: evidence that GABA inhibits ingestive behavior. Life Sci 26: 

1997-2002. 

Cristofoli, W.A., Baker, G.B. and Coutts, R.T. (1982). Amphetamine in rat 

brain and urine after administration of pheniprazine. Proc West 

Pharmacol Soc 25: 129-131. 

De Marco, A., Dalal, R.M., Kahanda, M., Mullapudi, U., Pai, J., Hammel, C., 

Liebling, C. N. B., Patel, V., Brodie, J. D., Schiffer, W. K., Dewey, S. 

L. and Aquilina, S. D. (2008). Subchronic racemic gamma vinyl-

GABA produces weight loss in Sprague Dawley and Zucker-Fatty rats. 

Synapse 62: 870-872. 

Dewhurst, W.G. (1968). New theory of cerebral amine function and its clinical 

application. Nature (Lond.) 218: 1130-1133. 

Donnelly, C.H. and Murphy, D.L. (1977). Substrate- and inhibitor-related 

characteristics of human platelet monoamine oxidase. Biochem 

Pharmacol 26: 853-8. 



67 
 

Dybowski, C. and Kaiser, M.A. (2002) Chromatography. Kirk-Othmer 

Encyclopedia of Chemical Technology. John Wiley and Sons, Inc. pp. 

373-390. 

Dyck, L.E. and Dewar, K.M. (1986). Inhibition of aromatic L-amino acid 

decarboxylase and tyrosine aminotransferase by the monoamine 

oxidase inhibitor phenelzine. J Neurochem 46: 1899-1903. 

Dyck, L.E., Durden, D.A. and Boulton, A. A. (1985). Formation of β-

phenylethylamine from the antidepressant, β-phenylethylhydrazine. 

Biochem Pharmacol 34: 1925-29. 

Dyck, L.E., Durden, D.A. and Boulton, A.A. (1993). Conjugation of 

phenylacetic acid and m-and p- hydroxyphenylacetic acids in the rat 

striatum. Life Sci 53:901-909. 

Ebadi, M., Sharma, S., Shavali, S., et al. (2002). Neuroprotective actions of 

selegiline. J Neurosci Res 67:285-289. 

Fecarotta, C. and Sergott, R.C. (2012). Vigabatrin-associated visual field loss. 

Int Opthalmol Clin 52:87-94. 

Ferrante, R.J., Browne, S.E., Shinobu, L.A., Bowling, A.C., Baik, M.J., 

MacGarvey, U. et al. (1997). Evidence of increased oxidative damage 

in both sporadic and familial amyotrophic lateral sclerosis. J 

Neurochem 69: 2064-2074. 



68 
 

Finnegan, K.T., Skratt, J.J., Irwin, I. et al. (1990) Protection against DSP-4-

induced neurotoxicity by deprenyl is not related to its inhibition of 

MAO B. Eur J Pharmacol 184:119-126. 

Fowler, C.J., Wiberg, A., Oreland, L., Marcusson, J., and Winblad, B. (1980). 

The effect of age on the activity and molecular properties of human 

brain monoamine oxidase. J Neural Transm 49: 1-20. 

Fox, H.H. and Gibas, J. T. (1953). Synthetic tuberculostats. V. Alkylidine 

derivatives of isonicotinylhydrazine. J Org Chem 18: 983-9. 

Gottfries, C.G., Oreland, L., Wiberg, A. and Winblad, B. (1975). Lowered 

monoamine oxidase activity in brains from alcoholic suicides. J 

Neurochem 25: 667-73. 

Grant, S.L., Shulman, Y., Tibbo, P., Hampson, D.R., and Baker, G.B. (2006). 

Determination of D-serine and related neuroactive amino acids in 

human plasma by high-performance liquid chromatography with 

fluorimetric detection. J Chromatography B 844: 278-282. 

Greilberger, J., Koidl, C., Greilberger, M., Lamprecht, M., Schroecksnadel, K., 

Leblhuber, F. et al. (2008). Malondialdehyde, carbonyl proteins and 

albumin-disulphide as useful oxidative markers in mild cognitive 

impairment and Alzheimer's disease. Free Radic Res 42: 633-638. 

Gur, R.E. and Arnold, S.E. (2009). Neurobiology of schizophrenia. In: The 

American Psychiatric Publishing Textbook of Psychopharmacology. 



69 
 

Schatzberg, M.D. and Charles, B.N. (eds.) Washington, D.C., 

American Psychiatric Publishing Inc: pp. 945-963. 

Gustaw-Rothenberg, K., Kowalczuk, K. and Stryjecka-Zimmer, M. (2010). 

Lipid peroxidation markers in Alzheimer's disease and vascular 

dementia. Geriatr Gerontol Int 10: 161-166. 

Heimberg, R.G., Liebowitz, M.R., Hope, D.A., Schneier, F.R., Holt, C.S., 

Welkowitz, L., et al (1998). Cognitive-behavioral group therapy versus 

phenelzine in social phobia: 12-week outcome. Arch Gen Psychiatry 

55:1133-1141. 

Holt, A., Berry, M.D. and Boulton, A.A. (2004). On the binding of monoamine 

oxidase inhibitors to some sites distinct from the MAO active site, and 

the effects thereby elicited. Neurotoxicology 25: 251-266. 

Huot, S. and Palfreyman, M.G. (1982). Effects of γ-vinyl GABA on food 

intake in rats. Pharmacol Biochem Behav 17: 99-106. 

Ilic, T.V., Jovanovic, M., Jovicic, A. and Tomovic, M. (1999). Oxidative stress 

indicators are elevated in de novo Parkinson's disease patients. Funct 

Neurol 14: 141-147. 

Jahng, J.W., Houpt, T.A., Wessel, T.C., Chen, K., Shih, J.C., and Joh, T.H. 

(1997). Localization of monoamine oxidase A and B mRNA in the rat 

brain by in situ hybridization. Synapse 25:30-36. 



70 
 

Jantzie, L.L., Todd, K.G. and Baker, G.B. (2007). Neuroprotection and drugs 

used to treat psychiatric disorders. Child and Adolescent 

Pyschopharmacology News 12:1-5 

Jiang, Z.J., Richardson, J.S. and Yu, P.H. (2008). The contribution of cerebral 

vascular semicarbazide-sensitive amine oxidase to cerebral amyloid 

angiopathy in Alzheimer's disease. Neuropathol Appl Neurobiol 34: 

194-204. 

Johnston, J.P. (1968). Some observations upon a new inhibitor of monoamine 

oxidase in brain tissue. Biochem Pharmacol 17: 1285-97. 

Jossan, S.S., Gillberg, P.G., Gottfries, C.G., Karlsson, I. and Oreland, L. 

(1991). Monoamine oxidase B in brains from patients with Alzheimer’s 

disease: a biochemical and autoradiographical study. Neuroscience 45: 

1-12. 

Kennedy, S., Holt, A. and Baker, G.B. (2009). Monoamine oxidase inhibitors. 

In: Kaplan and Sadock's Comprehensive Textbook of Psychiatry, Ninth 

Edition. Sadock, B., Sadock, V.A. and Ruiz, P (eds.). Philadelphia, 

Wolters/Kluwer Lippincott Williams & Wilkins. pp. 3154-3163. 

Knollema, S., Aukema, W., Hom, H., et al. (1995). L-deprenyl reduces brain 

damage in rats exposed to transient hypoxia-ischemia. Stroke 26:1883-

1887. 



71 
 

Krishnan, K.R. (2007). Revisiting monoamine oxidase inhibitors. J Clin 

Psychiatry 68:35-41. 

Kuhla, B., Luth, H.J., Haferburg, D., Boeck, K., Arendt, T. and Munch, G. 

(2005) Methylglyoxal, glyoxal, and their detoxification in Alzheimer's 

disease. Ann N Y Acad Sci; 1043: 211-216. 

Labrie, V., Fukumura, R., Rastogi, A., Fick, L.J., Wei, W., Boutros, P.C., 

Kennedy, J.L., Semeralul, M.O., Lee, F.H., Baker, G.B., Belsham, 

D.D., Barger, S.W., Gondo, Y., Wong, A.H.C., and Roder, J.C. (2009). 

Serine racemase is associated with schizophrenia susceptibility in 

humans and in a mouse model. Genetics 18:3227-3243. 

Labrie, V., Wang, W., Barger, S.W., Baker, G.B., and Roder, J.C. (2010). 

Genetic loss of D- amino acid oxidase activity reverses schizophrenia-

like phenotypes in mice. Genes, Brain Behav  9: 11-25. 

Lai, C.T., Tanay, V.A., Charrois, G.J., Baker, G.B. and Bateson, A.N. (1998). 

Effects of phenelzine and imipramine on the steady-state levels of 

mRNAs that encode glutamic acid decarboxylase (GAD67 and 

GAD65), the GABA transporter GAT-1 and GABA transaminase in rat 

cortex. Naunyn Schmiedeberg's Arch Pharmacol 357: 32-8. 

Lan, N.C., Heinzmann, C., Gal, A., Klisak, I., Orth, U., Lai, E., Grimsby, J., 

Sparkes, R.S., Mohandas, T., Shih, J.C. (1989). Human monoamine 

oxidase A and B genes map to Xp 11.23 and are deleted in a patient 

with Norrie disease. Genomics 4:552-559 



72 
 

Lee, K.C. and Chen, J.J. (2007). Transdermal selegiline for the treatment of 

major depressive Disorder. Neuropsychiatr Dis Treat 3: 527-37. 

Leung, G., Sun, W., Zheng, L., Brookes, S., Tully, M. and Shi, R. (2011). 

Anti-acrolein treatment improves behavioral outcome and alleviates 

myelin damage in experimental autoimmune enchephalomyelitis 

mouse. Neuroscience 173: 150-155. 

Li, X-M. and Xu, H. (2007). Evidence for neuroprotective effects of 

antipsychotic drugs: Implications for the pathophysiology and 

treatment of schizophrenia. Int Rev of Neurobiol 77: 107-142 

Lovell, M.A., Xie C. and Markesbery, W.R. (2001). Acrolein is increased in 

Alzheimer's disease brain and is toxic to primary hippocampal cultures. 

Neurobiol Aging 22: 187-194. 

Machado-Vieira, R., Salvadore, G., Luckenbaugh, D.A., Manji, H.K., Zarate, 

C.A. Jr. (2008). Rapid onset of antidepressant action: a new paradigm 

in the research and treatment of major depressive disorder. J Clin 

Psychiatry 69: 946-958. 

MacKenzie, E.M., Grant, S.L., Baker, G.B. and Wood, P.L. (2008). Phenelzine 

causes an increase in brain ornithine that is prevented by prior 

monoamine oxidase inhibition. Neurochem Res 33:430-436. 



73 
 

MacKenzie, E.M. (2009). Neurochemical and neuroprotective aspects of 

phenelzine and its active metabolite β-phenylethylidenehydrazine. PhD 

thesis, University of Alberta. 

MacKenzie, E.M., Song, M.S., Dursun, S.M., Tomlinson, S., Todd, K.G. and 

Baker, G.B. (2011). Phenelzine: An old drug that may hold clues to the 

development of new neuroprotective agents. Bull Clin 

Psychopharmacol 20: 179-186. 

Mahy, N., Andres, N., Andrade, C. and Saura, J. (2000). Age-related changes 

of MAO-A and -B distribution in human and mouse brain. 

Neurobiology 8: 47-54. 

Mallinger, A.G. and Smith, E. (1991). Pharmacokinetics of monoamine 

oxidase inhibitors. Psychopharmacol Bull 27: 493-502. 

Martin-Aragon, S., Bermejo-Bescos, P., Benedi, J., Felici, E., Gil, P., Ribera, 

J.M. et al. (2009). Metalloproteinase's activity and oxidative stress in 

mild cognitive impairment and Alzheimer's disease. Neurochem Res 

34: 373-378. 

Maruyama, W., Akao, Y., Carrillo, M.C., et al. (2002). Neuroprotection by 

propargylamines in Parkinson's disease: suppression of apoptosis and 

induction of prosurvival genes. Neurotoxicol Teratol 24: 675-682. 

Maruyama, W., Akao, Y., Youdim, M.B., et al. (2001). Transfection-enforced 

Bcl-2 overexpression and an anti-Parkinson drug, rasagiline, prevent 



74 
 

nuclear accumulation of glyceraldehyde-3-phosphate dehydrogenase 

induced by an endogenous dopaminergic neurotoxin, N-

methyl(R)salsolinol. J Neurochem 78:727-735. 

McBain C.J., Kleckner, N.W., Wyrick, S. and Dingledine, R. (1989). 

Structural requirements for activations of the glycine coagonist site of 

N-methyl-D-aspartate receptors expressed in xenopus oocytes. Mol 

Pharmacol 36: 556-65. 

McKenna, K.F., Baker and Coutts, R.T. (1991). N2-Acetylphenelzine: effects 

on rat brain GABA, alanine, and biogenic amines. Naunyn 

Schmiedeberg’s Arch Pharamacol 343: 478-82. 

McKim, R.H., Calverly, D.G., Dewhurst, W.G. and Baker, G.B. (1983). 

Regional concentrations of cerebral amines: effects of tranylcypromine 

and phenelzine. Prog Neuropsychopharmacol Biol Psychiatry 7: 783-6. 

McManus, D.J., Baker, G.B., Martin, I.L., Greenshaw, A.J. and McKenna, 

K.F. (1992). Effects of the antidepressant/antipanic drug phenelzine on 

GABA concentrations and GABA-transaminase activity in rat brain. 

Biochem Pharmacol 43: 2486-9. 

Michael-Titus, A.T., Bains, S., Jeetle, J. and Whelpton, R. (2000). Imipramine 

and phenelzine decrease glutamate overflow in the prefrontal cortex -- 

a possible mechanism of neuroprotection in major depression? 

Neuroscience 100: 681-684. 



75 
 

Morgan, A.E. and Dewey, S.L. (1998). Effects of pharmacologic increases in 

brain GABA levels on cocaine-induced changes in extracellular 

dopamine. Synapse 28: 60-65. 

Musgrave, T., Benson, C., Wong, G., Browne, I., Tenorio, G., Rauw, G., 

Baker, G.B. and Kerr, B.J. (2011a). The MAO inhibitor phenelzine 

improves functional outcomes in mice with experimental autoimmune 

encephalomyelitis (EAE). Brain Behav Immun 25: 1677-1688. 

Musgrave, T., Rauw, G., Baker, G.B. and Kerr, B.J. (2011b). Tissue 

concentration changes of amino acids in the central nervous system of 

mice with experimental autoimmune encephalomyelitis. Neurochem Int 

59: 28-38. 

Narang, D., Tomlinson, S., Holt, A., Mousseau, D.D., and Baker, G.B. (2011). 

Trace amines and their relevance to psychiatry and neurology: a brief 

overview. Bull Clin Psychopharmacol 21:73-79. 

Nestler, E., Hyman, S. and Malenka, R. (2001). Molecular 

Neuropharmacology: A Foundation for Clinical Neuroscience. 

McGraw-Hill, New York, N.Y., pp. 141-166. 

Nierenberg, D.W. and Semprebon, M. (1993). The central nervous system 

serotonin syndrome. Clin Pharmacol Ther 53:84-88.  

Odontiadis, J. and Rauw, G. (2007). High-performance liquid chromotographic 

analysis of psychotropic and endogenous compounds. In: Handbook of 



76 
 

Neurochemistry and Molecular Neurobiology. Baker, G.B., Dunn, S., 

Holt, A. (eds.) New York, NY, Springer: pp. 17-41. 

Olsen, R.W. and DeLorey, T.M. (1999). GABA and glycine. In: Basic 

Neurochemistry: Molecular, Cellular and Medical Aspects. 6th edition. 

Siegel, G.J., Agranoff, B.W., Albers, R.W. and Fisher, S.K. (eds). New 

York, NY. Lipincott-Raven. 

Oteiza, P.I., Uchitel, O.D., Carrasquedo, F., Dubrovski, A.L., Roma, J.C. and 

Fraga, C.G. (1997). Evaluation of antioxidants, protein, and lipid 

oxidation products in blood from sporadic amyotrophic lateral sclerosis 

patients. Neurochem Res 22: 535-539. 

Ou, X.M., Lu, D., Johnson, C., et al. (2009). Glyceraldehyde-3-phosphate 

dehydrogenase-monoamine oxidase B-mediated cell death-induced by 

ethanol is prevented by rasagiline and 1-R-aminoindan. Neurotox Res 

16:148-159. 

Parent, M.B., Habib, M.K. and Baker, G.B. (2000). Time-dependent change in 

brain monoamine oxidase activity and in brain levels of monoamines 

and amino acids following acute administration of the 

antidepressant/antipanic drug phenelzine. Biochem Pharmacol 59: 

1253-63. 

Parent, M.B., Master, S., Kashlub, S. and Baker, G.B. (2002). Effects of the 

antidepressant/antipanic drug phenelzine and its putatative metabolite 



77 
 

phenylethylidenehydrazine on extracellular gamma-aminobutyric acid 

levels in the striatum. Biochem Pharmacol 63: 57-64. 

Paslawski, T., Knaus, E., Iqbal, N., Coutts, R.T. and Baker, G.B. (2001). β-

Phenylethylidenehydrazine, a novel inhibitor of GABA transaminase. 

Drug Develop Res 54: 35-39. 

Paslawski, T.M., Treit, D., Baker, G.B., George, M., and Coutts, R.T. (1996). 

The antidepressant drug phenelzine produces antianxiety effects in the 

plus-maze and increases in rat brain GABA. Psychopharmacology 127: 

19-24. 

Patek, D.R., and Hellerman, L. (1974). Mitochondrial monoamine oxidase: 

mechanism of inhibition of phenylhydrazine and by aralkylhydrazine. 

Role of enzymatic oxidation. J Biol Chem 249: 2373-2380. 

Pedersen, W.A., Cashman, N.R. and Mattson, M.P. (1999). The lipid 

peroxidation product 4-hydroxynonenal impairs glutamate and glucose 

transport and choline acetyltransferase activity in NSC-19 motor 

neuron cells. Exp Neurol 155: 1-10. 

Pedersen, W.A., Fu, W., Keller, J.N., Markesbery, W.R., Appel, S., Smith, G. 

et al. (1998). Protein modification by the lipid peroxidation product 4-

hydroxynonenal in the spinal cords of amyotrophic lateral sclerosis 

patients. Ann Neurol 44: 819-824. 



78 
 

Philips, S.R., and Boulton, A.A. (1979). The effect of monoamine oxidase 

inhibitors on some arylalkylamines in rat striatum. J Neurochem 33: 

159-67. 

Pisani, L., Catto, M., Leonetti, F., Nicolotti, O., Stefanachi, A., Campagna, F., 

and Carotti, A. (2011). Targeting monoamine oxidases with 

multipotent ligands: an emerging strategy in the search of new drugs 

against neurodegenerative diseases. Curr Med Chem 18: 4568-4587. 

Popov, N. and Matthies, H. (1969). Some effects of monoamine oxidase 

inhibitors on the metabolism of gamma-aminobutyric acid in rat brian. 

J Neurochem 16: 899-907. 

Quitkin, F.M., McGrath, P.J., Stewart, J.W., Harrison, W., Tricamo, E., 

Wager, S.G.,  

Ocepek-Welikson, K., Nunes, E., Rabkin, J.G. and Klein, D.F. (1990). 

Atypical depression, panic attacks, and response to imipramine and 

phenelzine: a replication. Arch Gen Psychiatry 47: 935-41. 

Quitkin, F.M., Stewart, J.W., McGrath, P.J., et al. (1988). Phenelzine versus 

imipramine in the treatment of probably atypical depression: defining 

syndrome boundaries of selective MAOI responders. Am J Psychiatry 

145:306-311. 

Rada, P., Mendialdua, A., Hernandez, L., and Hoebel, B.G. (2003). 

Extracellular glutamate increases in the lateral hypothalamus during 



79 
 

meal initiation, and GABA peaks during satiation: microdialysis 

measurements every 30s. Behav Neurosci 117:222-227 

Robinson, D.S., Cooper, T.B., Jindal, S.P., Corcella, J. and Lutz, T. (1985). 

Metabolism and pharmacokinetics of phenelzine: lack of evidence for 

acetylation pathway in humans. J Clin Psychopharmacol 5: 333-337. 

Sabelli, H., Fink, P., Fawcett, J., and Tom, C. (1996). Sustained antidepressant 

effect of PEA replacement. J Neuropsychiatry Clin Neurosci 8:168-71. 

Sabelli, H.C. and Mosnaim, A.D. (1974). Phenylethylamine hypothesis of 

affective disorder. Am J Psychiatry 131: 695-699 

Sanacora, G., Zarate, C.A., Krystal, J.H. and Manji, H.K. (2008). Targeting the 

glutamatergic system to develop novel, improved therapeutics for 

mood disorders. Nat Rev Drug Discov 7: 426-437. 

Saura, J., Andres, N., Andrade, C., Ojuel, J., Eriksson, K. and Mahy, N. 

(1997). Biphasic and region-specific MAO-B response to aging in 

normal human brain. Neurobiol Aging 18: 497-507.  

Saura, J., Luque, J.M., Cesura, A.M., Da Prada, M., Chan-Palay, V., Huber, 

G., Loffler, J. and Richards, J.G. (1994). Increased monoamine oxidase 

B activity in plaque-associated astrocytes of Alzheimer brains revealed 

by quantitative enzyme radioautography. Neuroscience 62: 15-30. 

Selley, M.L. (1998) (E)-4-Hydroxy-2-nonenal may be involved in the 

pathogenesis of Parkinson's disease. Free Radic Biol Med 25: 169-174. 



80 
 

Serra, J.A., Dominguez, R.O., Marschoff, E.R., Guareschi, E.M., Famulari, 

A.L. and Boveris, A. (2009). Systemic oxidative stress associated with 

the neurological diseases of aging. Neurochem Res 34: 2122-2132. 

Sherif, F., Gottfries, C.G. Alafuzoff, I. and Oreland, L. (1992). Brain gamma-

aminobutyrate aminotransferase (GABA-T) and monoamine oxidase 

(MAO) in patients with Alzheimer’s disease. J Neural Transm Park 

Dis Dement Sect 4: 227-40.  

Shih, J.C. (1979). Monoamine oxidase in aging human brain. In: Monoamine 

Oxidase Structure, Function and Altered Function. Singer, T.P., Von 

Korff, R.W. and Murphy, D.L. (eds). New York, Academic Press: pp. 

413-21. 

Simpson, E.P., Henry, Y.K., Henkel, J.S., Smith, R.G. and Appel, S.H. (2004). 

Increased lipid peroxidation in sera of ALS patients: a potential 

biomarker of disease burden. Neurology 62: 1758-1765. 

Sinem, F., Dildar, K., Gokhan, E., Melda, B., Orhan, Y. and Filiz M. (2010). 

The serum protein and lipid oxidation marker levels in Alzheimer's 

disease and effects of cholinesterase inhibitors and antipsychotic drugs 

therapy. Curr Alzheimer Res 7: 463-469. 

Skoog, D.A., West, D.M. and Holler, F.J. (1996a). Gas-Liquid 

Chromatography. In: Fundamentals of Analytical Chemistry (7th 

Edition). Skoog, D.A., West, D.M. and Hollder, F.J. (eds). Orlando, 

FL, Saunders College Publishing: pp. 686-700. 



81 
 

Skoog, D.A., West, D.M. and Holler, F.J. (1996b). High-Performance Liquid 

Chromatography. In: Fundamentals of Analytical Chemistry (7th 

Edition). Skoog, D.A., West, D.M. and Hollder, F.J. (eds). Orlando, 

FL, Saunders College Publishing: pp. 701-24. 

Smith, R.G., Henry, Y.K., Mattson, M.P. and Appel, S.H. (1998). Presence of 

4-hydroxynonenal in cerebrospinal fluid of patients with sporadic 

amyotrophic lateral sclerosis. Ann Neurol 44: 696-699. 

Song, M., Baker, G.B., Dursun, S. M. and Todd, K.G. (2010). The 

antidepressant phenelzine protects neurons and astrocytes against 

formaldehyde-induced toxicity. J Neurochem 114: 1405-1413. 

Sowa, B.N., Todd, K. G., Tanay, V. A. M., Holt, A., and Baker, G.B. (2004). 

Amine oxidase inhibitors and development of neuroprotective drugs. 

Curr Neuropharmacol 2:153-168. 

Sparkman, D. O., Penton, Z.E., and Kitson, F.G. (2011). Gas Chromatography 

and Mass Spectrometry: A Practical Guide (2nd edition) Oxford, UK, 

Academic Press: pp. 15-83. 

Tanay, V.A., Parent, M.B., Wong, J.T., Paslawski, T., Martin, I.L. and Baker, 

G.B. (2001). Effects of the antidepressant/antipanic drug phenelzine on 

alanine and alanine transaminase in rat brain. Cell Mol Neurobiol 21: 

325-39. 



82 
 

Tatton, W., Chalmers-Redman, R., and Tatton, N. (2003). Neuroprotection by 

deprenyl and other propargylamines: glyceraldehyde-3-phosphate 

dehydrogenase rather than monoamine oxidase B. J Neural Transm 

110:509-515. 

Thorpe, L.W., Westlund, K.N., Kochersperger, L.M., Abell, C.W., and 

Denney, R.M. (1987). Immunocytochemical localization of monoamine 

oxidases A and B in human peripheral tissues and brain. J Histochem 

Cytochem 35:23-32. 

Tipton, K.F., and Spire, I.P.C. (1971). Oxidation of 2-phenylethylhydrazine by 

monoamine oxidase. Biochem Pharmacol 21: 268-270. 

Todd, K.G. and Baker, G.B. (1995). GABA-elevating effects of the 

antidepressant/antipanic drug phenelzine in brain: effects of 

pretreatment with tranylcypromine, (-) deprenyl and clorgyline. J Affect 

Disord 35: 125-9. 

Todd, K.G. and Baker, G.B. (2008). Neurochemical effects of the monoamine 

oxidase inhibitor phenelzine on brain GABA and alanine: A 

comparison with vigabatrin. J Pharm Pharmaceut Sci 11: 14s-21s. 

Todd, K.G., Banigesh, A.I., Baker, G.B., Coutts, R.T. and Shuaib A. (1999). 

Phenylethylidenehydrazine, a novel GABA-T inhibitor has 

neuroprotective actions in transiet global ischemia. Proc. Joint Meeting 

of the Int. Soc. Neurochem. (ISN) and the Eur. Soc. Neurochem. (ESN) 

Berlin, Germany, August 8-14, 1999. 



83 
 

Tomlinson, S., and Baker, G.B. (2009). Trace amines. In: Encyclopedia of 

Psychopharmacology. Stolerman, I. (ed.). Springer, New York, N.Y., 

pp. 1325-1329. 

Volchegorskii, I.A., Shemyakov, S.E., Turygin, V.V., Malinovskaya, N.V. 

(2001). Comparative analysis of age-related changes in activities of 

monoamine oxidase-B and antioxidant defense enzymes in various 

structures of human brain. Bull Exp Biol Med 132:174-177. 

Weyler, W. and Salach, J. I. (1985). Purification and properties of 

mitochondrial monamine oxidase type A from human placenta. J Biol 

Chem: 260: 13199-207. 

Wood, P.L., Khan, M.A., Moskal, J.R., Todd, K.G., Tanay, V.A. and Baker, G. 

(2006). Aldehyde load in ischemia-reperfusion brain injury: 

neuroprotection by neutralization of reactive aldehydes with 

phenelzine. Brain Res 1122: 184-90. 

Yamada, M. and Yasuhara, H. (2004). Clinical pharmacology of MAO 

inhibitors: safety and future. Neurotoxicology 25:215-221. 

Yang, Y. and Shen, J. (2005). In vivo evidence for reduced cortical glutamate-

glutamine cycling in rats treated with the antidepressant/antipanic drug 

phenelzine. Neuroscience 135: 927-937. 



84 
 

Youdim, M.B.H., and Bakhle, Y.S. (2006). Monoamine oxidase: isoforms and 

inhibitors in Parkinson's disease and depressive illness. Br J Pharmacol 

147:S287-S296. 

Youdim, M.B., Edmondson, D. and Tipton, K.F. (2006). The therapeutic 

potential of monoamine oxidase inhibitors. Nature Rev Neurosci 7: 

295-309. 

Yu, P.H. and Boulton, A.A. (1992). A comparison of the effect of brofaromine, 

phenelzine and tranylcypromine on the activities of some enzymes 

involved in the metabolism of different neurotransmitters. Res Commun 

Chem Path Pharmacol 16: 141-53. 

Yu, P.H., Wright, S., Fan, E.H., Lun, Z.R. and Gubisne-Harberle, D. (2003). 

Physiological and pathological implications of semicarbazide-sensitive 

amine oxidase. Biochem Biophys Acta 1647:193-9. 

Zarate, C.A. Jr, Singh, J.B., Carlson, P.J., Brutsche, N.E., Ameli, R., 

Luckenbaugh, D.A., et al. (2006). A randomized trial of an N-methyl-

D-aspartate antagonist in treatment-resistant major depression. Arch 

Gen Psychiatry 63: 856-864. 

Zeller, E.A., and Barsky, J. (1952). In vivo inhibition of liver and brain 

monoamine oxidase by 1-Isonicotinyl-2-isopropyl hydrazine. Proc Soc 

Exp Biol Med 81:459-461. 

 


