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ABSTRACT 

Antipsychotic drugs have been previously shown to aSect the level and mRNA of 

specific neuropeptides. The effects of these drugs on the activity and function of peptide-

degrading enzymes, or neuropeptidases, have not been systematically characterized. In 

the present studies, the effects of antipsychotics and other dopaminergic drugs on the 

degradation of neuropeptides that regulate dopamine neurons, activity of specific 

neuropeptidases and levels of neuropeptidase mRNA in rat brain regions were determined. 

Subchronic (7 day) administration of the antipsychotic and dopamine receptor antagonists, 

haloperidol (1 mg/kg) and chlorpromazine (20 mg/kg) regionally decreased whereas the 

dopamine receptor agonist, apomorphine (5 mg/kg, every 12 hr), increased the 

degradation of substance P and met-enkephalin on intact, rat brain slices. Cholecystokinin 

degradation was not affected by any drug treatment studied. Studies performed with 

specific neuropeptidase inhibitors provided evidence that neutral endopeptidase 24.11, 

aminopeptidase N, metalloendopeptidase 24.15 and angiotensin converting enzyme 

degrade substance P and/or met-enkephalin and may be affected in vivo by dopaminergic 

drug treatment. Therefore, the activity of these neuropeptidases was determined using 

specific enzyme assays on regional, P2 membranes after drug administration. Subchronic 

administration of haloperidol and apomorphine differentially affected the activity of 

aminopeptidase N and neutral endopeptidase 24.11. The activity of metalloendopeptidase 

24.15 and angiotensin converting enzyme was largely unaffected by experimental 

treatments. Determination of the molecular mechanism of the drug-induced alterations in 

aminopeptidase N and neutral endopeptidase 24.11 activity was attempted by analyzing 

neuropeptidase mRNA levels. RNase protection assays showed only an increase in 

aminopeptidase N mRNA in the caudate-putamen after apomorphine administration. 
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where the largest drug-induced alteration in neuropeptidase activity was also observed. 

Therefore, changes in neuropeptidase gene transcription may play a role in altered 

neuropeptidase activity. However, it is likely that alterations in post-transcriptional events 

have a larger role in the effects observed during the present studies. The present work 

demonstrates further alterations in neuropeptide systems induced by drugs that interact 

with dopaminergic receptors. In view of the regulatory actions of neuropeptides on 

dopamine neurons, alterations in the activity and fimction of neuropeptidases, and thus 

neuropeptide degradation can, in turn, play a role in modulating brain dopaminergic 

activity. 
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1 

General Introduction 

The study of neuropeptides and their putative role as neurotransmitters or 

neuromodulators has intensified in recent years. To date, over one hundred neuropeptides 

have been discovered to have biological action. Debate exists as to whether neuropeptides 

are distinct neurotransmitters or merely regulators of other transmitter substances. 

Neuropeptides can be categorized as neurotransmitters as they are released from pre

synaptic neurons in a calcium-dependent manner, act at post-synaptic receptors and can be 

rapidly inactivated. However, neuropeptides also modulate the effects of "classical" 

neurotransmitters such as dopamine, norepinephrine and acetylcholine. Regardless of their 

classification, neuropeptides clearly play a role in the fimction of the central and peripheral 

nervous systems. 

Neuropeptides are known to have several biological activities. In addition to their 

effects in the peripheral nervous system, some neuropeptides modulate the activity of 

central dopaminergic neurons. For example, the tachykinin substance P (SP) acts as a pain 

transmitter and vasodilator in the peripheral nervous system (Penrow, 1983; Chahl, 1988; 

Lembeck, 1988) and regulates dopamine release in the central nervous system (Kalivas 

and Miller, 1984; Tan and Tsou, 1988; Guzman et al., 1993). Met-enkephalin (ME), an 

opioid neuropeptide, modulates gastrointestinal motility, pain perception and immune 

fimction (Cox, 1988) while additionally affecting the activity of dopamine in the central 

nervous system (Kalivas et al., 1983; Thai et al., 1983; Kalivas et al., 1988). 

Cholecystokinin (CCK), mainly thought to be a gut peptide affecting gastric acid secretion 

and satiety (Beinfeld, 1983; Panula, 1986), is also associated with dopaminergic neurons 

and affects the release of dopamine (Crawley and Corwin, 1994). Therefore, the synaptic 
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presence of SP, ME and CCK in brain regions containing dopamine neurons, can have an 

effect on the activity of dopaminergic pathways. 

Neuropeptides and the dopaminergic system. Particularly high levels of 

neuropeptides (e.g., SP, ME and CCK) known to aSect the activity or release of 

dopamine from dopaminergic neurons are present in the nigrostriatal and 

mesocorticolimbic regions of mammalian brain (Hdkfelt et al., 1980a; Stinus et al., 1984). 

The nigrostriatal tract contains dopamine neurons that project from the substantia nigra 

(A9 neurons) into the caudate-putamen. In the caudate-putamen, dopamine normally acts 

to inhibit involuntary movements. The involuntary, "pill-rolling" tremor associated with 

Parkinson's disease results from destruction of nigrostriatal dopamine neurons and 

therefore, the inhibitory influence of dopamine in the caudate-putamen is lost. The 

mesocorticolimbic tract consists of dopamine neurons that project from the ventral 

tegmental area (AlO neurons) into the nucleus accumbens and frontal cortex. These 

limbic regions are thought to be responsible for emotional control and are targets for 

drugs used to treat various psychoses. 

SP is present at its highest level in the substantia nigra with more moderate levels 

in the caudate-putamen, ventral tegmental area, nucleus accumbens and frontal cortex 

(Cooper et al., 1981; Shults et al., 1984; Arai and Emson, 1986). Dopamine release in the 

caudate-putamen and nucleus accumbens is increased by exogenous administration of SP 

in the substantia nigra (Reid et al., 1990a) and ventral tegmental area (Elliott et al., 1986; 

West and Michael, 1991). SP-containing neurons also have been demonstrated by 

immunocytochemistry to have direct synaptic contact with dopamine neurons in the 

substantia nigra (Chang, 1988) and ventral tegmental area (Tamiya et al., 1990) 

suggesting that SP affects the release of dopamine in vivo. 
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ME and its proenkephalin precursor also are widespread in the central nervous 

system with high levels present in basal ganglia and limbic regions (Yang et al., 1977; 

Khachaturian et al., 1985). ME reduces the action of dopamine on post-synaptic 

receptors whereas dopamine can regulate the release of ME from enkephalinergic neurons 

(Schofifebneer et al., 1987). Enkephalin-binding, 5-opioid receptors have been located on 

dopaminergic neurons suggesting a direct action of ME on dopamine systems. 

CCK is largely associated with limbic brain regions (Nair et al., 1985). Highest 

levels of CCK are present in cortex, ventral mesencephalon and nucleus accumbens 

(Beinfeld et al., 1981). In nucleus accumbens, CCK appears to differentially affect the 

release of dopamine based on receptor subtype interactions. CCK-A receptors are 

localized in the posterior nucleus accumbens where CCK increases dopamine release and 

related behavior whereas CCK-B receptors are localized in the anterior nucleus 

accumbens where CCK decreases dopamine release and associated behavior (Crawley and 

Corwin, 1994). 

Dopaminergic drugs and neuropeptides. Since SP, ME and CCK are involved 

in the regulation of dopaminergic pathways, centrally acting drugs that bind to dopamine 

receptors (i.e., antipsychotics) have been examined for their effects on these 

neuropeptides. Many individuals are treated with antipsychotic drugs as these drugs have 

several clinical indications. The primary indication of antipsychotics is symptomatic 

treatment of schizophrenia. Schizophrenia affects 1 % of the population worldwide and is 

characterized by "positive" symptoms of paranoid delusions and visual or auditory 

hallucinations and "negative" symptoms of deficits in cognition and social ability 

(Andreasen, 1982). If left untreated, the mental disturbances associated with 

schizophrenia prevent the patient from normal societal interaction. "Typical" 
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antipsychotic drugs include the nonselective, dopamine antagonists haloperidol and 

chlorpromazine which are effective against the positive symptoms of schizophrenia but 

also produce extrapyramidal, movement side effects. "Atypical" antipsychotics, such as 

clozapine (more selective for the dopamine D4-subtype), are effective against both 

positive and negative symptoms of schizophrenia and produce fewer movement disorders. 

However, clozapine can produce agranulocytosis which limits its clinical use (Pisciotta et 

al., 1992). 

Additional indications for antipsychotics include Alzheimer's disease, Huntington's 

disease and Tourette's syndrome. Alzheimer's disease affects at least four million people 

in the United States alone and the number of individuals with Alzheimer's disease may 

continue to rise as the age of the general population increases. As an Alzheimer's disease 

patient becomes more senile, paranoia occurs which can be somewhat resolved by 

administration of antipsychotics (Gottleib and Piotrowski, 1990). The abnormal, 

choreiform movements of Huntington's disease, that result from loss of GABAergic 

feedback in the nigrostriatal pathway, are diminished by antipsychotic therapy (Barr et al., 

1988). In Tourette's syndrome, patients are afflicted by involuntary tics that result from 

abnormal dopamine levels in the caudate-putamen. Antipsychotic drugs can help reduce 

tics by decreasing dopamine activity in the caudate-putamen (Shapiro et al., 1989; Cohen 

et al., 1992). 

The beneficial and adverse side effects of antipsychotic drugs, especially typical 

antipsychotics, are thought to result from binding to the dopamine D2-receptor subtype 

(Seeman, 1980). However, the binding of antipsychotics, such as haloperidol and 

chlorpromazine, to dopamine receptors, does not provide rapid benefit. Interestingly, 

antipsychotic drugs quickly enter the brain and bind dopamine receptors, yet in 

schizophrenia, delusions and hallucinations may not be adequately resolved for weeks or 
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months. This disparity has led researchers to examine other potential mechanisms of 

antipsychotics. Since neuropeptides are known to regulate dopamine neurons in brain 

regions that are targeted by antipsychotics, the efifect of antipsychotics and other 

dopaminergic drugs on neuropeptide systems has been evaluated. Indeed, administration 

of antipsychotic drugs does affect SP, ME and CCK peptide and mRNA levels (Table 

1.1). 

The level of SP peptide and preprotachykinin mRNA are decreased after the 

administration of haloperidol (Bouras et al., 1986; Bannon et al., 1986; Angulo et al., 

1990). In contrast, SP levels are increased by administration of the dopamine receptor 

agonist apomorphine (Li et al., 1987). However, SP is not affected by atypical 

antipsychotics such as clozapine which induce fewer extrapyramidal symptoms (Angulo et 

al., 1990). This suggests that SP may be involved in the movement disorders induced by 

typical antipsychotics. ME, in contrast to SP, is increased after haloperidol (Hong et al., 

1980; Sabol et al., 1983; Tang et al., 1983) and decreased after apomorphine (Geroge and 

Kertesz, 1987; Herman et al., 1991) administration. However, clozapine also is without 

effect on ME levels (Hong et al., 1978). Like ME, CCK levels also are increased after 

haloperidol administration (Frey, 1983). Interestingly, Verbanck et al. (1984) have 

observed lower levels of CCK in schizophrenic brain, suggesting a putative role for CCK 

in psychiatric disorders. 
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Table 1.1. Effect of dopaminergic drugs on neuropeptide and mRNA levels. 

Peptide / RNA Drug (Effect) 

Substance P / Preprotachykinin Haloperidol 2 mg/kg, 10 days (>l / >1) ^ 

Haloperidol 2 mg/kg, 21 days (i / i) ̂  

Clozapine 10 mg/kg, 21 days (- / -) ^ 

^omorphine 5 mg/kg, 7 days (T / T) ̂  

Met-Enkephalin / Proenkephalin Haloperidol 2 mg/kg, 10 days (T / T) ^ 

Haloperidol 1 mg/kg, 4 days (T / T)  ̂

Clozapine 10 mg/kg, 14 days (- / -) ^ 

^omorphine 5 mg/kg, 10 days (i / i) ̂  

Cholecystokinin / Procholecystokimn Haloperidol 1 mg/kg, 14 days (T /T) ̂  

T, increased peptide or mRNA level; decreased peptide or mRNA level; no change in 
peptide or mRNA level. 

1 Christian et al., 1990 
2 Angulo et al., 1990 
3 Li et al., 1987 
4 Marksteiner et al., 1992 
5 Sivam et al., 1986 
6 Hong et al., 1978 
^ George and Kertesz, 1987 
8 Frey, 1983 
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Neuropeptidases. While numerous studies have examined changes in 

neuropeptide level and mRNA of SP, ME and CCK afler administration of dopaminergic 

drugs, the effect of these drugs on the termination of neuropeptide activity has not been 

well characterized. No known high a£5nity reuptake system is present to remove 

neuropeptides from synaptic regions as that seen with other transmitters such as the 

catecholamines (McKelvy and Blumberg, 1986). Internalization of neuropeptide-receptor 

complex has been reported, however, this appears to be a minor component of 

neuropeptide signal termination (Agnati et al., 1992). Therefore, much emphasis has been 

placed on the metabolism of neuropeptides by the action of peptide-degrading enzymes, or 

neuropeptidases. Neuropeptidase activity results in neuropeptide degradation and 

conversion of parent neuropeptide to amino acid fragments that retain partial or no 

activity when compared with the parent. Therefore, the neuropeptidase-mediated 

degradation of neuropeptides may be an important site of neuropeptide regulation by 

dopaminergic drugs. 

Presently, at least twenty membrane-associated, neuropeptidases have been 

partially characterized. The presence of a small number of neuropeptidases compared to a 

larger number of neuropeptides suggests an ability of these enzymes to degrade multiple 

neuropeptide substrates. Ectoenzymes are neuropeptidases containing a catalytic site that 

is extracellulaiy oriented. Ectoenzymes are present at or near the site of neuropeptide 

release (Barnes et al., 1988; Marcel et al., 1990) where they can rapidly degrade 

neuropeptides and prevent further local activity and diffusion of neuropeptide to distant 

extrasynaptic sites. Soluble neuropeptidases are present in neuronal cells and likely 

process propeptides to their active, secretable form and do not play a major role in the 

termination of neuropeptide signal. 
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The ability of neuropeptidases to degrade particular neuropeptides is based on 

several factors. First, neuropeptidases must be present in regions of neuropeptide 

expression. If peptide-degrading enzymes are not localized where neuropeptides are 

released, then the neuropeptide may difilise and have extraregional activity and lead to 

potentially abnormal function. Indeed, neuropeptidases have been localized to regions of 

high neuropeptide content (Dauch et al., 1993). Second, neuropeptidase activity must be 

sequence specific. The substrate binding site of neuropeptidases allows for cleavage of 

particular peptide bonds based on the amino acid sequence of the neuropeptide. Because 

several neuropeptides may be present in a synapse or region concurrently, the selectivity 

and afBnity of colocalized neuropeptidases allows for a distinct response in a given brain 

region. Third, activity of neuropeptidases must convert the neuropeptide to fi'agments 

unable to produce the biological response of the initial neuropeptide. Many 

neuropeptides, including SP, require a large portion of their C-terminal region to remain 

intact for biological fimction (PiercQ^ and Einspahr, 1980). When the C-terminal portion 

of SP is disrupted by enzymatic degradation, the afiBnity of SP for neurokinin receptors is 

greatly diminished, therefore terminating SP activity. 

The substrate specificity of neuropeptidases has been characterized by several 

methods. Purified enzyme preparations have been used to determine potential cleavage 

sites of various neuropeptides (Almenoff et al., 1981; Orlowski and Wilk, 1981). Studies 

with purified enzymes have also led to the development of selective, synthetic substrates 

that can be used to determine the activity of specific neuropeptidases in different tissue 

preparations (Checler, 1993). Crude membrane homogenates have been widely used to 

identify the presence and ability of neuropeptidases to degrade neuropeptides in vitro. 

However, characterization of membrane-associated, ectoenzymes with crude homogenates 

has not compared favorably with in vivo experiments. This discrepancy is likely due to the 
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release, by homogenization, of soluble and nuclear peptidases that can adversely effect the 

measurement of ectoenzyme activity. 

More recently, use of intact, regional brain slices has provided a model for 

examining neuropeptidase fimction and neuropeptide degradation that more closely 

mimics the in vivo situation (Li et al., 1990; Davis et al., 1992). Because they contain 

intact cells of a given brain region, brain slice preparations are less likely to contain 

soluble, cytosolic enzymes present in homogenates (Burbach, 1984). Brain slices have 

been used to determine the degradation of endogenously released neuropeptides in the 

presence and absence of neuropeptidase inhibitors (De La Baume et al., 1983; Zuzel et al., 

1985). These studies have painted a clearer picture as to which specific neuropeptidases 

are involved in the degradation of neuropeptides such as SP, ME and CCK in vivo. 

Neutralendopeptidase 24.11 (NEP 24.11). NEP 24.11 (EC 3.4.24.11, neprilysin) 

is perhaps the most widely studied neuropeptidase. First discovered in 1968 (Wong-

Leung and Kenny, 1968) and characterized as a zinc-containing metallo-endopeptidase in 

1974 (Kerr and Kenny, 1974), NEP 24.11 was first isolated fi-om the rat kidney. Later 

studies demonstrated the presence of NEP 24.11 in the central nervous system, although 

the activity of NEP 24.11 in the brain is considerably less than in the kidney (Relton et al., 

1983). In mammalian brain, NEP 24.11 is highly localized in the basal ganglia and 

mesolimbic regions with much less activity present in the cerebral cortex (Dauch et al., 

1993). 

NEP 24.11 originally was termed "enkephalinase" due to its role in the termination 

of met- and leu-enkephalin (Craves et al., 1978; Malfi'oy et al., 1978). However, as 

shown in Table 1.2, NEP 24.11 can cleave many neuropeptide substrates in vitro, 

therefore, enkephalinase is not an accurate classification of NEP 24.11. SP, perhaps the 
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best endogenous substrate for NEP 24.11 (Kenny, 1993; Turner and Barnes, 1994), is 

potentially cleaved in three locations by this neuropeptidase. SP is cleaved by NEP 24.11 

between Gln^-Phe^, Phe^-Phe^ and Gly^-Leu^® (Lee et al., 1981; Skidgel et al., 1984) 

demonstrating the ability of NEP 24.11 to cleave small neuropeptides on the amino side of 

hydrophobic residues. ME is cleaved by NEP 24.11 between amino acids Gly^-Leu^ but 

with a kcat^m ^®tio (specificity constant) 4.5 times lower than SP (Kenny, 1993). 

NEP 24.11 is exclusively membrane-associated and is anchored to the plasma 

membrane by its amino terminus. Immunohistochemistry has demonstrated the presence 

of NEP 24.11 on the surface of axons and dendrites in the striatum (Marcel et al., 1990) 

supporting the role of NEP 24.11 in the degradation of endogenously released 

neuropeptides. However, the presence of NEP 24.11 in the synaptic cleft has not been 

clearly demonstrated, suggesting that neuropeptidases, Uke NEP 24.11, may act as 

difiusional barriers of neuropeptide action. 

Aminopeptidase N (APN). APN (EC 3.4.11.2), like NEP 24.11 is a purely 

membrane-associated, zinc-containing neuropeptidase (Checler, 1993). The N-terminal 

tail of APN tightly anchors this neuropeptidase to the plasma membrane (Malfiroy et al., 

1989; Watt and Yipp, 1989). APN has a ubiquitous distribution in mammalian brain with 

highest levels present in the basal ganglia, mesolimbic regions and throughout the cerebral 

cortex (Dauch et al., 1993). While the presence of APN has been detected in synaptic 

membranes, immunohistochemistry confirms that in brain, APN is primarily localized to 

cerebral blood vessels (Hersh et al., 1987). These findings suggest that neuropeptides 

susceptible to degradation by APN must first diftuse fi'om the synaptic site of release in 

order to be degraded. 
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APN catalyzes the cleavage of amino acids from the amino terminus of a limited 

number of peptide substrates (Table 1.2). The degradation of ME and leu-enkephalin at 

the Tyrl-Gly2 position is the activity most associated with APN (Chaillet et al., 1983; De 

La Baume et al., 1983; Gros et al., 1985). Regional brain slice studies have confirmed the 

action of APN on ME (Konkoy and Davis, 199S). Additionally, this neuropeptidase may 

play a minor role in the degradation of SP at the Arg^ position and CCK at the Asp^ 

position O^onkoy and Davis, 1995). 

Metalloendopeptidase 24.15 (MEP 24.15). MEP 24.15 (EC 3.4.24.15) is a 

predominantly soluble neuropeptidase (Dahms and Mentlein, 1992) but does possess 

appreciable membrane-associated activity (Acker et al., 1987). Inhibitors of MEP 24.15 

protect the degradation of dynorphin in vivo, suggesting that the membrane-associated 

form of MEP 24.15 is involved in the degradation of released neuropeptides (Molineaux 

and Ayala, 1990). The distribution of MEP 24.15 in brain is relatively broad with highest 

levels in the striatum and limbic regions with moderate levels throughout cerebral cortex 

and hippocampus (Dauch et al., 1993). The preferential cleavage site of MEP 24.15 is on 

the carboxyl side of hydrophobic residues with an additional hydrophobic or large amino 

acid in the P3' (three amino acids toward the C-terminus from the site of cleavage) 

position ^entlein and Dahms, 1994). 

Neurotensin is a major substrate for MEP 24.15 as shown on regional brain slices 

(Davis et al., 1992). Additionally, several other neuropeptides are known to be degraded 

by this neuropeptidase in vitro (Table 1.2). SP can be cleaved by MEP 24.15 in three 

locations. ME and CCK are not thought to be substrates for MEP 24.15 which has been 

confirmed by regional brain slice studies (Konkoy and Davis, 1995). 
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Angiotensin converting enzyme (ACE). ACE (EC 3.4.15.1) is a dipeptidyl 

carboTQrpeptidase that was originally described to convert angiotensin I to the potent 

vasoconstrictor angiotensin n (Erdds et al., 1977). Inhibitors of ACE have been widely 

used for treatment of hypertension based on prevention of ACE activity against 

angiotensin I (Ondetti et al., 1977). However, ACE has been demonstrated to degrade 

several neuropeptides including ME and CCK (Table 1.2). Interestingly, ACE also is able 

to degrade SP which is an amidated neuropeptide. Amidation of neuropeptides is a 

property that prevents the metabolizing action of many carboxypeptidases and is critical 

for biological activity (Skidgel et al., 1984; Hooper and Turner, 1987). 

The distribution of ACE in the brain is highly localized to the striatum and 

substantia nigra with negligible levels in limbic regions and the cerebral cortex (Dauch et 

al., 1993). Interestingly, ACE is one of the few neuropeptidases known to be largely 

present at the synaptic cleft (Barnes et al., 1992). However, the regional distribution and 

relatively low afSnity of ACE for brain neuropeptides makes its role in the degradation of 

endogenous neuropeptides unclear. 
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Table 1.2. Neuropeptide specificity of neuropeptidases ^ 

Neuropeptidase Neuropeptides Degraded 

Neutral Endopeptidase 24.11 Substance P 

Leu-Enkephalin 

Met-Enkephalin 

Angiotensin 

Dynorphin 

Cholecystokinin 

Neurotensin 

Somatostatin 

Aminopeptidase N Met-Enkephalin 

Leu-Enkephalin 

Cholecystokinin 

Substance P 

Metalloendopeptidase 24.15 Neurotensin 

Substance P 

Angiotensin 

Somatostatin 

Angiotensin Converting Enzyme Angiotensin 

Substance P 

Neurotensin 

Met-Enkephalin 

Leu-Enkephalin 

Cholecystokinin 

1 Adapted £"001 Checler, 1993. 
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Present Study 

Hypothesis: Dopaminergic drugs alter the activity of specific neuropeptidases which 

therefore affects neuropeptide metabolism. Alterations in neuropeptidase activity result 

fi'om changes in neuropeptidase gene transcription. 

Specific Aims: 

1. Determine the efifect of dopaminergic drugs on the degradation of substance P, 

met-enkephalin and cholecystokinin. 

2. Determine which specific neuropeptidases are affected by dopaminergic drug 

administration. 

3. Determine if alterations in neuropeptidase activity are due to changes in 

neuropeptidase gene transcription. 

As mentioned previously, SP, ME and CCK interact with the dopaminergic system 

and the levels of SP, ME, CCK and their corresponding mRNA are affected by the 

administration of dopaminergic drugs. However, the efifect of dopaminergic drugs on the 

degradation of these neuropeptides has not been characterized. The hypothesis that 

neuropeptidases are sites of neuropeptide regulation by dopaminergic drugs has also not 

been previously examined. The present studies characterize the efifect of dopaminergic 

drugs on the degradation of SP, ME and CCK and the neuropeptidases that degrade these 

neuropeptides. 
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In Chapter 2, the effect of the antipsychotics haloperidol, chlorpromazine and 

clozapine, the dopamine receptor agonist apomorphine and various dopamine receptor 

selective agonists and antagonists is presented. For these studies, the intact, regional brain 

slice model, that has been developed in the Davis laboratory, was used. The brain regions 

selected for these analyses were the caudate-putamen, nucleus accumbens and frontal 

cortex. These brain regions contain dopamine neurons, neuropeptides (including SP, ME 

and CCK) and the neuropeptidases involved in the degradation of dopamine-regulating 

neuropeptides. 

In Chapter 3, the neuropeptidases responsible for the degradation of SP and ME 

on intact, regional brain slices is determined. Various, selective neuropeptidase inhibitors 

were coincubated with brain slices and compared to uninhibited samples to determine the 

role of individual neuropeptidases in the degradation of SP and ME. Neuropeptidases that 

degrade SP and/or ME on regional brain slices are, therefore, likely candidates to be 

altered by dopaminergic drug administration. 

In Chapter 4, the activity of neuropeptidases confirmed to degrade SP and ME on 

regional brain slices was determined after administration of haloperidol and apomorphine. 

For these studies, regional P2 membrane homogenates were used. The P2 membrane 

preparation is an enriched plasma membrane homogenate containing less contamination 

from nuclear membranes and cytosolic neuropeptidases than crude membrane 

homogenates (Gray and Whittaker, 1962). Selective enzyme assays for NEP 24.11, APN, 

MEP 24.15 and ACE were used to determine if these neuropeptidases are affected by 

dopaminergic drugs. 
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The potential molecular mechanism of drug-induced changes in neuropeptidase 

activity is examined in Chapter 5. RNase protection assays were used to determine if 

haloperidol or apomorphine administration affects the mRNA level of NEP 24.11 or APN. 

The Direct Protect™ RNase protection method was used to optimize the available mRNA 

in each regional brain sample. 

FinaUy, in Chapter 6, the results obtained and the overall significance of the 

findings of the present research is discussed. Additionally, future directions of this 

research are discussed in detail. 
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2 

Effect of Dopaminergic Drugs on Substance P, Met-Enitepiiaiin and 

Cholecystoldnin Degradation 

The use of antipsychotics in the treatment of psychiatric disorders such as 

schizophrenia has been based on their known antagonism of dopamine receptors, 

specifically the D2 subtype (Seeman, 1980). However, several lines of evidence suggest 

that, in addition to dopamine, other neurotransmitters or neuromodulators may play a role 

in the symptomology of schizophrenia and in the extrapyramidal sequellae produced by the 

administration of antipsychotics (Christian et al., 1990). Indeed, high concentrations of 

neuropeptides, such as substance P (SP) (Gale et al., 1977), cholecystoldnin (CCK) 

(Hdkfelt et al., 1980b) and met-enkephalin (ME) (Pollard et al., 1978) have been detected 

in the vicinity of midbrain dopamine systems where such peptides may modulate 

dopaminergic transmission (Kalivas, 198S; Hokfelt et al., 1980c). 

SP, an undecapeptide of the tachykinin family, is distributed throughout the central 

nervous system where it flmctions as a neurotransmitter/neuromodulator. Moderate to 

high levels of SP are found in the basal ganglia and limbic structures such as caudate-

putamen and nucleus accumbens (Cooper et al., 1981; Emson et al., 1980); these regions 

also express high levels of SP binding sites (Shults et al., 1984). Although cerebral cortex 

contains a lower concentration of SP, the density of SP binding sites in this region is high 

(Maggio, 1988). Numerous reports suggest that SP interacts with nigrostriatal and 

mesocorticolimbic dopaminergic neurons. For example, intranigral injection of SP 

increases striatal dopamine release (R.eid et al., 1990a) and intrategmental injection of SP 

increases release of dopamine from nucleus accumbens and prefrontal cortex (Cador et al., 

1989). Further, both the level of SP peptide and its corresponding mRNA are decreased 
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in striatum following subcbronic administration of antipsychotics such as haloperidol and 

chlorpromazine (Angulo et al., 1990; Christian et al., 1990). In contrast, administration of 

the nonselective, dopamine receptor agonist apomorphine produces increased SP mRNA 

and SP immunoreactivity in the striatum (Li et al., 1987). 

Like SP, CCK has been associated with dopaminergic pathways, particularly those 

projecting into limbic areas (Hdkfelt et al., 1980c; Nair et al., 1985). High concentrations 

of CCK are present in the cortex, hippocampus, ventral mesencephalon and limbic regions 

of the brain (Beinfeld et al., 1981). CCK binding sites are abundant in the caudate nucleus 

and nucleus accumbens (Saito et al., 1980; Zarbin et al., 1983). CCK is thought to 

modulate dopamine release in nucleus accumbens (for review, see Crawley and Corwin, 

1994) and appears to act differentially on dopamine release in this region based on 

receptor subtype interactions. When CCK is bound to the CCK-B receptor in the anterior 

nucleus accumbens, dopamine release and associated behaviors are inhibited. In contrast, 

CCK bound to CCK-A receptors in the posterior nucleus accumbens increases dopamine 

release and associated behaviors. CCK peptides have been linked to psychiatric disorders 

such as anxiety and psychosis. For example, Verbanck et al. (1984) have shown that the 

level of CCK in cerebrospinal fluid of drug-free schizophrenics is decreased in comparison 

to controls. 

ME and dopaminergic neurons have both been shown to innervate the caudate-

putamen and nucleus accumbens (Pollard et al., 1978). ME reduces the action of 

dopamine on -receptors through a non-competitive mechanism in these brain regions 

(Schoffehneer et al., 1987). In contrast, dopamine acting at D2-receptors on enkephalin 

neurons decreases the release of ME. Moreover, ME levels are decreased in striatum after 

administration of the dopamine receptor agonist apomorphine and increased after 
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haloperidol, chlorpromazine or thioridazine administration (George and Kertesz, 1987; 

Herman et ai., 1991). 

Previous work has shown that the activity of membrane-bound proteolytic 

enzymes responsible for the degradation of several neuropeptides are altered after 

antipsychotic administration (Davis and CuUing-Berglund, 1987; Konkoy et al., 1993; 

Konkoy et al., 1994). It is likely that membrane-assodated proteolytic enzymes are 

responsible for termination of peptide activity since no known reuptake system exists for 

neuropeptides (McKelvy and Blumberg, 1986). If the activity of neuropeptidases 

responsible for the degradation of SP, CCK and ME are altered in a regionally specific 

manner, then mesocorticolimbic dopaminergic transmission may be affected as well. 

Therefore, the effect of administration of the typical antipsychotics haloperidol and 

chlorpromazine, the typical antipsychotic clozapine and the nonselective, dopamine 

receptor agonist apomorphine on degradation of these neuropeptides by regional brain 

slices was examined. Additionally, other selective dopamine receptor subtype drugs were 

administered to determine if effects on neuropeptide degradation occur exclusively 

through one receptor type (i.e., vs. D2) . 
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Methods 

Drugs and peptides. Haloperidol, chlorpromazine, apomorphine, sulpiride, 

captopril and bestatin were purchased from Sigma Chemical Co. (St. Louis, MO). SP and 

ME were purchased from Bachem California (Torrance, CA). CCK was synthesized and 

purified by Terrence Gillespie in the Davis laboratory using solid-phase synthetic 

procedures followed by high resolution, HPLC separation ^enke and Nyerges, 1991; 

Davis et al., 1992). 

Drug treatments. Adult, male Harlan Sprague-Dawl^ rats (Indianapolis, IN) 

were housed, four animals per cage, in an air-conditioned room with a 12-hr light-dark 

cycle. Animals had free access to laboratory chow (Teklad pellets) and water. 

Haloperidol, chlorpromazine, quinpirole, SCH 23390, SKF 38393, clozapine and 

apomorphine were dissolved in 0.3% tartaric acid. Sulpiride was dissolved in 0.5M 

H2SO4 and adjusted to pH 2.5 with IM NaOH. Rats receiving haloperidol (1 mg/kg), 

chlorpromazine (20 mg/kg), clozapine (20 mg/kg) or quinpirole (5 mg/kg) were dosed i.p. 

once daily for 7 days. Rats receiving sulpiride (100 mg/kg), SCH 23390 (0.5 or 2.5 

mg/kg), SKF 38393 (1 or 5 mg/kg) or apomorphine (5 mg/kg), were dosed i.p. every 12 

hours for 7 days. Control animals were dosed with appropriate vehicle on identical 

schedules as drug treated rats (1.5 ml/kg). 

Brain slice technique. Regional rat brain slices were obtained as described 

previously (Konkoy et aL, 1994). Briefly, rats were sacrificed by decapitation, the brains 

quickly removed, placed in a ice cold rat brain matrix (Activational Systems, Inc., Warren, 

MI) and cut into 2 mm slabs containing the region of interest. The slabs were punched 
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using a stainless-steel, 2 mm tissue corer (Fine Science Tools Inc., Foster City, CA) 

resulting in a 2 mm x 2 mm core of the desired brain region. The atlas of Paxinos and 

Watson (1986) was used so that anatomically consistent tissue punches were obtained. 

Punches were placed in freshly oxygenated, ice cold, sterile, Hepes bufifer (141 mM NaCl, 

4.8 mM KCl, 10.0 mM Hepes, 11.1 mM glucose, 2.0 mM CaCl2, 12 mM MgS04 pH to 

7.4 with 1.0 M NaOH). Punches were band-sliced using a custom-designed slicing 

apparatus (Vitron Inc., Tucson, AZ). A 230 |im spacer was used to produce 230 pm 

thick slices. Slices were placed in micro weighing dishes (VWR Scientific, Los Angeles, 

CA) and gently shaken on an orbital shaker (Hoefer Scientific Instruments, San Francisco, 

CA) to separate cellular debris from intact slices. After shaking, slices were rinsed twice 

with o^QTgenated, sterile Hepes buffer to remove cellular debris and cytosolic peptidases 

from the buffer in the weighing dishes (Brendel et al., 1987; Davis et al., 1992). 

Brain slice incubation. Regional brain slices (four) were transferred to sterile 

polypropylene tubes containing 160 pi of sterile, o^Qrgenated Hepes buffer. Stock (20 ^1) 

solutions of peptide were added to the tubes resulting in a final volume of 180 |jJ. To 

determine the effect of dopaminergic compounds on neuropeptide degradation, slices were 

incubated with a SP, CCK or ME (final concentration ISO pM, 100 pM or 400 ^M 

respectively) in 180 |Ji total volume following 7 days of drug or appropriate vehicle 

administration. Tubes containing SP were incubated for 2 hr, CCK 1 hr and ME 45 min. 

For all incubations, control tubes were prepared by boiling tubes for S min before the 

addition of the peptide stock peptide solution or by incubating tubes without brain slices. 

Samples were centrifuged for IS min at 12,000 x g (Beckman Microfuge; Beckman 

Instruments, Berkeley, CA) and the supernatant collected for HPLC analysis. 
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Supernatants were stored at -40 °C until HPLC analysis was performed. All samples were 

conducted in duplicate. 

HPLC analysis. Samples were thawed and centrifiiged to precipitate remaining 

tissue protein and debris. A 100 ^1 aliquot of each sample was automatically injected 

(TosoHaas TSK 6080, Philadelphia, PA) onto a Beckman (FuUerton, CA) Cjg column 

(0.46 X 25 cm) and analyzed as described previously (Davis et al., 1992). SP samples 

were analyzed by using an isocratic gradient of 5% acetonitrile V5. 100 mM NaH2P04 

adjusted with H3PO4 to pH 2.4 for 10 min, then from 5-25% acetonitrile in 30 min 

(linear). CCK samples were analyzed by using an isocratic gradient of 4% acetonitrile v;. 

100 mM NaH2P04 for 8 min, then 4-28% acetonitrile in 45 min (linear). ME samples 

were analyzed using a Vydac (Hesperia, CA) Cjg small pore column (0.46 x 25 cm). The 

gradient consisted of isocratic phosphate buffer over a 10 min period, then from 0-20% 

acetonitrile versus phosphate over a 40 min time period (linear). Sample components 

were detected with a Perkin-Elmer model LC-95 detector at 210 nm and integrated with a 

Perkin-Ehner model LCI-lOO integrator. Identity of the parent peptides and relevant 

fragments were determined by injection of authentic standards. 

Data analysis. Values are expressed as means ± S.E., n = 5 animals for drug 

studies. Statistical significance was evaluated by two-way ANOVA followed by a 

Newman-Keuls test. For peptidase inhibitor studies, statistical significance was evaluated 

by the Student's unpaired West. The level of significance is noted by ** p<0.01 and * 

p<0.05. 
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Results 

Effect of seven day typical antipsychotic and opomorphine administration on SP, 

CCK and ME degradation. The effect of antipsychotics and other dopaminergic agent 

administration on exogenous SP, CCK and ME degradation was determined on intact, 

regional rat brain slices. Treatment groups (n=5) and vehicle groups (n=5) were treated 

with identical weight/volume i.p. injections over a 7 day period. Following injections with 

the antipsychotics haloperidol (I mg/kg) or chlorpromazine (20 mg/kg), animals displayed 

a characteristic, neuroleptic behavioral response including sedation and catalepsy. 

Administration of the dopamine agonist apomorphine (5 mg/kg, every 12 hr), resulted in 

hyperactivity. 

As shown in Figure 2.1, administration of the antipsychotics haloperidol and 

chlorpromazine significantly (p<0.01) decreased the degradation of SP on rat caudate-

putamen and nucleus accumbens slices, but not on slices from frontal cortex, when 

compared to vehicle mjected animals. In contrast, administration of the dopamine 

receptor agonist apomorphine significantly (p<O.OS) increased SP degradation in nucleus 

accumbens and produced a small, nonsignificant increase in caudate-putamen. 

The effect of dopaminergic agents on the degradation of CCK is shown in Figure 

2.2. In contrast to SP, the degradation of CCK in the caudate-putamen and nucleus 

accumbens was not altered by administration of haloperidol, chlorpromazine or 

apomorphine. In frontal cortex, apomorphine administration decreased CCK degradation. 

Administration of haloperidol decreased ME degradation in caudate-putamen and frontal 

cortex (Figure 2.3). ME degradation was not significantly affected by apomorphine 

administration in either frontal cortex or caudate putamen. However, the degradation of 

ME was somewhat decreased in frontal cortex and increased in caudate-putamen. 
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Effect of atypical antipsychotics and dopamim receptor-selective drugs on SP 

degradation. The efifect of various dopaminergic drugs on the degradation of SP was 

determined on intact, regional, brain slices. After administration of the D2-receptor 

antagonist sulpiride (100 mg/kg, every 12 hr), D2-receptor agonist quinpirole (5 mg/kg), 

Dj-receptor antagonist SCH 23390 (0.5 or 2.5 mg/kg, every 12 hr), D^-receptor agonist 

SKF 38393 (1 or 5 mg/kg) or the atypical antipsychotic clozapine (20 mg/kg), no salient 

behavioral alterations were observed. The lack of behavioral effects induced by drugs 

such as clozapine and sulpiride is the basis for their atypical antipsychotic nomenclature. 

The clinically used, atypical antipsychotic, clozapine was without effect on SP 

degradation in all brain regions studied (Table 2.1). Additionally, the D2-receptor 

antagonist sulpiride, D2-receptor agonist quinpirole, -receptor antagonist SCH 23390 

and D^-receptor agonist SKF 38393 also did not significantly affect SP degradation in any 

of the brain regions studied. 
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Figure 2.1. Effect of dopaminergic drugs on regional substance P (ISO ^M) 
degradation aiter 2 hr incubation at 37 °C. 

Rats were injected with haloperidol (1 mg/kg), chlorpromazine (20 mg/kg) apomorphine 
(5 mg/kg, every 12 hr) or appropriate vehicle for 7 days. Values below base-line (vehicle-
treated degradation) reflect decreased substance P degradation and values above base-line 
reflect increased substance P degradation after dopaminergic drug administration. Values 
represent means ± S.E. of treated (n = 5) and vehicle control (n = 5) animals. 

Significantly different fi'om vehicle (P < .01) by ANOVA followed by Newman-Keuls 
test. 

* Significantly different firom vehicle (P < .05) by ANOVA followed by Newman-Keuls 
test. 
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Figure 2.2. Effect of dopaminergic drugs on regional cholecystokinin (100 jiM) 
degradation after 1 hr incubation at 37 °C. 

Rats were injected with haloperidol (1 mg/kg), chlorpromazine (20 mg/kg) apomorphine 
(5 mg/kg, every 12 hr) or appropriate vehicle for 7 days. Values below base-line (vehicle-
treated degradation) reflect decreased cholecystokinin degradation and values above base
line reflect increased cholecystokinin degradation after dopaminergic drug administration. 
Values represent means ± S.E. of treated (n = 5) and vehicle control (n = 5) animals. 

* Significantly different firom vehicle (P < .05) by ANOVA followed by Newman-Keuls 
test. 
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Figure 2.3. Effect of dopaminergic drugs on regional met-enkephalin (400 ^iM) 
degradation after 45 min incubation at 37 °C. 

Rats were injected with haloperidol (1 mg/kg), apomorphine (5 mg/kg, every 12 hr) or 
appropriate vehicle for 7 days. Values below base-line (vehicle-treated degradation) 
reflect decreased met-enkephalin degradation and values above base-line reflect increased 
met-enkephalin degradation after dopaminergic drug administration. Values represent 
means ± S.E. of treated (n = 5) and vehicle control (n = 5) animals. 

** Significantly different from vehicle (P < .01) by ANOVA followed by Newman-Keuls 
test. 
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Table 2.1. Effect of 7 day administratioa of dopaminergic drugs on substance P 

degradation on regional, rat brain slices 

Drug (Dosage) Receptor Frontal Caudate- Nucleus 

Specificity Cortex Putamen Accumbens 

Control 100 100 100 

Haloperidol (Img/kg) Nonselective 

Antagonist 

98.1+2.9 84.8 ±2.5** 81.8 ±3.0** 

Clozapine (20mg/kg) Atypical 

Antipsychotic 

92.3 ± 1.7 95.4 ±4.2 93.2 ±4.6 

Sulpiride (100mg/kg,bid) D2 Antagonist 100.1 ±2.9 105.4 ±4.5 89.9 ±3.6 

Quinpirole (5mg/kg) D? Agonist 101.6 ±3.3 95.9 ±3.9 98.7 ±4.3 

SCH23390 (O.Smg/kfcbid) Di Antagonist 105.1 ± 1.3 98.3 ±2.5 94.3 ±2.2 

SCH23390 (2.5mg/kg,bid) Di Antagonist 99.8 ±2.4 92.2 ±2.9 100.7 ±3.8 

SKF38393 (lmg/kg,bid) Di Agonist 89.4 ±2.5 102.7 ±1.7 96.0 ±3.9 

SKF38393 (5mg/kg,bid) Di Agonist 110.4 ±1.2 98.7 ±2.9 90.9 ±3.5 

Rats were injected with drug or vehicle for 7 days. Brain slices (four) were incubated with 
150 pM substance P for 2 hr at 37 °C. Each value (means ± S.E., n =5) represents 
substance P degradation as a percentage of respective, vehicle-treated control. 

** Significantly different from vehicle (P < .01) by ANOVA followed by Newman-Keuls 
test. 
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Discussion 

The use of the regional brain slice technique allows for measurement of membrane-

associated peptidase activity with less contamination from soluble peptidases present in 

homogenate preparations (Buibach, 1984; Li et al., 1990). The brain slice technique also 

maintains in situ morphology which is absent in brain homogenates ^rendel et al., 1987; 

Lynch and Schubert, 1980). The reproducibility of this technique and uniformity of the 

slices produced has been described previously for use in determining neuropeptide 

metabolism (Li et al., 1990; Davis et al., 1992; Konkoy et al., 1994). Slices made by this 

procedure are viable for a period of at least S hours and contain glia and neuronal cells 

representative of each discrete brain region (Li et al., 1990). Additionally, exogenous 

neuropeptides adequately permeate each brain slice to ensure accurate quantitation of 

peptide degradation (Davis et al., 1992). Therefore, this model system was employed to 

examine whether the administration of dopaminergic drugs alters neuropeptide 

degradation. 

Antipsychotic drugs have been the therapy of choice for patients with 

schizophrenia and other well characterized psychoses. The hallmark of the clinical 

efScacy of antipsychotics is their antagonism of dopamine receptors (Seeman, 1980). 

Antagonism of central dopamine receptors is a rapid event as antipsychotics can readily 

enter the mammalian brain as evidenced by the onset of catalepsy in experimental animals 

within minutes of antipsychotic administration. However, these drugs have also been 

shown to alter the content and release of several biologically active neuropeptides (Bouras 

et al., 1986; Angulo et al., 1990; De Vries et al., 1994). Specifically, haloperidol (2 mg/kg 

i.p. for 10 days) significantly decreases SP-like immunoreactivity and preprotachykinin 

mRNA in the striatum (Christian et al., 1990). The decrease in SP peptide level is also 
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seen at somewhat higher haloperidol concentrations given for a longer duration (10 

mg/kg/day for 1-67 days) (Bouras et al., 1986). George and Kertesz (1987) have shown 

that striatal ME levels are increased 50% following 2.5 mg/kg/day haloperidol treatment 

for 9 days; this increase was blocked by chronic dopamine agonist administration. CCK 

peptide levels have also been shown to be increased in the striatum and mesolimbic system 

after two weeks of haloperidol, chlorpromazine or clozapine administration (Frey, 1983). 

Such alterations in the levels of neuropeptides may be responsible for therapeutic and/or 

adverse effects of these drugs (Garver et al., 1990; Crawley and Corwin, 1994). 

Although the effects of dopaminergic compounds on peptide levels have been 

previously measured, interaction of these compounds with enzymes responsible for 

peptide degradation has only recently been carefully studied (Konkoy et al., 1993; Konkoy 

et al., 1994). The present study examined the effect of 7 day administration of 

dopaminergic drugs on SP, CCK and ME degradation. This duration of treatment (7 

days), and the dosages used (haloperidol 1 mg/kg, chlorpromazine 20 mg/kg and 

apomorphine 5 mg/kg), correspond to previous work demonstrating alterations in peptide 

level and mRNA following administration of these drugs (Bouras et al., 1986; Li et al., 

1987). In the present study, using identical dosing regimens, SP degradation was 

significantly decreased in the caudate-putamen and nucleus accumbens following 

administration of the typical antipsychotics haloperidol and chlorpromazine. Larger doses 

of haloperidol (3 and 5 mg/kg) and chlorpromazine (40 mg/kg) were without effect on SP 

degradation in previous, unpublished work. This implies that low doses of these drugs 

affect neuropeptidases, whereas somewhat greater levels of antipsychotics do not produce 

these alterations. Decreased degradation of SP following administration of antipsychotics 

demonstrates further mechanisms by which antipsychotic therapy may alter neuropeptide 

systems. Therefore, in addition to decreases in the mRNA for SP (preprotachykinin) and 
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the level of SP peptide following antipsychotic administration (Bannon et al., 1986), these 

data suggest that the enzymatic degradation of this peptide also is altered in specific brain 

regions. In contrast, the nonselective dopamine agonist apomorphine increased SP 

degradation in the nucleus accumbens. The differential effect on SP degradation following 

dopamine agonist versus antagonist administration suggests a selective interaction with 

dopaminergic systems and neuropeptidases which may be responsible for the observed 

alterations in SP metabolism. 

The fact that sulpiride, quinpirole, SCH 23390 and SKF 38393 did not alter SP 

degradation suggests that neither D2- nor D^-receptor antagonism is solely responsible for 

the effect of antipsychotics noted with this peptide. Additionally, clozapine (20 mg/kg) 

was without effect on SP degradation in the brain regions presently studied. A larger dose 

of clozapine (40 mg/kg) was tested and found to be toxic to test animals whereas a lesser 

dose (10 mg/kg) was also without effect on SP degradation. The lack of clozapine effect 

in the caudate-putamen may be due to the relative absence of D4-receptors in this brain 

region. Clozapine preferably binds the D4-receptor in contrast to other dopamine 

receptor subtypes (Van Tol et al., 1991). Interestingly, clozapine (10 mg/kg for 21 days) 

is also without effect on mRNA and peptide levels of SP In the caudate-putamen (Angulo 

et al., 1990). However, in the nucleus accumbens, where D4-receptors are highly 

localized, no clozapine effect was observed. 

Dopaminergic agent administration had a somewhat different effect on CCK 

degradation. In general, CCK was reflectory to the effect of antipsychotics as both 

haloperidol and chlorpromazine produced little or no change in the degradation of this 

peptide in the regions studied. Apomorphine, however, decreased CCK degradation in the 

fi'ontal cortex. In contrast to CCK and SP, haloperidol administration decreased 
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degradation of ME in both frontal cortex and caudate-putamen while apomorphine 

administration affected ME degradation similar to SP. 

The contrasting effect of dopaminergic agents employed in this study suggests a 

differential regulation of neuropeptidases following administration of these drugs. These 

results also demonstrate the various substrate specificities of neuropeptidases expressed in 

the slice preparation. Several neuropeptidases associated with the degradation of these 

neuropeptides, and potentially altered by dopaminergic agent administration, have been 

described. 

SP is known to be a substrate for purified neutral endopeptidase 24.11 (NEP 

24.11) (Lee et al., 1981; Matsas et al., 1985), metalloendopeptidase 24.15 (MEP 24.15) 

(Dahms and Mentiein, 1992) and angiotensin converting enzyme (ACE) (Thiele et al., 

1985). The activity of MEP 24.15 is higher in the frontal cortex than NEP 24.11 and 

ACE (Dauch et al., 1993). MEP 24.15, NEP 24.11 and ACE are all highly expressed in 

the caudate-putamen and nucleus accumbens (Dauch et al., 1993) suggesting that these 

neuropeptidases are affected by dopaminergic drug administration and produce changes in 

the degradation of SP. Dipeptidylaminopeptidase IV (EC 3.4.14.5), which has been 

shown to degrade SP in various preparations (Wang et al., 1991; Ahmad et al., 1992), is 

also highly expressed in these brain regions and may be affected by drug treatments. 

De La Baume et al. (1983) have shown that ME is a substrate for NEP 24.11 and 

membrane-associated aminopeptidases on rat striatal slices. Since NEP 24.11 and 

aminopeptidases also are involved in SP degradation, alterations of these neuropeptidases 

may be responsible for the effect noted on both SP and ME degradation in caudate-

putamen following dopaminergic drug administration. Indeed, alterations in NEP 24.11 

activity have been previously noted following haloperidol administration (1 mg/kg for 12 

days) (Konkoy et al., 1993). 
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The contrasting effect of dopaminergic compounds on CCK degradation compared 

to SP and ME may be traced to its somewhat different degradation profile. Although 

CCK has been seen to be a substrate for NEP 24.11 ^eschodt-Lanckman et al., 1984), 

other work following endogenous CCK degradation on striatal and cortical slices has 

found little or no effect of this neuropeptidase on CCK (Zuzel et al., 1985). However, 

CCK is a substrate for a serine peptidase which has been shown to cleave endogenous 

CCK released from brain slices (Rose et al., 1988; Camus et al., 1989). CCK has 

additionally been shown to be a substrate for membrane-associated aminopeptidases 

(Deschodt-Lanckman et al., 1983). This aminopeptidase, or group of peptidases, may 

then be involved in degrading all three peptides studied in the present report. The 

differential effect of dopaminergic compounds on the three peptides studied, however, 

suggests that aminopeptidases may be differentially altered and as a result may affect 

neuropeptide degradation individually. 

Although previous work has demonstrated decreases in SP peptide level and 

mRNA following antipsychotic administration (Christian et al., 1990) and contrasting 

increases in ME level and mRNA following similar treatment regimens (George and 

Kertesz, 1987), both neuropeptides were found to have decreased degradation on caudate 

putamen slices following 7 day administration of the antipsychotic haloperidol (1 mg/kg). 

In contrast, CCK, the level of which is increased following haloperidol treatment (1 mg/kg 

for 14 days) (Frey, 1983) much like ME, was refiactory to the effect of haloperidol on 

peptide degradation. It is interesting to note that neuropeptides which have been shown 

to have a contrasting response to antipsychotic administration, such as SP and ME, have a 

similar response to these agents with regard to peptide degradation. However, since CCK 

degradation was not altered after administration of the antipsychotics haloperidol and 

chlorpromazine, and the immunoassay level of CCK has been shown to be similarly 
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affected by administratioii of antipsychotics as ME, the effect of these drugs on 

neuropeptidases appears to be selective. 

In summary, SP degradation was decreased on caudate-putamen and nucleus 

accumbens slices after administration of the antipsychotics haloperidol and chlorpromazine 

and increased after administration of the nonselective, dopamine receptor agonist 

apomorphine in the nucleus accumbens. ME degradation was decreased in both frontal 

cortex and caudate-putamen after haloperidol administration and CCK degradation was 

not altered by antipsychotic administration. The differential effects of dopaminergic 

compounds O-c., non-selective antagonists versus agonists) on neuropeptide degradation 

suggests that interactions of these drugs with dopamine receptors can lead to alterations in 

the degradation of neuropeptides in specific brain regions by altering the activity and/or 

level of specific neuropeptidases. Consequent changes in neuropeptide degradation may 

then affect the population of neuropeptides in a given brain region and therefore can affect 

the critical interaction of neuropeptides with the dopaminergic system. 



48 

3 

Neuropeptide Degradation on Intact, Regional Brain Slices: Effect of 

Neuropeptidase Inhibitors on Substance P and Met-Enkephalin Degradation 

Substance P (SP) and met-enkephalin (ME) are intimately involved with the 

dopaminergic system. SP regulates the release of dopamine in the striatonigral (Reid et 

al., 1990a) and mesocorticolimbic (Cador et al., 1989) pathways. ME regulates dopamine 

pathways by modulating the action of dopamine at postsynaptic receptors (Schoffelmeer et 

al., 1987). Regulation of dopaminergic neurons can be aSected by the administration of 

centrally-acting drugs that bind to dopaminergic receptors (Bouras et al., 1986; Mitsushio 

et al., 1988; Gerfen et al., 1991). 

Since the degradation of neuropeptides is essential for termination of peptide 

action, alterations in the activity of neuropeptidases that degrade SP and ME may affect 

the interaction of these neuropeptides with the dopaminergic system (pavis and Culling-

Berglund, 1987; Konkoy et al., 1993). As shown in Chapter 2, the in vitro degradation of 

SP and ME is altered by the administration of the dopaminergic drugs haloperidol, 

chlorpromazine and apomorphine, whereas the degradation of cholecystokinin (CCK) is 

not affected. Because several neuropeptidases are capable of degrading SP and ME in 

vitro, characterization of specific peptidases present in the intact, regional brain slice 

model is essential to determine which neuropeptide-degrading enzymes are altered by drug 

administration. 

Previous work has determined sites of neuropeptidase action on SP (Figure 3.1) 

and ME (Figure 3.2). Interestingly, three neuropeptidases have been shown to degrade 

both SP and ME. Neutral endopeptidase 24.11 (NEP 24.11, EC 3.4.24.11) cleaves 

peptide bonds on the carboxyl side of hydrophobic amino acids (Turner and Barnes, 
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1994). Susceptible bonds for this enzyme are present in SP (peptide bonds between amino 

acids Gln^-Phe^, Phe^-Phe^ and Gly^-Leu^^ and ME (bond between amino acids Gly^-

Phe^). Angiotensin converting enzyme (ACE, EC 3.4.15.1) is a dipeptidyl 

carboxypeptidase which cleaves pairs of amino acids from the carboxy terminus of 

neuropeptides (Yang et al., 1970). ACE cleaves SP between Gly^-Leu^® and ME 

between Gly^-Phe^. Aminopeptidase N (APN, EC 3.4.11.2), which cleaves single amino 

adds from the amino terminus of peptides, can cleave SP (at Arg^) and ME (at Tyr^). 

In addition to these common neuropeptidases, SP also is a substrate for 

metalloendopeptidase 24.15 (MEP 24.15, EC 3.4.24.15) and metalloendopeptidase 24.16 

(MEP 24.16, EC 3.4.24.16) which both cleave SP at the Gln^-Gln^, Phe^-Phe® and Phe^-

Gly^ bonds (Mentlein and Dahms, 1994). Post-proline dipeptidylaminopeptidase IV 

(DPAP, EC 3.4.14.5) releases Arg^-Pro^ and Lys^-Pro^ from SP (Wang et al., 1991; 

Ahmad et al., 1992) whereas post-prolyl oligopeptidase (EC 3.4.21.26) cleaves SP at the 

Pro'̂ -GIn^ position (Blumberg et al., 1980). 

Inhibitors of the neuropeptidases capable of cleaving SP and ME were coincubated 

with parent neuropeptide to determine which specific neuropeptidases are expressed in the 

intact, regional brain slice model. Elucidation of the neuropeptidases responsible for the 

degradation of SP and ME in brain slices allows for determination of candidate enzymes 

that may be affected by centrally-acting drug administration (Chapter 2). 
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3.4.11.2 
3.4.24.15 3.4.24.15 
3.4.24.16 3.4.24.16 

i 4' "l* J' 

Arg-Pro-Lys-Pro-Gln-Gln-Phe-Phe-Gly-Leu-MetNH2 
t t t t t 

3.4.14.5 3.4.14.5 3.4.24.11 3.4.24.11 

Figure 3.1. Enzymatic cleavage pattern of substance P. 

3.4.11.2, aminopeptidase N; 3.4.14.5, dipeptidyl aminopeptidase IV; 3.4.15.1, angiotensin 
converting enzyme; 3.4.21.26, prolyl oligopeptidase; 3.4.24.11, neutral endopeptidase 
24.11; 3.4.24.15, metalloendopeptidase 24.15; and 3.4.24.16, metalloendopeptidase 
24.16. 

3.4.21.26 3.4.15.1 
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3.4.24.11 
3.4.15.1 
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Tyr-Gly-Gly-Phe-Met 

T t 
3.4.11.2 DPAP 

Figure 3.2. Enzymatic cleavage pattern of met-enkephalin. 

DPAP, dipeptidyl aminopeptidases; 3.4.11.2, aminopeptidase N; 3.4.15.1, angiotensin 
converting enzyme; and 3.4.24.11, neutral endopeptidase 24.11. 
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Methods 

Peptides and inhibitors. SP and ME were purchased from Bachem California 

(Torrance, CA). Phosphoramidon was purchased from Penninsula Laboratories, Inc. 

(Belmont, CA). 4-(2-Aminoethyl)-benzenesulfonylfluoride, hydrochloride (AEBSF) was 

purchased from Boehringer Mannheim (Indianapolis, IN). Bestatin, captopril, leuhistin 

and puromycin were purchased from Sigma Chemical Co. (St. Louis, MO). N-[1(R,S)-

carboxy-3-phenylpropyl]-Ala-Ala-Phe-p-aminobenzoate (CPP) was synthesized and 

purified in the Davis laboratory by Terrence Gillespie using solid-phase synthetic 

procedures (Penke and Nyerges, 1991). 

Brain slice technique. Regional rat brain slices were obtained as described 

previously (Konkoy et aL, 1994). Briefly, rats were sacrificed by decapitation, the brains 

quickly removed, placed in a ice cold rat brain matrix (Activational Systems, Inc., Warren, 

MI) and cut into 2 mm slabs containing the region of interest. The slabs were punched 

using a stainless-steel, 2 mm tissue corer (Fine Science Tools Inc., Foster City, CA) 

resulting in a 2 mm x 2 mm core of the desired brain region. The atlas of Paxinos and 

Watson (1986) was used so that anatomically consistent tissue punches were obtained. 

Pimches were placed in freshly oxygenated, ice cold, sterile, Hepes buffer (141 mM NaCl, 

4.8 mM KCl, 10.0 mM Hepes, 11.1 mM glucose, 2.0 mM CaCl2, 12 mM MgS04 pH to 

7.4 with 1.0 M NaOH). Punches were hand-sliced using a custom-designed slicing 

apparatus (Vitron Inc., Tucson, AZ). A 230 ^m spacer was used to produce 230 pjii 

thick slices. Slices were placed in micro weighing dishes (VWR Scientific, Los Angeles, 

CA) and gently shaken on an orbital shaker (Hoefer Scientific Instruments, San Francisco, 

CA) to separate cellular debris from intact slices. After shaking, slices were rinsed twice 
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with oTQTgenated, sterile Hepes buffer to remove cellular debris and cytosolic peptidases 

from the buffer in the weighing dishes (Brendel et al., 1987; Davis et al., 1992). 

Brain slice incubation. Regional brain slices (four) were transferred to sterile 

polypropylene tubes containing 160 ^1 of sterile, oxygenated Hepes buffer. Stock (20 ^i) 

solutions of peptide were added to the tubes resulting in a final volume of 180 ^1. To 

determine the enzymes responsible for regional SP metabolism, specific peptidase 

inhibitors were used. Inhibitor, 20 fU (final concentration of 20 |xM phosphoramidon, 20 

pM CPP, 100 pM bestatin, 1 mM AEBSF or 20 captopril) and SP (final 

concentration 150 ^M) were added to each sample. Additive inhibition studies were 

performed with phosphoramidon, CPP and bestatin incubated together with SP. Tubes 

were placed in a 37 ± 0.5 °C rotating incubator for 2 hr and the reaction was terminated 

by boiling for 5 min. 

To determine the enzymes responsible for ME metabolism, regional brain slices 

were also used. Inhibitor (final concentration of 50 phosphoramidon, 50 

captopril, 50 pM bestatin, 100 pM leuhistin or 100 puromycin) and ME (final 

concentration of 400 ^iM) were added to each sample. Additive inhibition studies were 

performed with bestatin, captopril and phosphoramidon incubated together with ME. 

Tubes were placed in a 37 ± 0.5 °C rotating incubator for 60 min and the reaction was 

terminated by boiling for 5 min. 

HPLC analysis. Samples were thawed and centrifiiged to precipitate remaining 

tissue protein and debris. A 100 pi aliquot of each sample was automatically injected 

(TosoHaas TSK 6080, Philadelphia, PA) onto a Beckman (Fullerton, CA) C28 column 

(0.46 X 25 cm) and analyzed as described previously (Davis et al., 1992). SP samples 
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were analyzed by using an isocratic gradient of 5% acetonitrile vs. 100 mM NaH2P04 

adjusted with H3PO4 to pH 2.4 for 10 min, then from 5-25% acetonitrile in 30 min 

(linear). ME samples were analyzed using a Vydac (Hesperia, CA) C^g small pore 

colunm (0.46 x 25 cm). The gradient consisted of isocratic phosphate buffer over a 10 

min period, then from 0-20% acetonitrile versus phosphate over a 40 min time period 

(linear). Sample components were detected with a Perldn-Elmer model LC-95 detector at 

210 nm and integrated with a Perkin-Elmer model LCI-lOO integrator. Identity of the 

parent peptides and relevant fragments were determined by injection of authentic 

standards. 

Data analysis. Values are expressed as means ± S.E. of 3 independent 

determinations of the effect of neuropeptidase inhibitors on SP or ME degradation. 

Statistical significance was evaluated by the Student's unpaired Mest. The level of 

significance is noted by ** P < .01 and * P < .05. 
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Results 

Determination of saturating SP concentration. Previous studies have employed 

saturating neuropeptide substrate concentrations as evidenced from a linear rate of 

disappearance of parent peptide (Davis et al., 1992; Konkoy et al., 1994). Since, under 

this protocol, metabolic enzymes do not have to compete for substrate utilization, such an 

approach has the advantage of enabling measurement of the participation of specific 

neuropeptidases in degrading the neuropeptide under study. Saturating SP concentrations 

were determined on caudate-putamen and frontal cortex slices. Concentrations of 100 \i 

M and 150 pM SP were degraded linearly on caudate-putamen slices (Figure 3.3). In 

frontal cortex, only a concentration of 150 |iM approached linearity (Figure 3.4). 

Therefore, 150 pM SP was employed for all further brain slice experiments. The 

saturating concentration of ME was determined previously (Konkoy and Davis, 1995). 

Effect of peptidase inhibitors on SP degradation. The role of specific membrane-

associated peptidases on SP degradation by brain slices was investigated by using selective 

peptidase inhibitors. Inhibitors were incubated with the brain slices for 5 min prior to 

addition of SP. The NEP 24.11 inhibitor phosphoramidon (20 |iM) decreased SP 

degradation in the nucleus accumbens and caudate-putamen but not in frontal cortex 

(Table 3.1). The MEP 24.15 inhibitor CPP (20 ^iM), decreased SP degradation in all 

three brain regions. Bestatin, a general aminopeptidase (EC 3.4.11.-) inhibitor (100 pM) 

decreased SP degradation in the nucleus accumbens and caudate-putamen but had no 

effect in frontal cortex. 

Experiments employing multiple inhibitors were performed to verify the activity of 

aminopeptidases in SP degradation on regional brain slices. As shown in Table 3.1, 
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studies utilizing phosphoramidon and CPP together demonstrated additive effects on SP 

degradation in the nucleus accumbens and caudate-putamen but not in frontal cortex 

compared to single inhibitor experiments. The addition of bestatin to the inhibitor cocktail 

increased the level of SP protection from degradation in caudate-putamen and was 

significantly different from phosphoramidon and CPP dual inhibition in the nucleus 

accumbens. 

Since CPP has also been shown to inhibit ACE activity and this neuropeptidase 

has been suggested to be involved with SP degradation, the ACE inhibitor captopril was 

also studied as to its effect on SP degradation in the regional brain slice. At a 20 pM 

concentration, captopril produced no effect on SP degradation (Table 3.1). Additionally, 

the serine protease inhibitor AEBSF (1 m\l) produced no effect on SP degradation in any 

region studied (Table 3.1). 

Effect of peptidase inhibitors on ME degradation. To determine the peptidases 

involved in the degradation of ME on intact, regional brain slices, ME was incubated in 

the presence and absence of specific enzyme inhibitors (Konkoy and Davis, 1995). The 

NEP 24.11 inhibitor phosphoramidon (50 pM), slightly inhibited the degradation of ME in 

the nucleus accumbens and caudate-putamen with no effect in the frontal cortex (Table 

3.2). The ACE inhibitor, captopril (50 ^iM), produced a greater level of inhibition across 

all three brain regions studied. The general aminopeptidase inhibitor, bestatin (50 ^M) 

and the more selective APN inhibitor, leuhistin (100 |jM), also protected ME from 

degradation in nucleus accumbens and caudate-putamen with the most dramatic effect 

observed in the frontal cortex. The aminopeptidase MQ (APM H) inhibitor, puromycin 

(100 ^M), had a somewhat lesser effect on ME degradation than the other aminopeptidase 

inhibitors used. 
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Multiple inhibitors of ME degradation were added to caudate-putamen slice 

incubations (Figure 3.5). While the addition of captopril or phosphoramidon to bestatin 

effectively increased the level of ME recovered after 30 and 60 min, addition of all three 

inhibitors allowed for nearly complete recovery of ME. 
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Figure 3.3. Degradation of varied concentrations of substance P on intact, caudate-
putamen slices. 

Slices were incubated at 37 °C for 1 to 2 hr and degradation was determined from base
line by HPLC. 
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Figure 3.4. Degradation of varied concentrations of substance P on intact, frontal 
cortex slices. 

Slices were incubated at 37 °C for 1 to 2 hr and degradation was determined from base
line by HPLC. 
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Table 3.1. Efifect of neuropeptidase inhibitors on substance P degradation by regional, 
rat brain slices 

Inhibitor (Primary 
Enzyme Target) 

Concentration 
OiM) 

% Inhibition of Substance P Degradation 

Brain Region 

Nucleus 
Accumbens 

Caudate-
putamen 

Frontal Cortex 

Phosphoramidon (NEP) 20 26.0 ±2.9 21.7 ±2.9 14.3 ±2.4 

CPP (MEP 24.15) 20 20.5 ±4.0 24.4 ±2.9 28.3 ± 5.2 

Bestatin (AP) 100 17.8 ±3.6 23.5 ±2.4 13.6 ±3.4 

PAM + CPP 20 + 20 54.6 ±2.8 53.7 ±3.3 38.3 ±2.3 

PAM + CPP + Bestatin 20 + 20 + 100 61.1 ±1.1** 59.8 ±1.8 38.4 ±6.6 

AEBSF (serine proteases) 1000 <5 <5 <5 

Captopril (ACE) 20 <5 <5 <5 

Inhibition of substance P degradation reported as means ± S.E. of at least three 
determinations per enzyme per region. 

NEP, neutral endopeptidase 24.11; MEP 24.15, metalloendopeptidase 3.4.24.15; AP, 
aminopeptidases 3.4.11.-; andPAM, phosphoramidon. 

** Significantly different fi"om samples with PAM + CPP (P < .01) by unpaired Student's 
/-test. 
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Table 3.2. Effect of neuropeptidase inhibitors on met-enkephalin degradation by 
regional, rat brain slices 

Inhibitor (Primary 
Enzyme Target) 

Concentration 
(HM) 

% Inhibition of Met-Enkephalin Degradation 

Brain Region 

Nucleus 
Accumbens 

Caudate-
putamen 

Frontal Cortex 

Phosphoramidon (NEP) 50 10.3 ±3.5 14.3 ±3.5 <5 

Captopril (ACE) 50 17.7 ±3.8 30.2 ±2.9 17.8 ±0.9 

Bestatin (AP) 50 57.4 ±1.9 22.6 ±1.6 64.5 ±3.3 

Leuhistin (APN) 100 65.0 ±2.7 19.6 ±2.3 85.2 ±2.9 

Puromycin (APM U) 100 49.0 ±2.0 ND 50.2 ±3.8 

Inhibition of met-enkephalin degradation reported as means ± S.E. of at least three 
determinations per enzyme per region. 

NEP, neutral endopeptidase 24.11; ACE, angiotensin converting enzyme; AP, 
aminopeptidases; APN, aminopeptidase N; APM II, aminopeptidase M11; and ND, not 
determined. 
Adapted from Konkoy and Davis (199S). 
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Figure 3.5. Inhibition of met-enkephalin degradation by a combination of 
neuropeptidase inhibitors. 

Caudate-putamen slices were incubated with met-enkephalin (400 pM) and bestatin (50 p. 
M) in combination with phosphoramidon (PAM, 50 pM) and captopril (CAP, 50 pM) for 
30 and 60 min at 37 °C. 
Adapted from Konkoy and Davis (1995). 
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Discussion 

The termination of released neuropeptide activity is accomplished by the action of 

membrane-associated enzymes (neuropeptidases). The degradative capacity of 

neuropeptidases is of great importance since there is no know reuptake system for 

terminating the action of peptides as that seen with catecholamines (McKelvy and 

Blumberg, 1986). Several neuropeptidases have been postulated to degrade the 

neuropeptides SP and ME. SP is a substrate for 24.11 (Lee et al., 1981; Matsas et 

al., 1985), ACE (Thiele et al., 1985), DPAP (Wang et al., 1991; Ahmad et al., 1992), 

MEP 24.15 and MEP 24.16 (Dahms and Mentlein, 1992). 

ME is degraded by NEP 24.11 and perhaps several aminopeptidases (De La 

Baume et al., 1983). The aminopeptidase likely involved in the degradation of ME is APN 

(Gros et al., 1985). Other studies have shown that APN may be responsible for the 

degradation of endogenously released ME while the puromycin-sensitive aminopeptidase 

(APM n) may be responsible for the degradation of exogenously applied enkephalins 

(Giros et al., 1986). The neuropeptidases responsible for the degradation of SP and ME 

on intact, regional brain slices were determined by the use of enzyme inhibitors selective 

for the aforementioned neuropeptidases. 

In frontal cortex, only the MEP 24.15 inhibitor, CPP, significantly inhibited SP 

degradation. This result correlates with work by Dauch et al. (1993) demonstrating a 

higher level of MEP 24.15 activity in frontal cortex compared with NEP 24.11 and other 

neuropeptidases. Dipeptidylaminopeptidase IV, which has been shown to degrade SP in 

various preparations (Wang et al., 1991; Ahmad et al., 1992) may be responsible for SP 

degradation in this region not blocked by inhibitors used in the present experiments. 
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In contrast to the frontal cortex, SP degradation on caudate-putamen and nucleus 

accumbens slices was inhibited by NEP 24.11, ME? 24.15 and aminopeptidase inhibitors. 

The effect of a general aminopeptidase inhibitor, bestatin, in these regions is in contrast to 

other published work which states that SP 1-11 is not a substrate for aminopeptidases 

(Oblin et al., 1988; Oblin et al., 1989; Checler, 1993). However, previous studies have 

employed crude homogenate preparations to study the effect of aminopeptidases on SP 

degradation. Crude homogenates may contain cytosolic enzymes capable of degrading 

peptide substrate in the presence of peptidase inhibitors (Burbach, 1984). The 

involvement of aminopeptidases in SP degradation on caudate-putamen and nucleus 

accumbens slices is supported by additional inhibition of SP degradation with the addition 

of bestatin to phosphoramidon and CPP when compared to phosphoramidon and CPP 

alone. 

In frontal cortex, the degradation of ME was inhibited only by the various 

aminopeptidase inhibitors used in this study. The aminopeptidases involved in ME 

degradation in frontal cortex are likely APN and APM U. Interestingly, the exact 

aminopeptidases involved in the degradation of endogenous enkephalins has not been 

determined. APN has been localized primarily to cerebral blood vessels, suggesting that 

this neuropeptidase is not responsible for the degradation of released enkephalin (Hersh et 

al., 1987). Additionally, puromycin, a somewhat selective APM n inhibitor (Gros et al., 

1985), produces antinociception that can be blocked by naloxone (Herman et al., 1985). 

The regional localization of APM n and enkephalin receptors also suggests that this 

enzyme is involved in the degradation of endogenously released enkephalin (Hersh, 1985). 

However, in the present study, APN inhibitors were more effective inhibitors of ME 

degradation than the APM Il-selective inhibitor puromycin suggesting the involvement of 

APN in the degradation of ME. 
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In the caudate-putamen and nucleus accumbens, NEP 24.11 and ACE appear to 

play more of a role in ME degradation in addition to aminopeptidases. Interestingly, NEP 

24.11, the putative "enkephalinase" appears to play a lesser part in ME degradation than 

aminopeptidases and ACE. Indeed the presence of inhibitors to all three peptidases was 

required for full recovery of ME after incubation with brain slices. 

The present results demonstrating the effect of various peptidase inhibitors on SP 

and ME degradation on intact, regional brain slices, confirms the regional presence of 

NEP 24.11, ACE, MEP 24.15 and aminopeptidases ^auch et al., 1993). Additionally, 

these results provide candidate neuropeptidases that may be affected by the administration 

of dopaminergic drugs (Chapter 2). The ability of NEP 24.11, APN and ACE to degrade 

both SP and ME suggests that alterations in these neuropeptidases results in changes in SP 

and ME degradation. If these neuropeptidases are altered by centrally-acting drug 

treatment, the level of active SP and ME that can bind tachykinin and enkephalin 

receptors, respectively, and regulate dopaminergic pathways, also may be affected. 
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4 

Effect of Haloperidol and Apomorphine on Neuropeptidase Activity 

In addition to altering neuropeptide-like immunoreactivity and mRNA levels, 

dopaminergic drugs, such as antipsychotics, alter the metabolism of neuropeptides on 

intact brain slices (Chapter 2; Konkoy et al., 1994). Synaptically-released neuropeptides 

are degraded by extracellular, plasma membrane-bound/associated neuropeptidases at or 

near the site of neuropeptide release (Marcel et al., 1990; Barnes et al., 1988). 

Aminopeptidase N (APN, EC 3.4.11.2), neutral endopeptidase 24.11 (NEP 24.11, 

neprilysin, EC 3.4.24.11), metalloendopeptidase 24.15 (MEP 24.15, thimet 

oligopeptidase, EC 3.4.24.15) and angiotensin converting enzyme (ACE, EC 3.4.15.1) are 

neuropeptidases that cleave neuropeptides at preferential sites as determined by the 

structure of the active site of the enzyme and neuropeptide amino acid sequence (Quay et 

al., 1994). 

APN is a member of the aminopeptidase family of neuropeptidases which catalyze 

the sequential cleavage of amino acids from the N-terminus (Figure 4.1). APN is a 280 

kD Zn-glycoprotein consisting of 3 subunits with an optimal activity at a pH of 7.5 

(Checler, 1993). The catalytic site of APN is extracellularly oriented and the protein is 

tightly anchored to the plasma membrane by its N-terminus (Malfroy et al., 1989). APN is 

ubiquitously distributed throughout the cerebral cortex, nucleus accumbens, striatum, 

ventral tegmental area and substantia nigra (Dauch et al., 1993). APN is efiScient at 

removing N-terminal amino acids such as the tyrosine in leu- and met-enkephalin (ME) 

(De La Baume et al., 1983). However, APN is not able to degrade peptides containing an 

N-terminal proline or pyroglutamic acid such as neurotensin (NT) (Davis et al., 1992). 
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NEP 24.11 is a 94 kD monomeric Zn-endopeptidase which catalyzes cleavage of 

peptide bonds in which the P '̂ amino acid is hydrophobic (Figure 4.1) (Turner and Barnes, 

1994). Like APN, NEP 24.11 is tightly membrane bound by its N-terminus (Checler, 

1993). The activity of NEP 24.11 is high in striatum, nucleus accumbens and substantia 

nigra and lower in cortical regions (Dauch et al., 1993). Purified NEP 24.11 degrades 

several neuropeptides in vitro including substance P (SP), cholecystokinin (CCK), 

bradykinin, leu-enkephalin, ME and NT (Turner et aL, 1985). 

MEP 24.15 is a 70 kD monomeric metalloendopeptidase which preferentially 

cleaves peptides on the carboxyl side of hydrophobic amino acids with an additional 

nonpolar or bulky residue in the P3' position (Figure 4.1) (Mentlein and Dahms, 1994). 

MEP 24.15 is more homogeneously distributed throughout the brain than NEP 24.11, 

with highest levels in nucleus accumbens and striatum and lower levels in cortical regions 

(Dauch et al., 1993; Molineaux et al., 1991). MEP 24.15 has been shown in vitro to 

cleave several neuropeptide substrates including substance P, neurotensin and angiotensin 

(Chu and Orlowski, 1985). Although MEP 24.15 is predominately a soluble enzyme 

(Dahms and Mentlein, 1992), Acker et al. (1987) have demonstrated a membrane-

associated component as well. Studies by Molineaux and colleagues support a role for 

MEP 24.15 in the extracellular metabolism of neuropeptides since i.e.v. administration of 

an inhibitor of MEP 24.15 produces analgesl.^. (Kest et al., 1991) and prevents the 

conversion of dynorphin 1-8 (a kappa opioid-selective peptide) to leu-enkephalin (a delta 

opioid-selective peptide) in vivo (Molineaux and Ayala, 1990). Therefore, modulation of 

MEP 24.15 activity can result in alterations in the receptor selectivity of neuropeptides. 

ACE is a 180 kD metalloendopeptidase that cleaves dipeptides fi-om the carboxy 

terminus of neuropeptides (Figure 4.1) (Yang et al., 1970). A C-terminal hydrophobic 

sequence anchors the enzyme to the plasma membrane (Checler, 1993). ACE activity in 
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brain is highly localized in striatum and substantia nigra with relatively low activity present 

in cortical regions (Dauch et al., 1993). Purified ACE cleaves dipeptides fi-om several 

parent peptides such as met-enkephalin ^rdos et al., 1978), angiotensin (Erdos, 1977), 

neurotensin and substance P (Skidgel et al., 1984). 

Because dopaminergic drugs alter neuropeptide metabolism (Chapter 2; Konkoy et 

al., 1994), the efifect of these drugs on the activity of specific neuropeptidases associated 

with peptide degradation was determined. Using identical treatment regimens, the effect 

of acute (24 hr) and subchronic (7 day) administration of the antipsychotic haloperidol and 

the nonselective, dopamine agonist apomorphine on the activity of APN, NEP 24.11, 

MEP 24.15 and ACE in rat frontal cortex and caudate-putamen was examined. Specific 

changes in neuropeptidase activity, as a result of dopaminergic drug administration, can 

affect neuropeptide metabolism. In addition to previously characterized effects of 

dopaminergic drugs on neuropeptides, alterations in metabolism can affect the duration of 

activity of neuropeptides and therefore the modulation of dopamine neurons. 
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Neuropeptidase Sequence Specificity 
i 

P3 -P2-P1 -P1 '-P2'-P3' 

Aminopeptidase N NH2-(a)-(x)-(x)-(x)-

Neutral Endopeptidase 24.11 -(x)-(x)-(b)-(c)-(x)-(x)-

Metalloendopeptidase 24.15 -(x)-(d)-(d)-(x)-(x)-(e)-

Angiotensin Converting Enzyme -(x)-(x)-(x)-'(f)-(f)-COO-

Figure 4.1. Preferential cleavage sites for neuropeptidases. 

•I and cleavage site; (a), any N-terminal amino acid except Pro and pGlu; (b), Ala, Phe 
or Pro; (c), any hydrophobic amino acid; (d), nonpolar amino acid; (e), nonpolar or bulky 
amino acid; (f), any C-terminal dipeptide fragment, except Pro, including some amides; 
and (x), any amino acid. 
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Methods 

Drugs and reagents. Amastatin, p-aminobenzoic acid, ammonium sulfamate, 

apomoq)hine, captopril, dithiothreitol, Glutaryi-Ala-Ala-Phe-4-metho7^-2-napthylamide, 

haloperidol, Ifis-Leu, Hippuryl-Ifis-Leu, 2-[N-morpholino]-ethanesulfomc acid, NaN02, 

N-(l-iiapthyl)-ethylenediamine, p-nitroaniline, o-phthaldialdehyde and puromycin were 

purchased from Sigma Chemical Co. (St. Louis, MO). Phosphoramidon was purchased 

from Peninsula Laboratories, Inc. (Belmont, CA). L-leucine-p-nitroanilide was purchased 

from Bachem California (Torrance, CA). Bio-Rad protein assay reagent was purchased 

from Bio-Rad Laboratories ^ercules, CA). 4-methoxy-2-napthylamine, p-toluenesulfonic 

acid salt was purchased from Aldrich Chemical Co. (\filwaukee, WI). Aminopeptidase N 

was purchased from Calbiochem (La JoUa, CA). N-[l(RS)-carboxy-3-phenylpropyl]-Ala-

Ala-Phe-p-aminobenzoic acid (CPP) and Benzoyl-Gly-Ala-Ala-Phe-p-aminobenzoic acid 

were synthesized and purified by Terrence Gillespie in the Davis laboratory using solid-

phase synthetic procedures. 

Drug treatments. Adult, male Harlan Sprague-Dawley rats (Indianapolis, IN) 

were housed, four animals per cage, in an air-conditioned room with a 12-hr light-dark 

cycle. Animals had free access to laboratory chow (Teklad pellets) and water. 

Haloperidol and apomorphine were dissolved in 0.3% tartaric acid. Rats receiving 

haloperidol (1 mg/kg) were given a single i.p. injection (acute) or dosed once daily for 7 

days (subchronic). Rats receiving apomorphine (5 mg/kg) were given a single i.p. 

injection (acute) or dosed twice daily for 7 days (subchronic). Control animals were 

dosed with 0.3% tartaric acid on identical schedules to those of treated rats (1.5 ml/kg). 
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P2 membrane prepcaratiotu P2 membranes were prepared to emich plasma 

membrane content by a technique modified fi'om Gray and Whittaker (1962). After i.p. 

baloperidol (24 hr) or apomorphine (12 hr) administration, rats were decapitated, the 

brains quickly removed and placed in an ice-cold rat brain matrix (Activational Systems 

Inc., Warren, MI). Brain regions were isolated in 2 mm sections and cored using a 

stainless steel, 2 mm diameter tissue corer (Fine Science Tools Inc., Foster City, CA). 

The atlas of Paxinos and Watson (1986) was used to obtain anatomically consistent tissue 

punches. Tissue punches (4 of caudate-putamen or 6 of frontal cortex) were homogenized 

in Tris-sucrose buffer (0.5 mM Tris, 0.32 M sucrose, pH 7.4 with HCI) using 10 strokes 

of a Potter-Elvehjhem tissue homogenizer. Samples were centrifuged (Sorvall RC-2, 

Newton, CT) at 3,000 x g for 10 min and the nuclear membrane pellet discarded. 

Supernatant was centrifiiged at 16,500 x g for 10 min and the resulting supernatant 

discarded. Membrane pellet was resuspended in enzyme assay buffer and an aliquot was 

retained for protein analysis by the method of Bradford (1976). 

APN assay. Regional activity of APN was determined by a method modified fi-om 

Gillespie et al. (1992). Each P2 membrane sample (25 ^g protein dissolved in 40 |xl assay 

buffer/tube) was assayed in 4 tubes. Puromycin (10 |iM) was added to each tube to inhibit 

puromycin-sensitive aminopeptidase (Mil) from cleaving assay substrate. Duplicate 

sample control tubes received amastatin (6 ^M) as a selective inhibitor of APN. Total 

volume of each tube was adjusted to 100 pi with 0.2 M Tris HCI, pH 7.0. Samples were 

incubated at room temperature for 30 min to allow amastatin to tightly bind APN. L> 

leucine-p-nitroanilide, 0.5 ml (2.4 mM dissolved in assay buffer), was added to each tube 

as assay substrate. After mixing, samples were immediately placed in a 37 ± 0.5 °C water 

bath for 4 hr. After incubation, samples were boiled for 2 min to terminate enzyme 
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activity, cooled on ice and centrifuged to precipitate protein. Sample absorbance was 

determined at 405 nm versus assay buffer in a spectrophotometer (Beclcman model 25, 

Berkel^, CA). The absorbance of p-nitroaniline standards (10-100 pM) was recorded to 

generate a linear regression equation and determine amount of product produced in each 

sample. Activity of each sample was expressed as pmol p-nitroaniline produced/mg 

protein/min. 

NEP 24.11 assay. Regional activity of NEP 24.11 was determined by a method 

modified fi'om Bateman and Hersh (1987). Microfiige tubes were prepared in duplicate 

for both sample and assay controls. Each tube received 100 ^ of 0.125 M 2-[N-

morpholinoj-ethanesulfonic acid buffer, pH 6.4 and 50 |il of 2.0 M Glutaryl-Ala-Ala-Phe-

4-methoxy-2-napthylamide (substrate). Assay control tubes received 10 (jJ of a 0.25 

mg/ml APN, 150 pM phosphoramidon mixture. P2 membrane sample (20 pg/tube in 100 

pi assay buffer) was added to each tube and immediately placed in a 37 ± 0.5 °C water 

bath for 2 hr. After incubation, activity was stopped by addition of 10 pi of the 

APN/phosphoramidon mixture and inmiediate placement ina37 ±0.5 °C water bath for 

20 min. After the reaction was terminated, 1.0 ml of H2O was added to each sample and 

all samples were read on a fluorometer to determine production of 4-methoxy-2-

napthylamine at 340 nm excitation and 425 nm emission. The fluorescence of 4-methoxy-

2-napthylamine standards (0.125 to 10 nmol/ml) was noted and a linear regression 

equation determined to calculate the amount of product produced in each sample. 

Activity of each sample was expressed as pmol 4-methoxy-2-napthylamine produced/mg 

protein/min. 
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MEP 24.15 assay. Regional activity of MEP 24.15 was determined by a method 

modified from Orlowski et al. (1983). Nficrocentrifuge tubes were prepared in duplicate 

for both sample and assay controls. Each tube received 20 pi of 10 mM substrate 

(Benzoyl-Gly-Ala-Ala-Phe-p-aminobenzoic acid), 20 pi of 200 pM phosphoramidon and 

20 pi of 2.5 mM dithiothreitol. In addition, control tubes received 20 pi of 1 mM N-[l-

(RS)-carboxy-3-phenylpropyl]-Ala-Ala-Phe-p-aminobenzoic acid as a selective inhibitor of 

MEP 24.15 activity. The total volume of each tube was adjusted to 100 pi by addition of 

0.4 M Tris HCl, pH 7.0. P2 membrane sample (25 pg/tube in 100 pi assay buffer) was 

added to each of the 4 tubes and the tubes immediately placed in a 37 ± 0.5 °C water bath 

for 1 hr. After incubation, enzyme activity was stopped by boiling samples for 2 min and 

cooling on ice. APN (200 pg/ml, 50 pl/tube) was added to each tube and the tubes 

immediately placed in a 37 ± 0.5 °C water bath for 2 hr. APN activity was terminated by 

addition of 100 pi of 25% trichloroacetic acid. Samples were then diazotized by adding 

200 pi of 0.25% NaN02 then 200 pi of 1.25% ammonium sulfamate. Samples were 

centrifuged to precipitate protein and supematants were collected and transferred to clean 

tubes. N-(l-napthyI)-ethylenediamine (0.1%, 500 pi) was added to allow for 

quantification of p-aminobenzoic acid produced in each sample. Sample absorbance was 

determined with a spectrophotometer at 555 nm. Absorbance of diazotized p-

aminobenzoic standards (1.25 to 20 nmol) was noted and a linear regression equation 

determined to calculate the amount of product produced in each sample. Activity of each 

sample was expressed as pmol p-aminobenzoic acid produced/mg protein/min. 

ACE assay. Regional activity of ACE was determined by a method modified 

from Yang and Neff (1972). Microfiige tubes were prepared in duplicate for both sample 

and assay controls. Each tube received 50 pi of P2 membrane sample (25 pg). Assay 
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control tubes received 20 ^ of 20 pM captopril to specifically inhibit ACE activity. 

Sample volume was adjusted to ISO ^ with Hepes assay buffer, pH 8.0. Samples were 

allowed to equilibrate at room temperature for 10 min to allow for tight binding of 

captopril to ACE in the assay control samples. I£ppuryl-His-Leu (4 mM, 50 [il) was 

added to each sample and samples were immediately placed in a 37 ± 0.5 °C water bath 

for 2 hr. Enzyme activity was stopped by the addition of 0.9 ml of 0.667 M NaOH and 

0.1 ml of 1% o-phthaldialdehyde. After o-phthaldialdehyde addition, 0.2 ml of 6 M HCI 

was added. Samples were centrifuged to precipitate protein and were read on a 

fluorometer at 365 nm excitation and 495 nm emission. The fluorescence of His-Leu 

standards (0 to 4.0 nmol) was noted and a linear regression equation determined to 

calculate the amount of product produced in each sample. Activity of each sample was 

expressed as pmol His-Leu produced/mg protein/min. 

Data analysis. Values are expressed as means ± S.E., n = 5 drug-treated and 

control animals. Data was analyzed by two-way ANOVA followed by a Newman-Keuls 

test to isolate drug treatment differences versus control. The level of significance is noted 

by •• P < .01 and * P < .05. 
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Results 

Betsal activity/ of neuropeptidases in rat frontal cortex and caudate-putamen. 

Basal activity of the neuropeptidases studied is shown in Table 4.1. In general, all 

neuropeptidases had higher activity in the caudate-putamen compared with frontal cortex 

on a per milligram of protein basis. Substantial differences in activity were noted in NEP 

24.11 and ACE across the two brain regions. NEP 24.11 activity was found to be 11 fold 

greater whereas ACE activity was 40 fold greater in caudate-putamen compared with 

frontal cortex. APN and MEP 24.15 activity was found to be more evenly distributed 

across the two regions (42 and 41 % greater in caudate-putamen, respectively). 

Effect of haloperidol and cpomorphine on APN activity. The effect of acute (24 

hr) and subchronic (7 day) administration of haloperidol (1 mg/kg) and apomorphine (5 

mg/kg, every 12 hr) on the activity of specific neuropeptidases was investigated. APN 

activity was determined on P2 membranes isolated from frontal cortex and caudate-

putamen after administration of drug or vehicle. In the frontal cortex (Figure 4.2), both 

acute and subchronic administration of apomorphine increased APN activity by 25 % 

whereas acute haloperidol was without effect. Subchronic administration of haloperidol, 

however, decreased APN activity by 20 %. In the caudate-putamen (Figure 4.3), neither 

acute apomorphine or haloperidol altered APN activity. In contrast, subchronic 

administration of haloperidol decreased (20 %) whereas apomorphine robustly increased 

(60 %) APN activity. 

Effect of haloperidol and apomorphine on NEP 24.11 activity. NEP 24.11 

activity was determined on frontal cortex and caudate-putamen P2 membranes. As shown 
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in Figure 4.4, acute administration of haloperidol or apomorphine produced no efifect on 

NEP 24.11 activity in frontal cortex. After subchronic administration, both haloperidol 

and apomorphine decreased NEP 24.11 activity (2S and IS % respectively). Acute 

administration of both drugs was also without effect in the caudate-putamen (Figure 4.5). 

However, after subchronic treatment, NEP 24.11 activity was differentially affected as 

haloperidol decreased (15 %) while apomorphine increased (10 %) NEP activity. 

Effect of haloperidol and apomorphine on MEP 24.15 and ACE activity. MEP 

24.15 activity was also determined on frontal cortex and caudate-putamen P2 membranes. 

In frontal cortex, acute apomorphine increased MEP 24.15 activity 18 % while haloperidol 

was without effect (Figure 4.6). After subchronic treatment, apomorphine no longer 

affected MEP 24.15 activity in this region. By comparison, in caudate-putamen 

haloperidol decreased MEP 24.15 activity (17 %) whereas apomorphine was without 

effect (Figure 4.7). This effect of haloperidol was absent after subchronic treatment. 

Neither haloperidol or apomorphine altered ACE activity in frontal cortex or caudate-

putamen after acute or subchronic treatment (Figure 4.8 and Figure 4.9). 
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Table 4.1. Basal activity of neuropeptidases in rat frontal cortex and 

caudate-putamen 

Neuropeptidase Regional Enzyme Activity (pmol/mg protein/min) 

Frontal Cortex Caudate-Putamen 

APN 1142.25 ±88.9 1619.40 ±50.6 

NEP 24.11 768.54 ±52.9 8246.04 ±281.1 

MEP 24.15 3083.35 ±32.7 4347.23 ±92.8 

ACE 232.83 ±11.0 9200.26 ±318.4 

Activity of neuropeptidases reported as mean ± S.E. of five determinations per enzyme per 
re^on. 

APN, aminopeptidase N; NEP 24.11, neutral endopeptidase 24.11; MEP 24.15, 
metalloendopeptidase 24.15; and ACE, angiotensin converting enzyme. 
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Figure 4.2. ££fect of dopaminergic drugs on aminopeptidase N activity in frontal 
cortex. 

Rats were injected with haloperidol (1 mg/kg), apomorphine (5 mg/kg, every 12 hr) or 0.3 
% tartaric acid vehicle acutely (single injection) or subchronically (7 days). Values below 
base line (control) reflect decreased enzyme activity and values above base line reflect 
increased enzyme activity after drug administration. Values represent means ± S.E. of 
treated (n = 5) and control (n = 5) animals. 

** Significantly different from control (P < .01) by Newman-Keuls test. 
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Figure 4.3. Effect of dopaminergic drugs on aminopeptidase N activity in caudate-
putamen. 

Rats were injected with haloperidol (1 mg/kg), apomorphine (5 mg/kg, every 12 hr) or 0.3 
% tartaric acid vehicle acutely (single injection) or subchronically (7 days). Values below 
base line (control) reflect decreased enzyme activity and values above base line reflect 
increased enzyme activity after drug administration. Values represent means ± S.E. of 
treated (n = 5) and control (n = 5) animals. 

** Significantly different from control (P < .01) by Newman-Keuls test. 
* Significantly different from control (P < .05) by Newman-Keuls test. 
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Figure 4.4. Effect of dopaminergic drugs on neutral endopeptidase 24.11 activity in 
frontal cortex. 

Rats were injected with haloperidol (1 mg/kg), apomorphine (5 mg/kg, every 12 hr) or 0.3 
% tartaric acid vehicle acutely (single injection) or subchronically (7 days). Values below 
base line (control) reflect decreased enzyme activity and values above base line reflect 
increased enzyme activity after drug administration. Values represent means ± S.E. of 
treated (n = 5) and control (n = 5) animals. 

* Significantly different from control (P < .05) by Newman-Keuls test. 
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Figure 4.5. Effect of dopaminergic drugs on neutral endopeptidase 24.11 activity in 
caudate-putamen. 

Rats were injected with haloperidol (1 mg/kg), apomorphine (S mg/kg, eveiy 12 hr) or 0.3 
% tartaric acid vehicle acutely (single injection) or subchronically (7 days). Values below 
base line (control) reflect decreased enzyme activity and values above base line reflect 
increased enzyme activity after drug administration. Values represent means ± S.E. of 
treated (n = 5) and control (n = 5) animals. 

* Significantly different fi-om control (P < .05) by Newman-Keuls test. 
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Figure 4.6. Effect of dopaminergic drugs on metalloendopeptidase 24.15 activity in 
frontal cortex. 

Rats were injected with haloperidol (1 mg/kg), apomorphine (5 mg/kg, every 12 hr) or 0.3 
% tartaric acid vehicle acutely (single injection) or subchronically (7 days). Values below 
base line (control) reflect decreased enzyme activity and values above base line reflect 
increased enzyme activity after drug administration. Values represent means ± S.E. of 
treated (n = 5) and control (n = 5) animals. 

* Significantly different from control (P < .05) by Newman-Keuls test. 
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Figure 4.7. Effect of dopaminergic drugs on metalloendopeptidase 24.15 activity in 
caudate-putamen. 

^ts were injected with haloperidol (1 rag/kg), apomorphine (5 mg/kg, every 12 hr) or 0.3 
/o ta^c acid vehicle acutely (single injection) or subchronicaUy (7 days). Values below 
base Ime (control) reflect decreased enzyme activity and values above base line reflect 
increased enzyme activity after drug administration. Values represent means ± S.E. of 
treated (n = 5) and control (n = 5) animals. 

•• Significantly different fi-om control (P < .01) by Newman-Keuls test. 
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Figure 4.8. Effect of dopaminergic drugs on angiotensin converting enzyme activity in 
frontal cortex. 

Rats were injected with haloperidoi (1 mg/kg), apomorphine (5 mg/kg, every 12 hr) or 0.3 
% tartaric acid vehicle acutely (single injection) or subchronically (7 days). Values below 
base line (control) reflect decreased enzyme activity and values above base line reflect 
increased enzyme activity after drug administration. Values represent means ± S.E. of 
treated (n = 5) and control (n = 5) animals. 
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Figure 4.9. Effect of dopaminergic drugs on angiotensin converting enzyme activity in 
caudate-putamen. 

Rats were injected with haloperidol (1 mg/kg), apomorphine (5 mg/kg, every 12 hr) or 0.3 
% tartaric acid vehicle acutely (single injection) or subchronically (7 days). Values below 
base line (control) reflect decreased enzyme activity and values above base line reflect 
increased enzyme activity after drug administration. Values represent means ± S.E. of 
treated (n = 5) and control (n = 5) animals. 



86 

Discussion 

Previous reports have demonstrated that in addition to the effects of antipsychotics 

at dopamine receptors, administration of these drugs can differentially affect neuropeptide 

systems. Specifically, administration of haloperidol (1 mg/kg) acutely (Merchant et al., 

1992) and subchronically (Gygi et al., 1994) has been shown to regionally increase the 

level of NT mRNA. CCK is also increased after subchronic treatment with haloperidol 

(Frey, 1983). Both NT (Jolicoeur et al., 1993; Nemerofl^ 1986) and CCK (Crawley, 

1991) are thought to possess endogenous antipsychotic activity which may be enhanced by 

their increased levels following antipsychotic treatment. Antipsychotic administration also 

increases (George and Kertesz, 1987), whereas the nonselective, dopamine agonist 

apomorphine decreases (Herman et al., 1991) the concentration of enkephalins in striatum. 

In contrast, SP peptide levels and mRNA are decreased after haloperidol (Bannon et al., 

1986; Bouras et al., 1986) and increased after apomorphine administration (Li et al., 

1987). 

The degradation of these neuropeptides has also been shown to be differentially 

affected after dopaminer^c drug administration. In intact, regional brain slice studies, 

acute administration of haloperidol (3 mg/kg) decreases NT degradation in caudate-

putamen and nucleus accumbens whereas apomorphine increases NT degradation in 

nucleus accumbens (Konkoy et al., 1994). Subchronic haloperidol (1 mg/kg) 

administration decreases the degradation of SP in caudate-putamen, and the degradation 

of ME in caudate-putamen and cortex. Subchronic apomorphine (5 mg/kg, every 12 hr) 

administration produces a reciprocal increase in the degradation of SP in caudate-putamen 

(Chapter 2). The observed changes in neuropeptide degradation suggest that 
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antipsychotics not only affect neuropeptide levels but the neuropeptidases responsible for 

peptide degradation as well. 

The present study examined the effect of acute and subchronic administration of 

haloperidol and the nonselective, dopamine agonist apomorphine on the activity of specific 

neuropeptidases. Frontal cortex and caudate-putamen were studied to correlate with 

previous studies of neuropeptide metabolism on intact brain slices (Chapter 2; Konkoy et 

al., 1994). These regions are associated with dopaminergic pathways and contain the 

peptides and neuropeptidases of current interest. Several experimental approaches have 

shown that the neuropeptidases studied here will degrade neuropeptide substrates in vitro 

and may be responsible for the tennination of peptidergic activity in vivo (Konkoy and 

Davis, 1995; Checler, 1993; Davis et al., 1992). For these studies, regional, P2 membranes 

were used. Crude membrane homogenates consist of all sample membranes and may 

contain nonspecific, i.e., cytosolic peptidases capable of obscuring the measurement of 

ectoenzyme activity (Burbach, 1984). The P2 membrane preparation is relatively enriched 

in plasma membranes because nuclear membranes and cellular debris are removed from 

the sample (Gray and Whittaker, 1962). This preparation allows for comparison of 

specific neuropeptidase activity with previously reported alterations in neuropeptide 

degradation on intact, regional brain slices after drug treatments. 

Basal activity of neuropeptidases found in this study concur with that of Dauch et 

al. (1993). The activities of all neuropeptidases were higher in caudate-putamen than in 

fi-ontai cortex. The activities of both APN and MEP 24.15 were approximately 40 % 

higher in caudate-putamen, whereas NEP 24.11 and ACE were found to have substantially 

greater activity in caudate-putamen than in frontal cortex P2 membranes. SP 

immunoreactivity is highest in basal ganglia regions such as caudate-putamen and lower in 

cortical regions (Cooper et al., 1981; Emson et al., 1980). CCK (Seinfeld et al., 1981), 
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NT (Uhl and Snyder, 1977) and ME pollard et al., 1978) also have highest levels in basal 

ganglia and limbic regions. Therefore, there is a good correlation between the regional 

level of neuropeptides and the neuropeptidases responsible for their metabolism. 

APN, which has been associated with the degradation of ME (Gros et al., 1985), 

was shown to be differentially affected by dopaminergic drug administration. In frontal 

cortex, acute apomorphine administration increased APN activity which was similar to the 

effect noted after subchronic treatment. Haloperidol decreased APN activity in frontal 

cortex after subchronic administration. In caudate-putamen, after subchronic drug 

administration, haloperidol decreased and apomorphine greatly increased APN activity. 

These results concur with previously noted effects of haloperidol and apomorphine on ME 

degradation on regional brain slices (Chapter 2) and suggest that alterations in APN 

activity may be partially responsible for changes in ME metabolism after dopaminergic 

drug administration. This is further supported by the reduction in aminopeptidase-derived 

ME fragments after haloperidol treatment (Kookoy et al., 1996). Although SP is not 

thought to be a substrate for APN (Oblin et al., 1988), previous work has demonstrated 

that bestatin, an aminopeptidase inhibitor, partially protects SP from degradation on brain 

slices (Chapter 3). Therefore, alterations in SP metabolism, induced by dopaminergic 

drug administration may, in part, be due to changes in APN activity shown in the present 

study. 

NEP 24.11 was decreased in frontal cortex after subchronic administration of both 

haloperidol and apomorphine. In caudate-putamen, NEP 24.11 was differentially affected 

with haloperidol decreasing and apomorphine increasing neuropeptidase activity. SP has 

been shown to be perhaps the best endogenous substrate for NEP 24.11 with a 

ratio 4.5 times greater than that for enkephalins (Kenny, 1993). Because SP metabolism 

in caudate-putamen is decreased after haloperidol and increased after apomorphine 
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administration (Chapter 2), the presently observed changes in NEP 24.11 activity may 

account for these alterations. Interestingly, both haloperidol and apomorphine decreased 

NEP 24.11 activity in frontal cortex. This result concurs with previous results in frontal 

cortex noting a decrease in SP degradation after administration of either drug (Chapter 2). 

The present subchronic, caudate-putamen data support the work of Delay-Goyet et al. 

(1989) who have shown that the density of NEP 24.11 is decreased after haloperidol (2 

mg/kg for 2 weeks) by 23 % in striatum. However, Konkoy et al. (1993) noted an 

increase in NEP 24.11 activity after haloperidol (I n^/kg for 12 days) treatment. This 

conflict of results may be explained by earlier use of crude membrane homogenates by 

Konkoy et al., (1993) whereas in the current study, P2 membranes were used. As 

previously mentioned, crude membranes may contain nonspecific peptidases which may 

cleave neuropeptidase assay substrate and adversely affect results. 

In contrast to APN and NEP 24.11, alterations in MEP 24.15 activity were only 

seen after acute administration of haloperidol and apomorphine. In frontal cortex, 

apomorphine increased whereas in caudate-putamen, haloperidol decreased activity of 

MEP 24.15. A previous study showed that acute haloperidol (3 mg/kg) decreases MEP 

24.15 activity with resultant effects on neuropeptide metabolism (Konkoy et al., 1994). 

NT 1-13 metabolism was decreased after haloperidol administration with a parallel 

decrease in NT 1-8 and NT 9-13 formation. These fragments have been shown to result 

from MEP 24.15 activity (Orlowski et al., 1983) suggesting that an alteration in the 

activity of this enzyme is partially responsible for alterations in NT degradation after acute 

antipsychotic administration. 

In contrast to the other neuropeptidases studied in the current report, ACE was 

refractory to the effects of haloperidol and apomorphine administration. ACE has been 

shown to cleave ME (Erdds et al., 1978), NT and SP (Skidgel et al., 1984). Because 
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ACE was not affected by dopaminergic drug administration, it seems that alterations in the 

metabolism of NT (Konkoy et al., 1994), ME and SP (Chapter 2), studied after similar 

(NT) or identical (ME and SP) dosing regimens, are due to alterations of neuropeptidases 

other than ACE. 

It is likely that the neuropeptides considered here are metabolized by multiple 

neuropeptidases. For example, SP has been shown to be degraded by NEP 24.11, MEP 

24.15 and possibly APN. Therefore, an additive effect of haloperidol or apomorphine on 

individual neuropeptidases may lead to larger alterations of parent neuropeptide 

metabolism versus a single enzyme effect. These drug-induced changes also seem to be 

selective as ACE activity was not affected by haloperidol or apomorphine. Thus, the 

effect of these drugs on neuropeptidases is not likely due to general membrane alterations. 

This is supported by Delay-(joyet et al., (1989), who showed that while the level of NEP 

24.11 was decreased after haloperidol administration, fi- and 5-receptor sites were not 

affected in striatum. 

In summary, the antipsychotic haloperidol and the nonselective, dopamine agonist 

apomorphine differentially affected the activity of the neuropeptidases APN, NEP 24.11 

and MEP 24.15 whereas ACE was not affected by these drugs. These changes in 

neuropeptidase activity are an additional example of alterations in neuropeptide systems 

induced by antipsychotic drugs. Whether these effects are also associated with other 

centrally-acting drugs (e.g., antidepressants, anxiolytics, opioids) remains to be 

established. The mechanism of these drug-induced enzymatic effects may be the result of 

transcriptional alterations such as those seen with parent neuropeptides after antipsychotic 

administration (Merchant et al., 1992). Antipsychotic-induced changes at the 

transcriptional level may lead to changes in neuropeptidase content and the resultant 
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alterations in enzyme activity may play a role in the neuromodulatory action of 

neuropeptides on dopamine neurons. 



Eflect of Haloperidol and Apomorphine on mRNA Levels of Neuropeptidases 

The ability of haloperidol and apomorphine to afifect the in vitro degradation of 

substance P (SP) and met-enkephalin (ME) (Chapter 2), and alter the activity of 

neuropeptidases known to degrade SP and ME (Chapter 4), fiirther demonstrates the 

effect of dopaminergic drugs on neuropeptide systems. While the efifect of dopaminergic 

drugs on neuropeptidases appears somewhat selective, the molecular mechanism for these 

effects is unclear. Previous studies have shown that haloperidol affects the level of 

neuropeptide mRNA and activated transcription factors including c-fos, ojun and CREB, 

suggesting that dopaminergic drugs alter the transcription of neuropeptide genes 

(Robertson and Fibiger, 1992; Merchant and Dorsa, 1993; Merchant et al., 1994; Jaber et 

al., 1994; Simpson and Morris, 1994). Interestingly, the promoter region of 

neuropeptidase genes such as aminopeptidase N (APN, EC 3.4.11.2) and neutral 

endopeptidase 24.11 (NEP 24.11, EC 3.4.24.11) contains binding sites for transcription 

factors present in neuropeptide gene promoters (Shapiro et al., 1991; Ishimaru and Shipp. 

1995). Therefore, the mechanism of drug-induced effects on neuropeptidase activity may 

involve alterations in neuropeptidase gene expression. 

Figure S.l illustrates the proposed mechanism of how dopaminergic drugs affect 

neuropeptidase activity. A dopaminergic drug, such as haloperidol, will bind its receptor 

and affect the production of second messengers. The D2 receptor subtype, to which the 

dopamine antagonist haloperidol favorably binds, is negatively coupled to adenylate 

cyclase, therefore, a resultant increase in cAMP levels occurs upon haloperidol binding 

(Miller, 1990). The presence of cAMP increases the activity of protein kinases which 

phosphorylate and activate or repress the activity of transcription factors (Gonzalez and 
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Montminy, 1989). As a result, the transcriptioii of neuropeptidase genes can be up or 

down regulated resulting in an increased or decreased neuropeptidase expression at the 

plasma membrane and alterations in enzyme activity. 

To test this possible mechanism of dopaminergic drug effects on neuropeptidase 

activity, mRNA levels of APN and NEP 24.11 were determined after the identical 

haloperidol and apomorphine treatments used in Chapter 2 and Chapter 4. Alterations in 

neuropeptidase mRNA levels after administration of dopaminergic drugs would suggest 

that neuropeptides and neuropeptidases are similarly regulated by these treatments. 
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Methods 

Drug Treatments. Adult, male Harlan Sprague-Dawl^ rats (Indianapolis, IN) 

were housed, four animals per cage, in an air-conditioned room with a 12-hr light-dark 

cycle. Animals had free access to laboratory chow (Teklad pellets) and water. 

Haloperidol (Sigma, St. Louis, MO) and apomorphine (Sigma) were dissolved in 0.3% 

tartaric acid. Rats receiving haloperidol (1 mg/kg) were dosed i.p. once daily for 7 days. 

Rats receiving apomorphine (5 mg/kg) were dosed i.p. every 12 hours for 7 days. Control 

animals were dosed with appropriate vehicle on identical schedules as drug treated rats 

(1.5 ml/kg). 

Preparation of total RNA. Total RNA was extracted from rat brain regions with 

an RNAid Plus BCit (BIO 101, La JoUa, CA). Tissue punches (2x2 nmi) from frontal 

cortex and caudate-putamen were lysed with a guanidine isothiocyanate buffer and 

extracted with phenolxhloroform (1:1). RNA was fiirther purified with an RNA-binding 

matrix and washing to remove DNA and proteins from the brain samples. RNA was 

eluted from the matrix with diethylpyrocarbonate (DEPC) treated H2O and heating for 10 

min at 55 °C. RNA was quantified using a Beckman model 25 spectrophotometer reading 

at 260 nm. The purity of RNA was determined by an additional reading at 280 nm. 

Typically, a 260/280 ratio of 1.7-1.9 was obtained. 

Preparation of membrams for Northern blot analysis. Prior to electrophoresis, 

RNA samples (5 ^.g total RNA) and an RNA ladder (0.24-9.5 kb; Gibco/BRL, Grand 

Island, NY) were treated with 0.7 % (v/v) formaldehyde, 50 % (v/v) deionized formamide 

and IX MOPS (20 mM 4-morpholinepropanesulfonic acid, 5 mM sodium acetate, 1 mM 
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EDTA, pH 7.0). for IS min at SS °C. Ethidium bromide was added to ail samples and 

RNA ladder before loading. Electrophoretic separation of RNA samples was performed 

on a 1 % (w/v) agarose gel containing IX MOPS and 6 % (v/v) formaldehyde using IX 

MOPS as the running buffer. The gel was run for 2 hr at 100 mV with the buffer being 

circulated by a peristaltic pump. After electrophoresis, the gel was viewed on a short

wave UV box, the integrity of RNA evaluated and the position of RNA ladder bands 

marked. Samples were transferred to a Zeta-Probe GT nylon membrane (Bio-Rad, 

Richmond, CA) by capillary action using 6X SSC (IX SSC: 150 mM NaCl, 15 mM Na3-

citrate-2H20). RNA was fixed to membranes by UV irradiation in a UV Stratalinker 1800 

(Stratagene, La Jolla, CA) using the Auto-crosslink function. 

Probe design and transcription. Type 1 NEP 24.11 in a pBluescript KS+ plasmid 

was a generous gift of Dr. Louis B. Hersh (Department of Biochemistry, University of 

Kentucky) (Li et al., 1995). NEP 24.11 plasmid was linearized with HindlQ and 

transcribed to generate an antisense RNA probe of 209 bases in length. The entire DNA 

sequence of APN in pEMBL 18 was a generous gift from Dr. Valerie M. Watt 

(Department of Physiology, University of Toronto, Canada) (Watt and Yip, 1989). 

Polymerase chain reaction (PCR) (Perkin Elmer, Brachenberg, New Jersey) was used to 

amplify a 391 base pair segment of the APN sequence containing the substrate recognition 

and catalytic sites (nucleotides 1142-1532). The PCR product obtained was ligated into a 

pCR™2.1 plasmid vector using a TA Cloning Kit (Invitrogen, San Diego, CA), linearized 

with Hindm and transcribed to generate a probe 470 bases in length. Rat P-actin standard 

(Ambion, Austin, TX) was received in linear form and transcribed to generate a probe 188 

bases in length. Transcription and labeling were performed with (goo Ci/mmol) 

using an in vitro transcription kit and T7 RNA polymerase (Stratagene). Labeled probes 
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were gel purified on a denaturing, 4 % poiyacrylamide (19:1, acryiamideibisaciylamide) 

gel containing 7 M urea at 250 mV for 2 hr. Full length probe was eluted 6*001 the gel 

using cell lysis buffer or probe elution buffer (Ambion). 

Hybridization of cRNA probes for Northern blot analysis. Nylon membranes were 

prehybridized in a heat sealed bag with a solution of 50 % deionized formamide, 6X SSC, 

5X Denhardt's, 2 % sodium dodecyl sulfate (SDS) and 3 mg tRNA for 120 min at 65 °C 

in a shaking water bath. Hybridization was carried out at 65 °C for 15 hr with [32p]UTP 

labeled cRNA probe (150,000 counts per min). Membranes were washed with vigorous 

shaking with 2X SSC, 0.1 % SDS and 0.5X SSC, 0.1 % SDS for 15 min each at ambient 

temperature. A final wash with O.IX SSC, 0.1 % SDS was performed at 65 °C with 

shaking for 30 min. The damp membrane was wrapped in plastic wrap and exposed to 

Kodak X-Omat AR scientific imaging film (Eastman Kodak Co., Rochester, NY) in a 

cassette with intensifying screens at -80 °C for 7 days. 

RNase protection assay. The level of neuropeptidase mRNA in rat fi-ontal cortex 

and caudate-putamen was determined by the Direct Protect™ (Ambion) RNase protection 

assay method. Punches (four 2X2 mm) fi'om the fi'ontal cortex and caudate-putamen of 

drug-treated and control rats were added to 100 |il of lysis buffer containing guanidine 

isothiocyanate, homogenized and stored at -80 °C. Samples were thawed and 50 ^1 of 

each sample was incubated with [^^P] cRNA probes (150,000 counts per min of APN or 

NEP 24.11 and 20,000 counts per min of ^-actin standard) for 15 hr at 37 °C. After 

hybridization, samples were treated with RNase A (10 p,g) and RNase T1 (200 U) in RNA 

digestion buffer (Ambion) for 60 min at 37 °C followed by treatment with 200 ug 

proteinase K and 10 nl of 10 % lauryl sarcosine for 60 min at 37 °C. Samples were 
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extracted with an equal volume of phenolrchloroform (1:1) and precipitated with 

isopropanol at -20 X. Samples were electrophoresed on a denaturing, 4 % 

polyaciylamide (19:1, aciylamide;bisacrylamide) gel containing 7 M urea at 250 mV for 2 

hr. The polyaciylamide gel was transferred to filter paper, wrapped in plastic wrap and 

exposed to Kodak X-Omat AR scientific imaging film (Eastman Kodak Co.) in a cassette 

with intensifying screens at -80 °C for 7 days. 

Data analysis. Autoradiograms were analyzed using the Ambis Image Acquisition 

and Analysis system (Ambis, San Diego, CA). NEP 24.11 and APN levels were 

standardized against ^actin levels. Data are expressed as means ± S.E. of n = 3-5 treated 

or control samples. Statistical analysis was performed using ANOVA followed by a 

Newman-Keuls test to isolate differences between drug treated and control samples. The 

level of significance is noted by * P < .05. 
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Results 

Detection of neuropeptidase mRNAs using Northern blot analysis. The level of 

NEP 24.11 and APN mRNA present in rat frontal cortex and caudate-putamen was 

examined by first using Northern blot analysis. In the analysis of naive brain tissue, neither 

NEP 24.11 or APN were detected. The inability to detect neuropeptidase mRNA with 

Northern blots demonstrated the need for a more sensitive technique such as RNase 

protection assays. 

Effect of dopaminergic drugs on neuropeptidase mRNA levels. Direct Protect™ 

RNase protection assays were used to determine if drug-induced alterations in NEP 24.11 

and APN activity could be explained by mRNA level changes. APN mRNA was detected 

in caudate-putamen and was increased (50 %) after 7 days of apomorphine (S mg/kg, 

every 12 hr) treatment (Figure 5.2 and Figure 5.3). APN mRNA levels in caudate-

putamen were not affected by haloperidol (1 mg/kg, 7 days) administration (Figure 5.4). 

Additionally, APN mRNA could not be adequately detected in frontal cortex by RNase 

protection assays. Therefore, the effect of dopaminergic drugs could not be determined. 

NEP 24.11 was detected in naive caudate-putamen and kidney (standard) tissue, 

but was not detected in frontal cortex (Figure 5.5) precluding further study of drug-

induced effects on NEP 24.11 mRNA levels in frontal cortex. Haloperidol administration 

did not affect the level of NEP 24.11 mRNA in the caudate-putamen (Figure 5.6 and 

Figure 5.7). 
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Figure 5.2. RNase protection assay of aminopeptidase N mRNA in apomorphine 
treated and control caudate-putamen. 
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Rats were injected with apomorphine (5 mg/kg, every 12 hr, n = 5) or 0.3% tartaric acid 
vehicle (every 12 hr, n = 5) for 7 days. 
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Figure S.3. Effect of apomorphine on aminopeptidase N mRNA levels in caudate-
putamen. 

Rats were injected with apomorphine (5 mg/kg, every 12 hr, n = 5) or 0.3 % tartaric acid 
vehicle (every 12 hr, n = 5) for 7 days. Values represent mean percent ± S.E. of 
aminopeptidase N mRNA relative to P-actin standard. 

* Significantly different than control (P < .05) by Newman-Keuls test. 
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Control Haloperidol 

Figure 5.4. Effect of haloperidol on aminopeptidase N mRNA levels in caudate-
putamen. 

Rats were injected with haloperidol (1 mg/kg, n = 5) or 0.3 % tartaric acid vehicle (n = 5) 
for 7 days. Values represent mean percent ± S.E. of aminopeptidase N mRNA relative to 
^actin standard. 
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RNase protection assay of neutral endopeptidase 24.11 mRNA in naive rat 
tissues. 

Tissues from untreated rats were obtained as described in methods and analyzed using the 
Direct ProtectTM RNase protection assay. 
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Figure 5.6. RNase protection assay of neutral endopeptidase 24.11 mRNA in 
haloperidol treated and control caudate-putamen. 
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Rats were injected with haloperidol (1 mg/kg, n = 5) or 0.3% tartaric acid vehicle (n = 5) 

for 7 days. 
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B 30 
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Figure 5.7. Effect of haloperidol on neutral endopeptidase 24.11 mRNA levels in 
caudate-putamen. 

Rats were injected with haloperidol (1 mg/kg, n = 5) or 0.3 % tartaric acid vehicle (n = 5) 
for 7 days. Values represent mean percent ± S.E. of neutral endopeptidase 24.11 mRNA 
relative to ^actin standard. 
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Discussion 

Previous studies have shown that dopaminergic drugs, such as antipsychotics, alter 

the level of neuropeptides and their corresponding mRNAs (Bannon et al., 1986; Herman 

et al., 1991). The molecular mechanism for these observed changes has been attributed, in 

part, to alterations in the transcription of neuropeptide genes induced by changes in 

activated transcription factor levels (Merchant et al., 1992). Since the activity of 

neuropeptide-degrading neuropeptidases is also affected by dopaminergic drugs, the 

possibility that neuropeptides and neuropeptidases are regulated by a similar mechanism 

was investigated. 

Using Northern blot analysis, APN and NEP 24.11 mRNAs were not detectable in 

rat brain regions. This demonstrates a relative scarcity of neuropeptidase mRNA in rat 

brain regions compared to peripheral tissues such as the kidn^ (Li et al., 199S). 

Therefore, detection of these neuropeptidases in brain regions requires more sensitive 

techniques including RNase protection assays (Li et al., 1995). APN and NEP 24.11 

mRNA were sufficiently detected in rat caudate-putamen, a region of relatively high 

neuropeptidase activity (Chapter 4; Dauch et al., 1993). In contrast, APN and NEP 24.11 

mRNA could not be adequately detected in rat frontal cortex, suggesting much lower 

levels of neuropeptidase mRNA coupled to their lower enzymatic activity (Chapter 4; 

Dauch et al., 1993) in this region. In situ hybridization studies confirm the presence of 

trace levels of NEP 24.11 mRNA throughout the cerebral cortex compared to much 

higher levels in the caudate-putamen (Gaudoux et al., 1993). Interestingly, these findings 

correspond to the relatively low abundance of neuropeptides and their corresponding 

mRNA in cerebral cortex compared to regions such as the caudate-putamen (Yang et al., 
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1977; Cooper et al., 1981; Nair et al., 1985). Therefore, regions with low neuropeptide 

mRNA levels also contain low neuropeptidase mRNA levels. 

As shown in Chapter 4, subchronic administration of apomorphine had a 

significant effect on neuropeptidase activity by increasing (70 %) APN activity in caudate-

putamen. In the present study, the mRNA level of APN also was found to be increased in 

caudate-putamen after subchronic apomorphine administration (50 %). However, the 

changes in APN mRNA levels observed were not as robust as would be expected if 

alterations in the transcription of neuropeptidase genes were solely responsible for 

alterations in neuropeptidase activity. Additionally, haloperidol administration did not 

affect the level of APN or NEP 24.11 mRNA in caudate-putamen, but was shown to 

significantly decrease the activity of these neuropeptidases (Chapter 4). 

Because APN and NEP 24.11 mRNAs were not adequately detected in fi'ontal 

cortex, it is likely that no difference between drug-treated and control samples would be 

evident with the methodology currently used. Since in situ hybridization analysis also 

does not adequately detect NEP 24.11 mRNA in fi'ontal cortex (Cjaudoux et al., 1993), 

reverse transcription-PCR may permit characterization of these rare neuropeptidase 

mRNAs in fi-ontal cortex. However, the relatively small changes in mRNA levels induced 

by apomorphine on APN and lack of effect of haloperidol on APN and NEP 24.11 mRNA 

in the caudate-putamen suggests that other post-transcriptional mechanisms are involved 

in dopaminergic drug-induced alterations in neuropeptidase activity. 

It is conceivable that small changes in neuropeptidase gene transcription may be 

amplified by additional alterations in translation and insertion of neuropeptidase protein 

into the plasma membrane. Delay-Goyet et al. (1989), showed that the level of NEP 

24.11 protein present in the plasma membrane is decreased (23 %) by haloperidol 

administration, whereas ji- and 5-opioid receptor sites are not affected by this treatment. 
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Therefore, while the precise mechanism of neuropeptidase activity alterations remains 

unclear, the observed drug-induced changes are not likely due to general alterations in 

protein synthesis. 

Although changes in mRNA levels for neuropeptidases are not as dramatic as 

those seen for neuropeptides such as SP (Bannon et al., 1986; Christian et al., 1990) and 

ME (George and Kertesz, 1987; Herman et al., 1991), dopaminergic drugs do afifect 

neuropeptidase activity (Chapter 4) which produces alterations in neuropeptide 

degradation (Chapter 2). While neuropeptidases and neuropeptides have similar 

transcriptional elements in their promoter region, it also is probable that unique 

transcription factors play a role in the regulation of neuropeptidase and neuropeptide gene 

transcription. Further determination of the role of post-transcriptional events in drug-

induced alterations of neuropeptidases may provide a clearer picture of the overall 

mechanism of these effects. 
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6 
General Discussion 

Conclusions of present research. 

1. Dopaminergic drugs differentially affect the degradation of substance P 

and met-enkephalin, whereas cholecystokinin is refractory to the effect 

of dopaminergic drugs. 

2. Neutral endopeptidase 24.11, aminopeptidase N and metalloendopeptidase 

24.15 degrade substance P whereas neutral endopeptidase 24.11, aminopeptidase 

N and angiotensin converting enzyme degrade met-enkephalin on intact, regional 

brain slices. 

3. Neutral endopeptidase 24.11 and aminopeptidase N are differentially affected 

by haloperidol and apomorphine administration. Angiotensin converting enzyme 

is not affected by dopaminergic drug treatments. 

4. Alterations in neuropeptidase mRNA levels may, in part, lead to changes in 

neuropeptidase activity. However, alterations in post-transcriptional events 

likely play a larger role in altered enzyme activity. 

The present studies demonstrate that in addition to the well characterized effects of 

dopaminergic drugs on neuropeptides, dopaminergic drugs also affect the activity of 

neuropeptidases. The drug-induced alterations of individual neuropeptidases observed are 

somewhat modest. However, since aminopeptidase N (APN, EC 3.4.11.2) and neutral 

endopeptidase 24.11 (NEP 24.11, EC 3.4.24.11) both degrade substance P (SP) and met-

enkephalin (ME), alterations in the activity of APN and NEP 24.11 may have a greater, 

additive effect on neuropeptide degradation in vivo. 
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Because SP and ME regulate the activity of dopaminergic neurons, prolonging or 

abating the activity of SP and ME in the synapse can have marked effects on dopaminergic 

pathways. However, correlation of the present in vitro results to the in vivo situation 

should be performed with caution. The use of saturating concentrations of neuropeptide, 

as determined by brain slice experiments, does allow for characterization of 

neuropeptidases that potentially can degrade a neuropeptide substrate. While the exact 

concentration of neuropeptide present at the point of release is unclear, other research has 

demonstrated millimolar concentrations of dopamine and giutamate in the synaptic cleft 

(Clements et al., 1992; Garris et al., 1994). However, at high substrate concentrations, 

the presence of high afiSnity-low capacity neuropeptidases capable of degrading the test 

neuropeptide may be obscured by the activity of low afiBnity-high capacity enzymes. 

Therefore, examining the effect of dopaminergic drugs on the in vivo degradation of 

neuropeptides would be a logical progression from the present work. 

In vivo microdialysis is an effective method to study neuropeptides in brain regions 

(Elliott et al., 1986; Reid et al., 1990b; Guzman et al., 1993). With this technique, the 

effect of dopaminergic drugs on the degradation of endogenously released or exogenously 

injected SP and ME could be determined while maintaining an in vivo environment. 

However, the detectability of endogenous neuropeptides and their fragments may not be 

adequate. Therefore radiolabeled neuropeptide may be required to maintain "physiologic" 

concentrations and retain the desired detectability. 

The dopaminergic drug-induced alterations in neuropeptide degradation observed 

in the present study correlate to alterations in APN and NEP 24.11 using P2 membrane 

preparations in selective enzyme assays. While the P2 membrane preparation is enriched 

in plasma membranes and contains fewer nuclear membranes than crude homogenate 

preparations, this model may also contain mitochondrial membranes (Gray and Whittaker, 
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1962). However, the enzyme assays used to study alterations in neuropeptidase activity, 

utilize synthetic substrates which are degraded preferentially by the neuropeptidases of 

interest in the present studies. 

Use of more purified, synaptic membrane preparations would not be appropriate 

for the enzyme assays used in the present studies. Neuropeptidases, such as APN (Hersh 

et al., 1987) and NEP 24.11 (Marcel et al., 1990), are localized at the synapse as well as 

extrasynaptic sites. Hersh et al. (1987) have postulated that neuropeptidases at 

extrasynaptic sites may act to maintain a concentration gradient and remove neuropeptides 

fi'om the synapse in addition to action at the synapse. Therefore, the loss of extrasynaptic 

membranes in a synaptic membrane preparation may provide an inaccurate analysis of the 

neuropeptidases present that are capable of degrading neuropeptide substrates and 

affecting neuropeptide activity. 

The molecular mechanism of the dopaminergic-drug induced effects on 

neuropeptidase activity was only partially defined by the present work. While the level of 

APN mRNA was found to be increased by subchronic apomorphine administration 

(Chapter 5), in correlation with increased APN activity (Chapter 4), the changes in mRNA 

levels were not universal with respect to other drug treatments and neuropeptidases. It is 

likely that the somewhat lesser effects of dopaminergic drugs on NEP 24.11 and APN 

activity in other treatment groups are not detectable at the message level even with the use 

of the relatively sensitive RNase protection assay. Consequently, additional post-

transcriptional mechanisms for the drug-induced alterations in neuropeptidase activity 

must be considered. 

As demonstrated by Delay-Goyet et al. (1989), the level of NEP 24.11 protein at 

the caudate-putamen plasma membrane is decreased (23 %) after haloperidol 

administration, whereas |X- and S-opioid receptors are unaffected by haloperidol treatment. 
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A decrease in NEP 24.11 protein at the plasma membrane should correlate to decreased 

enzymatic activity. In the present work, NEP 24.11 activity was decreased in caudate-

putamen after identical haloperidol treatments (Chapter 4), supporting this assumption. 

However, further studies should be done to determine if these changes result from 

alterations in the total level or insertion of neuropeptidase protein into the plasma 

membrane. 

Western blot analysis would determine if total neuropeptidase protein levels are 

altered in parallel to changes in neuropeptidase activity induced by the administration of 

haloperidol and apomorphine. Immimocytochemistiy also could be used to determine the 

localization of neuropeptidases in brain cells after drug treatment. for example, NEP 

24.11 protein is found by immunocytochemistry to be largely sequestered in internal 

cellular compartments after haloperidol versus control administration, then NEP 24.11 

expression at the membrane and enzymatic activity would also be diminished. Answering 

these mechanistic questions may provide a greater understanding of the nondopaminergic 

effects of antipsychotic drugs. 
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General Conclusions 

The present studies fiirther demonstrate alterations in neuropeptide systems 

induced by drugs that affect the dopaminergic neurons, such as antipsychotics. The 

alterations in neuropeptidase activity observed may affect the activity of released 

neuropeptides, including SP and ME, which regulate dopamine neuronal activity. 

Additionally, alterations in neuropeptidases may play a role in previously reported changes 

in neuropeptide levels after dopaminergic drug administration. 

While the observed alterations in neuropeptidase activity are modest, parallel 

changes in APN and NEP 24.11 can jointly affect the degradation of neuropeptides such 

as SP and ME. The mechanism of these drug-induced changes in neuropeptidase activity 

remains unclear. The mRNA level of APN was increased in correlation with increased 

enzyme activity after administration of the dopamine receptor agonist, apomorphine. 

However, since there was not a marked change in APN mRNA and the mRNA level of 

APN and NEP 24.11 were not affected by other treatments where neuropeptidase activity 

changes were evident, changes in post-transcriptional events are likely. 

Since many individuals are prescribed antipsychotics and the mechanisms of these 

drugs remain poorly identified, the putative role of neuropeptides and neuropeptidases in 

the actions of antipsychotics is intriguing. Subtle changes in neuropeptide systems, in 

addition to the classical, dopaminergic effects of antipsychotics, may help explain the slow 

onset of clinical benefit of these drugs as well as the debilitating side effects displayed in 

patients given these medications. Therefore, further study of nondopaminergic, including 

neuropeptidergic, effects of antipsychotic drugs is warranted. 
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