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ABSTRACT
‘ »

Novel gas-liquid chromatographic methods have been developed which

provide a rapid and sensitive means for the analysis of a number of bio—

~

active arylalkylamines an

N % ]
or trichloroacetylation was\uﬁglized for the analysis of phenylethyl-

‘analogues. Aqueous pentafluorobenzoylation

amines and anhydrous perfluoroacylation for the analysis of indolealkyl-
amines. The defivatized bioactive amines were subsequently quantitated
using a gas—liquid chromatograph with an electron-éapfure detector. The
bioactive amines investigated were §-phény1ethylam§ne (PEA), tryptaminé
(T) (both endogenous “E}ace" amines), tranylcyéﬁomine (TCP, an MAO inhi-
bitor), and amphetamine (AM, a CNS stimulaqt).

The N-cyadtoethyl, N-chloropropyl, N-n-propyl and N-ethoxycarbonyl
analogues of the arylalkylaminés of interest were studied. These ana-
logues\were shown to 59 metabolized 10 their reSpecé&ve parent amines in

A
vivo to a considerable extent. Rat brain concentrations of  the analogue

and parent amine were measured at various time §ntervals after i¥traper-
itoneal administration of the analogue of interest. Time-concentration
- profile data, halé-life (t1/2) and area under the curve (AUC) measure-
ments from rat brain have been deterﬁined for the analogue and parent
amine of interest. Results indicafé that the time-concentration profile
of the parent amines is altered from that of the parent amines obtainéé
after administration of the analogues.h The analytical proéedure devel-
oped provided in most cases simultaneous measuremenf of the analogue and
the parent amine in the same piece of brain tissue. Structures of the

final derivatives were confirmed by gas—liquid chromatography-mass spec-

.trometry (GLC-MS).
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'
. The analogues were also tested for their inhibitory activity

€

against MAO (monoamine oxidase) enzymes type A and type B. The N-cyano-

ethyl analogue of TCP was found to be a strong MAO inhibitor in vivg and

in vitra, comparable to the antidepressant TCP. Tipe-studies of TCP and
its N-cyanocethyl analogue on {he percent inhibition of MAO-A aid MAO—B

in rat brain were conducted. ~The biogenic amines 5-hydroxytryptamine,

0 a

tryptamine and p—phenylethylamine, which are elevated as a result of MAO
R : H
inhibition, have been quantitated.

i

—m
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OBJECTIVES

Although several methods are available for the gas—liquidAchromato~
graphic analysis of the bioactive arylalkylamines, many are lengthy or
cumbersome, not sensitive at trace concent;ationd{"ahd'glmost all 4n-
volve preiiminary extfaction\foliowed by derivatization under: anhydrous
conditions. Several derivatizing reagents with géod GLCépropert;es are
available for analysis of arylalkylamines, but a method of analysis has
to be considered in its entirety. Poor isolation or separation of the
compound of interest is unsatisfactory. Few GLC methods are availablc
for the analysis of secondary arylalkylamines, . ané almost ;11 such
amines ére derivatized only when anhydrous cohdition; and, elevated ;ém-
peratures are used.. The phenolic arylalkylaﬁines have beer analyséd.by
lengkhy proceduresliemploying selective hydrolysié ,and derivatization
under anhydrous conditions to achieve the desited Gib sensitivity andﬁ
éelectivity. A study was therefore initiated to determfne whether
analytical methods could be found which were rapid, sénsitive and selec—
tive for the isolation, separation, identificatién'and quantitétion of

_primary, secondary and phenolic arylalkylamines. Arylalkylamines pre-
sent in a biological milieu with many other endogenoés supstances had to
be quantitatively analysed with these methods. For this purpose halo-

’

genated acylating derivatizing reagents were examined for the electron-

- capture detection/ga%-}iquid Ehromatographic (ECD-GLC) analysis of aryl-
alkylamiﬂes directly-in aqueous biological sémgifs.' The - methods of
analyses developed had to be successfully applied to the quéntitation of

a number of bioactive arylalkylamines and analogues in rat brain.

A second major objective of this study was to conduct time-concen-

a
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tration profilés.in rat brain of the bioactive‘grylalkylaﬁines and ana-
logues of 1nteres£. The half-lives andlareas under the curve were cal-
culated_to asseés the effect of thé N-alkyl-substituent on the brain
bioavéilability of the parént amine. |

A final obgectiVe of this stu&y was a neurochemical iggestigation
to determine if any of the analogues were active' inhibitors of mono-
amine p;idase (MAO) ehzyme type A and type B. The N~cyanoethyl analogue
of tfanylcypromiﬁe“was determined to be a stro#g MAO inhibitor in 2129
and EQ'XiEEQ»fCPmParable to the antideprgéség£ tranylcYprémine (TCP).
ﬁéurochemiéaiAéiqdies were‘extgndeé'and concentrations of the biogenic
'aﬁines; S—ﬁydroxytryﬁtamine, fryptamine aad P-phenylethylamine were mea-
sured. Levels of these subétances were found to be'significantly ele-
vated as a result of MAO inhibitian.after admiﬁistration of N-cyano-.

ethyltranylcypromine. A parallel étudy was conducted with the clinical-

ly-dsed antidepreésant TCP.
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I. INTRODUCTION ' '

-In recent years, much attention has been focussed on bioactive
amines structurally related to p-phenylethylamihe (PEA) and tryptamine

(T). Many are present in foodstuffs (esg. PEA, T, p-tyramine), are

pharmacological.agents (e.g. amphetamines, tran?lcypromine); and, most

importantly, are present in the central nervous system where they are

proposed to function as neurotransmitters and as neuromodulators. These

bi active.;mines_(e.g. PEA and T) of the CNS have been implicéted in the’

aetiology of several psychiatric disor&ers (Dewhurst, 1965, 1968;
Fischer and Heller, }972; Sandler and Reynolds, 1976; §ou1ton{ 1980a;
Sabelli et al., 1983) and their 16w concentrations relative to amines
such as dopamine, noradrenaline aha S-hydréxytryptamine havé:necessi-
taLed the development of a number of analjﬁical techﬁiqﬁes toibeftet

understand the role of these amines in the CNS. Althdﬁgh numerous meth-

ods are constantly being developed for the detection of these‘bioactive'

amines, many analytical problems remain ‘and there is an evergrowing need"

for the development of assay methods for sensitive and specific analyéis
of these substances. This .study has demonstrated a number of successful

methods of analysis for rapid, specific and sensitivefassay of these

bioactive amines using gas-liquid chromatdgraphy with eleé;;on—éaptute

detection (ECD-GLC).
f
tration profiles of the bioactive amines amphetamine, trénylcypromihe;
PEA and T and their analogues in rat brain. ‘These biocactive amines have

been known to be rapidly eliminated from the brain and their N-élkylated

analogues were prepared as possible "pro-drugs.” It was~hopéd the pro-

Analytical methods developed vere required to conduct t ime-concen—

v



drug would provide sustained release of parent bioactive amine 1in the
brain, and, in the case of PEA and T, selectively increase the concen-
tration of the amine in the brain without affecting other endogenous

amines.

A. General

A.1 Principles of gas-liquid chromatography (GLC)

The quantitation of low levels of bioactive amines and their meta-
bolites in biological tissues orT fluids can be problematic. The “trace”
amines tryptamine (T) and vp—phenylethylamine (PEA) in particular .are
found in very low concentrations and other endogenous substances present
nay cause.analytical interferences. Thus, the analysis of bloactive
amines poses a significant challenge to the best available instruments
and analytical techniques. Most analytical techniques are not selective
enough to measure individual substances in a biological sgample, and this
necessitates the {isolation and separat%ﬁgﬁ?ﬁ the desired substance
(Olson, 1978). An efficient separation of’;£e substances with minimum
interference will significantly improve the selectivity as well as the
detector response of the assay method. Gas-liquid chromatography (GLC)
techniques are widely used in modern analytical laboratories and allow
efficient separation, quantitation and identification of individual com-
ponents in a sample mixture. Essentially, GLC is a system whereby a
carrier gas (mobile phase) is allowed to pass through a column contain-
ing small particles (solid support) coated with a chiﬁ film of nén—
volatile 1liquid (stationary liquid phase). When a sample mixture is

A

introduced into the column at a desired temperature, it volatilizes and



each component partitions between the mobile gas‘bhase and the station-
ary liquid phase. As there is a continuous flow of the carrier gas,
equilibrium is not established and each component moves along the col-
‘
um. The rate at which each component moves through the column will
depend on the extent of its distribution between the two phases. The
components separate from each other according to their partition coeffi-
cients between the stationary liquid ﬁhase and the carrier gas. The GLC
oven, where the column isAhOused, is usually operated at a temperature
range of 20-300° (Coutts and Baker, 1982). The teggerature segting will
depend on the volatility of the compounds of iﬁﬁerest and the stability
of the stationary liquid phase. The column’%emperature can be kept'con-
stant, allowing an isothermal separation of components, oOr the tempera-
ture can be programmed, whereby the column temperature increases at a
preset rate (McCullough and Aue, 1973). Only the low boiling components
will pass through with any significant velocity at the initial column
temperature and the hiéh boiling components are trapped at the beginning
of the column until the oven temperature fisés; Hence temperature pro-
gramming allows greater resolution and shorter analysis time when ana-
lysing a sample mixture containing a wide range of components (Baker et
al., 1982a). When each component elutes from the column it meets with
the detector and sets up an electrical signal which is displayed as a
peak on the chart recorder. The retention time of the peak is measured
from the point of injection to the apex of the peak. It is a character-
istic fingerprint, but not necessarily unique, for each component under

‘4

the experimental conditions (Brenner and Olson, 1967).

A.2 Columns for GLC

" The column is an important part of the gas chromatograph since this



is where the individual components are separated. It is composed of a
column tubing, a solid support and the stationary liquid phase. The
colﬁmn td£ing is generally made of glass, but stainless steel, copper,
nickel, aluminiym and glass—1lined metal column; have also been used
(Fenimore et al., 1977; Coutts and Baker, 1982). Glass is frequently
the column material of choice because of its inert nature and the ease
with which column packings can be visually checked- initially and during
the lifetime of the column. However, the flexible and strong fused sil-
ica columns are gaining preference over the more fragile glass columns.
The column itself generally is not involved in the chromatographic pro-
cess except in an adverse manner. Heated metal columns are prone to
react with organic compounds. Copper, for instance, reacts with amines,
terpenes and steroids (McNair and Bonelli, 1969; Baker et al., 1982a).

The solid support of a packed column is inert and provides a large
surface area for the 1liquid phase and is often made of diatomaceous
earth (kieselguhr). There are basically two types of support material
with different physical properties. Chromosorb® W (White) is a low Qen-
sity support and can retain as much as 30% stationary liquid phase
(Coutts and Baker, 1982). Chromosorb® P (Pink) is mechanically stronger
but retains much lower amounts of stationary phase (McNair and Bonelld,
1969). Polymer beads (Porapak®) have also been used as packing material
and were first introduced by Hollis (1966). The polymer beads serve as
both stationary liquid phase and solid support. Separation on Porapak®
occurs by a combination of partition and adsorption (Zweig and Shg;ma,
1972).

The stationary liquid phases can be classified according to their

polar nature. The polymers of polyethylene glycol (carbowax) are polar



and polymers of dimethylsilicone (SE-30, OV-101) are non-polar. Semi-
polar phenylmethylsilicone polymers (OV—IZZ are also used. The choice
of a liquid phase from the several hundred availaﬁle is an empirical
process. Generally, separations are best achieved by matching solute
and 1iquid types. Polar liquid phases retain polar solutes whereas non-
polar liquid phases retain non-polar solutes (Mitchard, 1978). The
liquid phase 1is then the active ingredient of the column where solutes
with strong affinity for the liquid phase emerge last and solutes with a
weaker affinity emerge first. In drug separation studies columns are
lightly loaded with liquid phase, since the concentration of the'liquid
phase will influence the resolution and the retention time of the sol-
ute. The usual concentration of the liquid phase on a solid support is
1 to 5% w/w (Moffat, 1975; Coutts and Baker, 1982).

The size of the columns used can vary. A typical packed column is
] to 2 m in length and 2 to 4 mm in internal diameter. It is relative-
ly robust and inexpensive and allows the analyst a flexibility in pre-
paring a large number of liquid phase concentrations on various solid
supports. Capillary columns of 10 to 75 m in length and 0.25 to 0.50 mm
in internal diameter are commonly used in trace analysis. There are two
principal types of cépillary columns in use. The support—coated open
tubular (SCOT) capillary columns have a solid support with a thin film
of liquid phase and can geﬁerally withstand higher sample input. Some
capillary columns have only a thin coating of liquid phase in the inner
wall; these are the wall-coated open tubular (wcoT) cdlumns'(Coutts and
Baker, 1982)ﬂ

o
Generally, the resolution of solutes obtained with capillary col-

umns is superior to that achieved with packed columns. A number of col-



umns, both packed and capillary, have been employed in the analysis of
bioactive amines. A glass capillary column (10 m, WCOT SP2100) has been -
used in the simultaneous analysis of §-phenylethylamine (PEA), m-tyra-
mine (m-TA), p-tyramine (p-TA), p-octopamine (p—0A), normetanephrine
(NME), and 3-methoxytyramine (3-MT) (Fig. 1) (LeGatt et al., 1981). A
packed column, 3% OV-17, employed by the same' authors separated the
amines but pr;ved to bé mdch leSS‘sensitive. Calverley et al. (1980)
used a WCOT, OV-101 glass capillary column for simultaneous analysis of

tryptamine (T) and 5-hydroxytryptamine (5-HT).

A.3 Electron-capture detection (ECD)

The electron-capture detector is among the most sensitive measuring
deviceé in GLC (Sevcik, 1976; Olson, 1978; ﬁéker et al., 1981). It is
known to detect as little as one pilcogram (1079 g) of some compounds in
a 1 ul injection. Lovecock and Lipsky (1960) were the first to intro-
duce ECD to gas chromatography. The mechanis? of ECD depends on the
electron-capturing aﬁility of the sample compound. Electrophores such
as halogen, nitro, hydroxy and carbonyl groups exhibit selective
response for ECD (Baker et al., 1981). The electron-capture detector
employs( a radioagtive isotope, most commonly nickel-63 (63N1). This
radioactive isotope during its normal decay process releases ?-particles
which in turn collide with the carriér gas molecules (argon/methane
90:10) and produce a larg; number of electrons. These electrons are
collected at the anode and produce a small measurable "standing cur-
rent.” As the electrophores elute from the gas-chromatographic column

and meet with the detector, they capture electrons to form negatively

charged ions. This results in a depletion of electrons and a decrease



Fig. 1.
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GC traces of (A) hydrochloric acid blank; (B) standard prepared
with 500 ng of each of the amines. Peaks are derivatives of:
I, benzylamine; II, P-phenylethylamine; I1I, 3-phenylpropyl-
amine; IV, m-tyramine; V, tranylcypromine; VI, p~tyramine; VII,
2-(4-chlorophenyl)ethylamine; VIII, p-octopamine; IX, normetan-
ephrine; X, 3-methoxytyramine on an SP2100 glass capillary
column (adapted from LeGatt et al., 1981).
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in the "stan%ing current,” which is recorded as a peak on the chart
recorder after amplification. When the electrophore leaves the detector
the current returns to the original value‘of the standing current.

Electrons from the cell are collected by ithree .basic methods:
direct current (D.C.), pulsed,. and linear. The D.C. method applies a
constant voltage to the electrodes, collecting electrons continuously to
produce a steady current. This method suffers from a number of disad-
vantages. Sensitivity is poor since the negative ions formed by elec—
tron capture will be collected at the anode, and?the reduction in cur-
rent is less than if only the electrons were colled%ed; The negative
jons can collect on the electrode and contaminate the electrode sur-—
face. These factors lead to a non-linear response of the detector.

The pulsed method applies the collecting voltage in pulses of one
microsecond in duration at intervals of 5 to 150 microseconds. Since
_the pulse voltage is applied for such a short time, it does not give the
larger, heavier negative ions time to collect on the anode, allowing the
much lighter free electrons to be collected rapidly. Hence only the
electrons are collected, @hich enhances the sénsitivity of the detector
compared with the D.C. method. The linear dynamic range of the pulse
method is poor, and only after careful adjustment of the pulsed voltage
parameters will the linear range be about lQOO.

The linear method is a modified version of the pulsed method (Maggs
et al., 1971). The pulsed voltage with ECD electronics is set up so
that a constant cell current is produced. When an electrophoric species
meets with the detector and captures the free electro;s, this leads to a
drop in the standing current. With the use of electronics the pulse

frequency is automatically increased (to compensate for the loss of the



electrons) and maintains a constant standing currentj} Thus an increase
in pulse frequency corresponds to an increase in the concentration of
the electrophoric species. With this type of detector, it is poséible

to obtain linear ranges exceeding 10,000.

B. Sample Isolation from Brain Tissue Prior to Chromatography 1
. /

A pure compound in its crystalline form is in most cases simple and
straightforward to analyse by chromatographic means. However, when pre—
gent in a biological medium with numerous other endogenous substances;
the compound 1is ﬁot 50 éasy to analyse. Interfering substances can
overload the column packing, thereby reducing its resolving capabilities
and/or saturating the detector, which will raise the noise level and
threshold detection limit. Thus, in order to have efficient résolution
and maximum detection capability, one must perform purification proce-~
dures prior to chromatography. The compound of interest, when encapsul—
ated in a biological matrix such as tissue, cells, or mycelia, has to be
jsolated from its matrix and this 1is usually done by homogenizing and

extracting.

B.l Tissue grinders

Brain tissue 1s among the softest and most easily disrupted tissue
(Ko and Petzold, 1978). The Potter-Elvehjem homogenizer is the most
commonly used tissue ‘grinder (Ko And Petzold, 1978; Martin-and Baker,
‘1977)} Brain tissue is homogenized in special homogepizing glass tubes
iﬁ a small amount of extracting medium (e.g. perchloric acid, HCl-

methanol, and ethanol). The tissue is frozen with solid carbon dioxide
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or liquid nitrogen prior to grinding to prevent degradation or metabol-
7ism. The supernatant is obtained by centrifugatian (e.g. 10,000 x g at

0-4°) and discarding the precipitated protein.

\

B.2 Ultrasonic method *»

Ultrasonic waves which generate collapsing bubbles selectively
break covalent bonds of polymers with molecular weights greater than 0.5
million (Ko and Petzold, 1978). Thus the ultrasonic waves rupture the
cell walls and leave the drug or amine molecule intact. In Table I,
various tissues are listed in ascending order with regard to difficulty
in disrupting the tissue. Brain tissue is shown to be the most easily
disrupted.

A major disadvantage with the use of QItrasonic disruption is that
intense localized heat is generated when the microscopic bubbles col-
lapse. This in turn induces free radical formation and leads to denat-
uration of enzymes, hydrolysis of egters, and oxidation of unsaturated
compounds. Addition of a small quantity of a volatile liquid heat-sink
like methanol or acetone will dissipate the heat. Degassing the water

2 .
or saturating it with carbon dioxide or hydrogen can reduce free radical

formation (Ko and Petzold, 1975).

B.3 Extraction of amines from brain tissue

B.3.1 Resins, adsorbents and molecular sieves

The 1liquid ion-pairing reagent di-(2-ethylhexyl)phosphoric acid
(DEHPA) has been used efficiently for isolation of amines (Temple and
Gillespie,wl966; Martin and Ansell, 1973; Nelson et al., 1979; Baker et

al., 1980; Hampson et al., 1984a). It has an added advantage of being a



Table 1.

— O 0N W

Tissue -disruption in ascending
from Ko and Petzold, 1978).

Brain

Mucous

Tissue culture
Fat

Faeces

Necrotic tissue
Tumour cells
Liver

Bladder

Aorta

11

order of difficulty (adapted

11
12
13
14
15
16
17
18
19
20

Kidney

Lung

Fibrin

Skin

Muscle

Bone

Heart muscle
Green leaves
Hair

Renal papilla
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liquid reagent which allows' efficient mixing of biological sample and
resin and isolation of amines.

A number of methods for isolation of biogenic amines on Séphadex
columns have been published (Contractor, 1966; Renaud et al., 1974;
Boireau et al., 1976; Westerink and Korf, 1976, 1977; Westerink and
Mulder, 1981; Westerink, 1984). All of the above methods utilized Pas-
teur p;pettes or glass tubes for colgmns and most used a glass wool
plug. Feenstra et al. (1982) used Sephadex Gl0 columns fo£ isolation of
dopamine (DA) and analogues. Recently Westerink (1984) employed similar
Sephadex Gl0 columns for isolation of tyrosine (Tyr), 3,4-dihydroxy-
phenylalanine (DOPA), noradrenaline (NA), DA, 3-methoxytyramine (3—MT},
3,b-dihydroxyphe%ylacetic acid (DOPAC), homovanillic acid (HVA),
*
5~hydroxyindoleacetic acid (5-HI1AA), 3,4—dih§droxyphenylethylene glycol
(DHPG), and 3-methoxy-4~hydroxyphenylethylene glycol (MHPG). Earley and
Leonard (1978) introduced disposable Bio-Rad columns packed with Sepha-
dex Gl0 with microporous filters for simultaneous isolation of NA, DA,
5-HT, and 5-HIAA.

Many other substances, e.g. XAD—2 resin (Kullberg andvGorodetzky,
1974; Delbeke and Debackere, 1977; Artigas and Gelpi, 1979), charcoal’
(Meloa and Vanko, 1974), Amberlyst (Martin and Baker, 1977), Porapak Q
(Snodgrass and Horn, 1973), and Dowex (Boulton et al., 1976) have been
used for isolation of bioactive amines and drugs. |

A technique employing aluminium oxide and Amberlite CG50 columns in
sequence for isolation of a number of amines has also been used (Kara-
sawa et al., 1975; Calverley et al., 1981b). Shaw (1938) was the first
to describe adsorption of catecholamines onto alumina. Since that time,

{

alumina has been employed extensively for the isolation of catechol-~

kY
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anines (e.g. Anton and Sayre, 1968; Arnold and Ford, 1973; Todoriki et
al., 1983). "The adsorbéd catechalamines can be eluted from the alumina
with a small amount of HC1, methanOILHCI, or ethanol-acetic acid mix-
ture. Bor;; acid gel has also been used to provide high recoveries of
the catecholamines from aqueous solutions (Higa et al., 1977). Molecu-
lar sieves such as the millipore filters have not had wide use. The
millipore filters were initially developed for separating bacteria from
solution and still play an important role in purificatiop. Tﬁe filters
were eventually applied to separate macromolecules from biological

fluids; however, they teﬁd to absorb drug molecules and related sub—

stances present in low concentrations (Mitchard, 1978).,

.2 Solvent extraction

kuciple that the non-ionized form of a molecule is more solu-

bi )5organic solvent than the ionized polar form can be applied in
: ) )

the} »gation of basic amines. Impurities are removed from the primary

ext by using both acid and base extractionm. A generalized scheme

for é:olation of acid, base or neutral molecules 1is illustrated in Fig~

ure ¥ (Mitchard, 1978). The sequence of acid or base extraction can be

altz -nated. This would thén be termed "back-extraction.”

Ami in a basic pH environment exist id‘a non-ionized form, and

generally <traction into an organic solvent w#rks well. waever, the

| |
presence c¢. other functional attachments such as phenolic hydroxyl
groups can alter the pK, and other inherent properties. A phenolic

amine woul. hen be amphoteric and exist as a Zwitterion. This would

not allcsw adequate recoveries into the organic solvent. To get around

this prlglem, direct aqueous acylation of the biological sample can be
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employed. This renders the molecule neutral and non-polar, facilitating
efficient extraction (Coutts et al., 1980). This topio‘is further dis-

cussed in Section C (Chemical derivatization in GLC).

.C. Chemical Derivatization injﬁijﬂﬂ

N

Gas—liquid chromatography has played a very valuaple role in chemi-
cal analysis, and has had a significant impact on a ariety of scienti-
fic fields, e.g. the clinical sciences, pharmacology, . toxicology, envir—
onmental science and forensic science. Although many compoundslcan be‘
dnalysed on GLC, there still remains a great many that cannot. Much
effort has oeen directed into finding ways of making derivatives of
these compounds-in order to obtain a successful GLC analysis.'vThe eom4
pound can be converted into a.stable volatile derivative to achieve opt-
imum sensitivity, specificity or selectivity.with efficient elotion ond
separation. A number of excellent review papers and books discuss.the
,sobject of derivatization.reactions for GLC (brozd, 1975; Ahuja, 1976;

Perry and Feit, 1978; Blau and King, 1978; Knapp, 1979).

C.1 Principfles for employing chemical derivatization in GLC

An important consideration for employing chemical derivatization is
to syathesize a volatile derivative of an essentiallyq;:;:VBlatile com-
_podnd to impart the desired gas-chromatographic properties. Polar‘mole-
cules with N-H, O-H, or S-H groups possess strong intermolecular hydro-
gen bonding and will have low volatility. Acylation,.alkylation or
silylation of the polar groups will significantly increase volatility

Q

(Knapp, 1979). | o .
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However, derivatization can also be used to decrease volatility.
Excessive volatility can pose a problem in the analysis of small mole-
cular weight compoundsﬁ@§1n this case, derivatization can be used to

yield less volatile derivatives for an efficient separation and identi-

<

fication.

The adsorption of polar molecules on the active sites of the column
solid support will result in long‘ retention times and astmeErical
peaks. Derivatizafion will reduce aZSLrption effects and significantly
improve peak shape. Stability can also be enhanced with derivatization,
leading to improved chromatographic performance.

Thus, chemical derivatization is generally employed to increase
volatility and stability, to improve chromatographic performance by
removing polar groups, to decrease excessive volatility, ‘to enhance
extraction efficiency (e.g. aqueous acetylation of phenolic amines) dis-

cussed in Section C.4 (Acylation of amines in aqueous medium), and/or

finally to confer improved detectability, discussed in Section C.2

-

(Derivatization for improved detectability by ECD). - f

@

C.2 Derivatization for improved detectability by ECD

Most compounds are not sensitive to ECD in their ogiginal native
form, but when converted to ECD-sensitive derivatives their detectabil-
ity 1s enhanced considerably. Trace level analysis can then be per-
formed withjéase using the sensitive ECD technique. Many types of deri-
vaiives have been used for ECD—GLC analysis kPooléEand Morgan, 1975;
Knapp, 1979). Halogenated acyl groups are among the most commonly used
defiyatives. Generally, substitution with halogen increases the elec-

tron-capturing ability of the compound in the order of I > Br > Cl > F.
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Usually increasing the number of electron-capturing moieties on a single
carbon increases the sensitivity several-fold in a non-linear manner.
The nitro group has about the same electron—capturing ability as a

chloro group. Electron-donating substituents on the aromatic ring will

reduce electron affinity and therefore ,ECD—GLQ_ sensitivity, whereas

electron~withdrawing substituents will enhance sensiﬁivity.

The carbonyl group (C=0) was 1nitia11§ proposed to be the focus of
electron capture (Landowne and Lipsky, 1963). However, Clarke et al.
(1967) found that heptafluorobutyryl derivatives were more sensitive
than trifluoroacetyl derivatives and reasoned that the halogenated alkyl
chain was the site of electron capture. Subsquent studies by Moffat et
al. (1972) and Matin and Rowland (1972) with ECD-sensitive derivatives
of amines indicated that the presence of a double bond between nitrogen
or oxygen and the carbon atom (C=O0, C=N) adjacent to‘the halogenated

o
group was a structural ;Fquisite for good electron—capturing properties.

C.3 Halogenated acyl derivatives employed in ECD-GLC analysis of
amines

Halogenated acyl derivatives are among the most,pOpulaf derivatives
for ECD chromatography. A number of halogenated acyl derivatizing rea-
gents have been employed iFig. 3). Of these, trifluoroac;tic anhydride
(TFAA), pentafluoropropionic anhydride (PFPA), and heptafluorobutyric
anhydride (HFBA) are used most frequently.

Most acylating reagents can react not only with amines, but also
with phenol and alcohol substituents in a non-aqueous medium. This is a

significant advantage in the analysis of biogenic amines present in the

CNS, since many (e.g. NA, DA, 5-HT, p-TA, p-0A) possess hydrdxyl func-
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Fig. 3. Structures of some halogen-containing acylating reagents and
related derivatizing reagents used 1in ECD-GLC. (For full
explanation of abbreviations, see List of Abbreviations, pp.

xix-xxii )
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tional groups. Thus derivatization of all the polar groups of the mole-
cule will increase sensitivity and improve chromatographic performance,
especially since the O-perfluoroacyl derivatives are generally more
strongly electron-capturing than the corresponding amine derivati;é;
(Clarke et al., 1966). For most derivatization schemes, TFAA, PFPA and
HFBA can be used interchangeably, but they may differ in the degree of
reactivity, sensitivity, and volatility imparted and these characteris-
tics can vary with the nature of the molecule being derivatized. Hence
the choice of any one derivative will depend on the analytical priori-
ties of the chromatographer, and this is illustrated with the numerous
examples given below.

Clarke et al. (1966) compared the ECD sens4tivity of TFA, PFP, HFB-
and chloroacetyl derivatives of a number of amines. Tﬁe order of sensi-
tivity for the derivatives of the non-hydroxylated amines was HFB > PFP
> chloroacetyl > TFA. The N,0-di-TFA derivative of tyramine was re-
ported to be 10,000 times more sensitive to ECD than the mono-N-TFA
derivative. The N-TFA derivative in general was relatively insensitive
to ECD. However, TFA derivatives have been used successfully in the
ECD-GLC analysis of metanephrine (ME), NME, p-TA, 3-MT, p-OA, T, syne-
phrine, and 5-HT (Sen, 1969; Bertani et al., 1970). Martin and Ansell
(1973) quantitated the catecholamines NA and DA and the indoleamine 5-HT
in rat brain using TFAA as the dérivatiziﬁg reagent. The catecholamines
were isolated on alumina and separated from the agueous phase with
DEHPA, whereas 5-HT was extracted with 20% v/v n-butanol in diethyl
ether. The trifluoroacetyl derivatives were reported to be formed with
ease -and were relatively stable under anhydrous conditions. Several

other researchers have analysed the catecholamines NA, DA and adrenaline

¢
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(A) in urine, tissues and serum with ECD-GLC after derivatizing with
TFAA (Clarke et al., 1967; Kwai and Tamura, 1968a, 1968b; Imai et al.,
1971). The reagent TFAA has also been used under anhydrous conditions
for the ECD-GLC analysis of p-hydroxyamphetamine (p—OH-AM) and p-
hydroxynorephedrine (p-OH-NE) in rat brain (Belvedere et al., 1973).
Joseph (1978) employed TFAA for the ECD-GLC analysis of kynurenine in
urine, plasma, brain and CSF. Anggard and Sedvall (1969) compared the
TFA, PFP and HFB derivatives of ME, NME, and 3-MT. They reported the
PFP and HFB derivatives to be more stable with better ECD response than
the TFA derivatives. Ko et al. (1974) prepared PFP, HFB and TFA deriva-
tives of DA and found PFP derivatives to be more stable than TFA or HFB
derivatives. Similarly, Arnold and Ford (1973) prepared PFP and TFA
derivatives of a number of biogenic amines and related compoﬁnds (ba,
NA, A, DOPA and DOPAC). The PFP derivatives were reported to be more
stable than the TFA derivatives. Their method was subsequently adopted
by Freed et al. (1977) for the simultaneous analysis of DA, NA and their
G-methyl‘énalogues by CI—Mé.

Wong et al. (1973) analyzed a number of biogenic amines as their
PFP derivatives. The derivatization re;ction was in presence of heat
(65°) for 1 h. Analysis was performed on 10% SE-24 column at an iso-
thermal temperatﬁre of 200° with an ECD-GLC.  Many re;earchers‘have
adopted this general method for preparing PFP and TFA derivatives of the
catecholamine metabolite 3-methoxy-4-hydroxyphenethylene glycol (MHPG).
Most of the methods developed vary only in degree from Wong's method,
ﬁtilizing varying proportions of anhydride and ethyl acetate or va;ying

reaction times and temperatures (Dekirmenjian and Maas, 1970; Wilk et

al., 1971; Gordon and Oliver, 1971; Karoum et al., 1971; Bond, 1972;
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Braestrup, 1973; and Fellows et al., 1975). Karoum et al. (1972) pre-
pared PFP derivatives of 13 biogenic amines and compared their chromato-
graphic performance with HFB and TMS ,HFB derivatives. The PFP deriva~
tives/;ere reported to give the highest GLC resolution. Optimum deriva-
tive conditions and GLC behaviour of PFP derivatives of some 28 cate-
cholamines and related compounds (including the metabolites ME and NME )
were reported by Gelpi and his colleagues (1974). Baker et al. (1982b)
employed PFP derivatives in the analyéis of p-chlorophenylethylamine
(p-C1-PEA) in brains of rats treated with a monoamine oxidase inhibitor
(pargyline, 60 mg/kg 1i.p.) and varying doses of Efchlorophenyf&ianine.
The assay procedure employed direct extraction with an equél volume of
ethyl acetate after basifying and bufféring an aliquot of the super-—
natant. The ethyl acetate layer was retained and dried under a stream
of nitrogen (Np) at room temperature. Ethyl acetate (20 ul) and PFPA
(100 ul) were added to the dried residue. Derivatization was allowed to
proceed to completion for 60 min at 60°. Analysis was performed with
ECD-GLC equipped with a 6 ft glass column packed with 3% 0OV-17.
Heptafluorobutyric anhydride (HFBA) has been employed in the ECD-
GLC analysis of amphetamine (AM), methaméhetamine and fenfluramige in
blood after basic extraction into pentane (Bruce and Maynard;‘l969).
Cummings and Fourier (1969) measured pseudoephedriﬁe in plasma after
preparing HFB derivatives. The ECD response was reported to be linear
from 0-1000 ng for HFB derivatives of pseudoephedrine, ephedrine and
norephedrine. Fujihara et al. (1983) prepared HFB derivatives of poly-
amines after first isolating the polyamines from blood by means of acti-
vated Permutit. Heptafluorobutyric anhydride (50 ul). in 200 ul acetoni-

trile were used and derivatization was alloved to proceed for 10 min at
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65°. Derivatization with HFBA has also been employed for the ECD-GLC
analysis of various drug molecules (Siouf1i et al., 1983a,b; Jeanniot et
al.; 1'98;3)1;

Perfiuoroacyl imidazoles are important alternative acylating rea-
gents. Trifluoroacetyl imidazole (TFAI), pentafluoropropionyl imidazole
(PFPI), and heptafluorobutyryl imidazole (HFBI) reagents have an advan—
tage in that they provide a non-acidic environment, since a basic leav-
ing group is formed during derivatization. Hence the perfluoroacylating
imidazoles would be suitable, for example, for analysis of acid-sensi-
tive compounds which are prone to dehydration in an acid medium (Sugiura
and Hirano, 1974). Although the perfluoroacylating imidazoles can have
an advantage over the use of anhydrides, they do pose a problem. They
a?e highly viscous and theréﬁpre difficult to draw up in a syringe and
to remove at the end of the reaction (Baker et al., 1981). It is impor-
tant to remove the excess Teagent since 1t is likely to depress the
standing current of the ECD, which would give false quantitation of
eluting compounds. The excess acylating reagent, if nof removed, can
also cause problems such as irreversible change in the GLC colummn, cor-
rosion within the GLC or GLC-MS system, or re-derivatization of nop-vol-
atile components to give "ghostf peaks (Blau and King, 1978). There-
fore, the acid anhydrides, which are generally often easier to remove,
are more popular. However, a number of researchers‘ao use perfluoro-
acylating imidazole reagents. Vessman et al. (1969) employed HFBI for
the ECD-GLC analysis of indoleamines, preparing HFB derivatives of T,
5-HT, tryptophol and several N- and O-alkyl analogues. The procedure
requires hfat af 80° for 2-3 h. Degen et al. (1972) quanfitated mela-

tonin in rat pineals. The method employed HFBI to quantitate melatonin
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to 35 pg using ECD-GLC. Analyses of T and 5-HT have been reported with
ECD-GLC. Heptafluorobutyryl derivatives have been prepared by reaction
‘with HFBI at 80° for 1 h (Benington et al., 1975; Christian et al.,
1975). Pentafluoropropionyl triazole (PFPT), a derivatizing reagent
whose use has not often been reported, has been used for the analysis of
a number of biogenic amines and metabolites. Iﬁ this case triazole is
the basic leaving group, providing a non-acid environment (Miyazaki et
al., 1974).

The acyl halides pentafluorobenzoyl chloride (PFBC) and trichloro-
acetyl chloride (TCACl) are highly reactive and used in the acylation of
compounds that are difficult to acylate, such as amides or compounds
with steric hindrance (Blau and King,rl978). The only disadvantage to
using these acyl halides is the release of the halogen acid during deri-
vatizing reaction. A base is then required to neutralize the acid. The
removal of the excess acyl halide and the halide salt formed with the
base may require additional separating steps in the assay. The anhy-
drides are generally easier to remove after completion of derivatizing
reaction and give cleaner chromatographic spectra. However, these rea-
gents (PFBC and TCACl) often produce highly sensitive derivatives com=
pared to the.anhydrides. This is illustrated in some exgmples below.
Wilkinson (1970) prepared TfA, PFP, HFB, pentadecafluoroocténamide and
PFB derivatives of AM, PEA apd ephedrine. The PFB derivatives were
reported to give the highest ECD responses in all cases. Moffat et al.
(1972) prepared a number of pentafluorophenyl derivatives of PEA and
N-methylphenylethylamine and measured their ECD segsitivities. Penta;
fluorobenzoyl chlo;ide was reported fo be the best reagent for the assayA

of the sécondary amines, and the choice for the derivatization of pri-
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mary amine was either PFBC or pentafluorobenzaldehyde (PFBA). Derivati-
zation was performed under anhydrous conditions in the presence of heat
(60°) for 1 h. In order to formulate a hypothesis for the electron-
capture mechanism, Matin and Rowland (1972) employed a variety of ECD-
sensitive derivatizing agents for ;henanalysis of primary and secondary
amines. It was found that PFBC was suitable for primary as well as some
secondary amines; however, when the primary and secondary amines w%re
present together, the latter could cause interference with the former in
the chromatogram. In suclf a case HFBA was preferred. In a comparative-
ly recent study, Midha et al. (1979a) prepared the N-PFB, N-PFP, N-HFB
and N-TFA derivatives of a number of ring-substituted phenylisopropyl-
amines and analysed them with ECD-GLC. The electron—capture response of
the Nib3 detector to N-PFB dérivatives was found to be 10 to 15 times
”greater than to N-HFB and N-PFP derivatives, and 100 to 150 times
greater than to N-TFA derivatives. This work agrees well with that of
Cummings (1971) who reported th%; PFBC rendered much greater sensitivity
to a number of amines than did HFBA. A survey of the literature appears
to indicate that, of the derivatizing reagents commonly available, PFBC
confers the highest ECD seasitivity for amineg (Moffat et al., 1972) and
also for phenols (McCallum and Armstrong, 1973). The PFB derivatives
are prepared under anhydrous conditions, are comparatively easy to make,
and are stable with good chromatographic performance. prever, it seems
that researchers have been slow in exploiting the excellent properties
of PFBC in the analysis of bioggnic amines. Recent publications in the
area of amine analysié with ECD-GLC indicates that PFBC use 1is indeed
becoming more prevalent. Rezpolds et al. (1978) employed PFBC for the

analysis of AM and PEA in post-mortem Parkinsonian brain aftef

>
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T
(-)-deprenyl édministration. Midha et al. (1979b) prepared PFB_deriva-
tives for a simultaneous analysis of norfenfluramine and fenfluramine in~
human plasma and urine. The derivatization reaction proceeded for 30
min at 65°. Pe%tafluorobenzoyl derivatives of the catecholamines NA and
A have also been prepared by B;ck and Waser (1981) for ECD-GLC analysis.

In all the above examples, PFBC was employed to prepare derivatives
under anhydrous conditions, and, in most cases, in the presence of
heat. However, recently Cristofoli et al. (1982b) prepared AM deriva-
tives with PFBC in an aqueous environment. This is discussed in Section
C.4 (Acylation of amines in aqueous medium).

The acylating reagent trichloroacetyl chioride (TCAC1) has been
used for the analysis of AM and phenmetrazine in plasma and urine. .The
derivatization reaction p;oceeded for 30 min in presence of heat (40°).
The method allowed measurements down to 1 ng/ml with ECD-GLC (Anggard et
al., 1970). This reagent has also been employed by other researchers
for sensitive ECD-GLC. analysis. Noonman et al. (1969) used TCACl for
analysis of AM in urine,‘plasma and saliva of horses, and Baselt g&_gi;
(1977b) for a tranylcypromine (TCP) assay in serum and urine. A series
of hélogenated acyl derivatives of amines was prepared by ‘Anggard and
Hankey (1969). Trichloroacetyl chloride was reported to give greatef
ECD response than: TFA, PFP or HFB derivatives and was second only to
PFBC. ‘ , | -

Numerous other halogen-containing derivatizing reagents are avail-
able commércially but have not been used in the analysis of bioactive
amines to any significant extent. N-Methyl-bis(trifluoroacetamide) is a
trifluoroacylating reagent developed by Donike (1973). It was repofted'

to acylate primary and secondary amines but hydroxyl groups\were not as
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reactive. Chloroacetic anhydride, a reagent that has bgen available but
pot used to any great extent, has bpeen reported to acylate phenols in
aqueous medium (Argauer, 1968). Similar oﬁservations were made by
Coutts et al. (1980a) qithvthe extraction of ﬁydroxylated amines from
aqueous solution with chloroacetic anhydride (CcAA) and dichloroacetic
anhydride (DCAA). Dehennin et al. (1972) prepared chloroacetyl deriva-
tives of hydroxylated compounds and reported good ECD sensitivity. How-
ever, the corresponding amine derivatives gave poor ECD sensitivity
(Anggard and Hankey, 1969). Chlorodifluoroacetic anhydride (CDFAA) is
another reagent that has not been extensively used.l’Cockerill et al.

»

(1975) employed CDFAA in presence of heat (50° for 30 mini for the ECD-
WY

GLC anal;iis’of the drug 1-(2-phenyladamant-1~yl)~2-methylaminopror-ne

in blood plasma and urine. freliminary studies by Baker et al. (1981)

indicate that CDFAA yields sensitive derivatives of catecholamines under

anhydrous conditions.

Recently, trichloroacetic anhydride (TCAA) has been employed for
simultaneous analysis of PEA and TCP in rat brain after preparing deri-
vatives in aqueous medium (Baker et al., 1984a). Francis et al. (1978)
have introduced a number of derivatizing reagents wifh a flophemesyl
— (pentafluorophenyldimethylsilyl) grdup, capable of forming derivatives
of alcohols, phegffs, carboxylic acids and amines. These latter workers
report good chromatographic properties, thermal stability and high ECD
sensitivity of the derivatives, but unfortunately they are prone to
hydrolysis. The report indicates that the flophemesyl group (CgHgFsSi,
mol. wt. 225) increases the retention time appreciably. This makes it
suitable for attachment to small molecules but unsuitable for mol?cules

1

with several hydroxyl groups. The authors claim ECD sensitivity of
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be 1 am range. These reagents warrant further investiga~
‘ ﬁe analysis of bioactive amines in biological tissue.

,f:ove section all the derivatives reported were prepared
fous conditions except for some specific examplesf The exam
trating the use of halogenated acylating reagents in aqueous
;nt are discussed in more detail in Section C.4 (Acylation of

{n aqueous medium).

Acylation of amines in aqueous medium

1
ge are a number of reasons for acvlating amines in an aqueoug
medium. .mines are polar in nature and will therefore favour a polar

medium such as water. Hence, the extraction of polar amines (especially

10l or alcohol hydroxyl groups) into a nonpolar organic

solvent?WJil not be achieved efficiently. The extraction efficiency
would‘improve gignificantly if polar‘groups could be converted into non-
polar lipophilic groups directly:in an aqueous medium. The trace amines
PEA and T are present in brain in very small quantities (low ng lev-
els). Efficient extraction of the trace amines is very important and
acylation in aqueoué medium will favour their partitioning into an
organic phase. Polar groups generally adhere “to the GLC column solid
gsupport, resulting in the "tailing" of eluting comﬁonents. Acylation
will 1mp;ove the chromatographic performance of the amine by reducing
its polarity. Structutall& gimilar amines may co—~chromatograph and acy-
lation may be employed to isolate and separate these amines. It is also
possible to acylate the amines'in an aqueous medium with certain halo-
gen-containing acylating reagents and 8o 1ntroducé functional ‘grdups

sensitive to ECD. Thus aqueous acylation will reduce the polarity of
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amines, thereby impfobing extraction efficiency and chromatographic per-

rformance;:flt may fécilitate separation of structurally similar amin;s
and may - also introduce functional groups hiéhly sensitive to ECD-GLC
detection.

Chattaway, in 1931, reported early work on the gcyiation of amines
in aqueous solution. He émplpygd acetic anhydride (AA) and observed
that phenolic as well as pr}mary élipﬁatic‘émines could be efficiently
zcetylated direcfly in aqueous solution under .slightly basic condi-
tions. Similar findings were also reported by Hagopian et al. (1961).
Subsequent work by Brooks and  Horning (1964), Laverty and Sharman
(1965), and Roder and Merzhauser (1974) reported acetylation of phenolic
hydroxyl groups in aqueous medium, but found that alcoholic hydroxyiy
groups diﬁ not acetylate under these conditions. The basis of this tyée
of aqueous acylation is that the phenolic and amino groups are suffi-
ciently reactive to be acetylated in aqueous solution more rapidly than
the hydro}ysis of the- acetylating reagent. Many other acylating rea-
gents have been employed. Hiemke.gi-gl; (1978) prepared propionyl,
n-butyryl, isobutyryl, and pivaloylaﬁines in aqueous‘éolution; ‘Propi-
onylated amines. were reported to give favourable gas chromatographic
properties; The authors investigated 23 propionylated catecholamines:'

phenylethylamines, and indolealkylémines prepafed in aqueous solution.
'Alth0ugh ease of preparation and stability of the derivatives are advan-

tageous, the limits of detection of their method was not reported. One

way to enhance sensitivity of the acetylated or propionylated anine 1is
to introduce a second functional group sensitive to electron capture.
. . . N

This is usually done by reacting the acetylated or propionylated amine

with halogen-containing acylatirg reagents under anhydrous conditions.
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The reagentS'TFAA, PFPA, HFBA, and PFBC have been employed in thie-wayi
for the analysis of biogenic smines of the CNS. . Warsh et al. (1977)
reported an assay method for T employing aqueous acetylation‘followed by
trifluoroacylation. Tryptamine was firat acetylated'at basic pHvoeing
acetic anhydride dissolved in diethyl ether.»rThe organic phasevcontainn
‘ing.N—acetyltryptamine.Vas then evaporated to dryness under ﬁz, and the
residue was’ é;; d with a mixture of TFAA in ethyl acetate (5:1) for 1‘

h at -roo empgrature. Analysis vas. performed with GLC-MS in the
single-ion monitoring (SIM) mode. The method was applicable to urine as
well as brain tissue. Martin and Baker (1977)kdeveloped an ECD-GLC
method for the analysis of PEA in rat brain tisSue employing aqueous_'
acetylation. Thé method utilized ion—exchange resin (Amberlyst 15y for
the initial isolation of the amine. The amine was eluted from the resin
with methanolic-HC1 and the eluate evaporated to dryness in a rotary
evaporator under vacuum. -To the residue water was added together with
a small quantity of sodium’ bicarbonate followed by l/lOLvolume of acetic
anhydride. After effervescence had.ceased‘and the solution ﬁae baeie,
the N-acetyl derivative of PEA was extracted with-ethyltacetate. Tﬁe
ethyl acetate layer was evaporated to drynegg at room temperature under'
a stream of nitrogen. To the dried residue PFPA- and ethyl acetate in a

L&

ratio of 5:1 were added, and the reaction was allowiafto proceed‘for 30

T

min at 60°. The reaction mixture was partitioned between a small volume
of cyclohexane (400 ul) and a much larger Yolume”of‘a sat;rated_solution,’
of sodium tetraborate.(4 ml) to remove the excess derivatizing reagent.v .
The cyclohexarle layer, which contained/:the N-acetyl,N-pentafluoropro-

plonyl-PEA, was retained for GLC use. The authors reported several

- advantages 1n'employing aqueous acetylation:” it functioned as_en addi-
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&

tional purification step, resulted in amine recovery of > 95% from aque-
ous phase (with no contamination from inorganic salts), and finally the
N-acetyl-PEA was insufficiently volatile to be lost on evaporation of
ethyl acetate.

Di-(2-ethvlhexyl)phosphoric acid (DEHPA) is a liquid ion-pairing
reagent which was employed by Temple and Gillespie (1966) for isolation
of amines. It was subsequently adopted by Martin and Ansell (1973) for
use in a sensitive gas chromatographic method for estimation of NA, DA,

Qand 5-HT in rat brain. This ion-pairing compound is now used ﬁigularly
for isolation of a’number of amines and amino acids prior to aqueous
acetylation. A sample of urine or brain homogenate 1is extracted with
DEHPA (2.5% v/v in chloroform), back-extracted into 0.5 N HC1 and ace-
tylated with acetic anhydride after basification. The acetylated amines
are extracted with ethyl acetate, which is evaporated to dryness. The
residue is reacted with 75 ul FFPA in 25 pl ethyl acetate for 30 min at
60°. The reaction mixture is partitioned between 300 ul of cyclohexane
and 3 ml of saturated solution of sodium tetraborate. The organic
layer, which now contains N—acetyl,N*pentafluoropropionyl derivatives of
amines, is used for ECDZGLC analysis. This general procedure has been
modified for the analysis of T and 5-HT (Baker et al., 1979; Calverley
et al., 1980). Prelusky (1983) eﬁbloyed this method "and prepared’ace-

\ tylated PFP and TFA derivatives for the analysis of thydroxyamphetamine
(BfOH—AM). franylcypromine in rat brain regions has also been success—
fully analysed by this method, employing either PFPA andvTFAA after
aqueous acetylation, The procedure had an added advantage in that
interference by endogenous N-acetyl-TCP, a mefabolite of TCP, was pre-

vented with the use of DEHPA and back-extraction with HCl prior to aque-
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ous acetylation (Calverley et al., 1981@). The derivatizing reagent

‘PFBC (after aqueous acetylation) has also been employed in this manner
for rapid and sensitive analysis of TCP and PEA, with reaction proéeed—
ing for 60 min at 80°. The reaction mixture was dried under a stream of
Ny and 300 ul of toluene added prior to ECD-GLC analysis of N-acetyl,N-
pentafluorobenzoyl derivatives of TCP and PEA. Chemical structures of
these derivatives and their mass spectral fragmentation pattern are
illustrated in Figures 39 and 41 (Hampson et al., 1984a,b).

The procedures described above have been successfully applied in
the analysis of non—phenolic ar&lalkylaminesland are also applicable to
phenolic amines, although with these latter amines‘there may be a disad-
vantage. The primary amino group retains an active hydrgéen atom after
acetylation in aqueous medium which can subsequently be replaced by a-
halogen—-containing moiety after reaction with a suitable acylating rea-
gent under anhydrous conditions. However, in the case.of .amines with
phenolic hydroxyl groups, only one active hydrogen atom is available for
reaction from each phenol. Hence, when acetylated the active hydrogen
atom on the phenolis hydroxyl group is replaced with an acetyl group.
Although this lowers the polarity of the amphoteric phenolic amine
(which facilitates extréction in the nonpolar organic solvent), the
phenol group is blocked from fu;ther derivatization since it no longer
possesses an active hydrogen atom for exchange. The O-perfluoroacyl
derivatives have been reported to be generally more sensitive to ECD
than the amino derivatives (Clarke et al., 1966). It would, therefore,

e /’\
be of great advantage to develop a method in which the O-acetyl grouﬁs \\\&d/‘\

¢

are selectively hydrolysed and then perfluoroacylated. This would then

result in enhanced sensitivity, increased volatility (and therefore
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shorter retention times), and also efficient separationm. The procedure
of Martin and Baker (1977) has been modified for successful selective
hydrolysis of the O-acetate groups after extraction (Coutts et al.,
1980c). The first few steps of the method were as described earlier,
employing DEHPA (2.5% v/v in chloroform) for extraction of the amines,
back-extraction into 0.5 N HCI followedi”by basification with solid
sodium bicarbonate, and acetylation with écetic anhydride. The acety-
lated amines, both phenolic and non-phenolic, are then extracted in
ethyl acetate. The ethyl acetate {;yer is now divided into two por-
tions, one for direct perfluoroacylation of non-phenolic amines (T and
PEA) as described earlier, and the second portion for specific hydroly-
sis of the O—aéetyl groups prior to perfluoroacylation. This second
portion of the ethyl acetate phase is shaken with 1/10 the volume of 10
N NH4OH solution for 40 min to hydrolyse the acetylated phenolic
groups. The aqueous phase 1s then neutralized with 6 N HC1l and the
retained ethyl acetate 'layer taken to dryness under a stream of Np. The
residue is then reacted with 75 ul TFAA and 25 ul ethyl acetate for 30
min at room temperature. The reaction mixture is partitioned between
300 pl cyclohexane and 3 ml of saturated solution of sodium tetrabor-
ate. An aliquot of the cyclohexane is used for ECD-GLC analysis. This
method has been employed for measuring m- and p-TA levels simultaneously
o=
in urine (Coutts et al., 1980b), p-TA levels in brain (Baker et al.,
1982c), and for the simultaneous extraction of a numbef of amines,
including p-0A, NME, and 3-MT . (Coutts et al., 1980c; LeGatt et al.,
1981; Baker et al., 1981; Baker et al., 1984b; Coutts et al., 1984a). A
similar procedure was also adopted by Prelusky (1983) for analysis of

p-OH-AM and thydroxynorephedrine in rat brain. All the above mentioned
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procedures have in common aqueous acetylation followed by derivatization
with halogenated acylating reagents in anhydrous conditions. The phen-
olic arylalkylamines undergo selective hydrolyses followed by perfluoro-
acylation fto achieve the desired sensitivity and gas chromatographic
performance. However, it would be of great advantage if the arylalkyl-
amines could be acylated in aqueous medium with a hhiogeq—eOntaininé
acylating reagent. This would then shorten the analytical procedure,
since the arylalkylamines would be derivatized with ECD-sensitive rea-
gents directly in aqueous solution. They would no longer require ace-
tylation followed by derivatization in anhydrous conditions (requiring
heat in most cases). The phenolic arylalkylamines too would be deriva-
tized with halogenated acylating reagents in aqueous medium. Thus, they
would not have to undergo a lengthy hydrolysis procedure, since the sen-
_sitivity ;6d gas chromatographic properties of the O-perfluoroacyl deri-
vative is much better than the O-acetyl derivative.  Specific acylation
of the amines can function as a selective isolation and purification
procedure. In addition, 1t‘éan also facilitate efficient extraction of
both primary and phenolic arylalkylamines from the aqueous medium to the -
organic phase. Thus it appeafs that direct aqueous acylation with a
halogenated reagent would be of great advantage to the analyst, provid-
ing him with a rapid, sensitive and selective assay method. Despite
these obvious advantages, little work appears to have been done using
halogen—contai;ing acylating  reagents in aqueous solution for derivati-
zation of biogenic arylalkylamines. This 1s probably due to the fact
that halogenated acylating- reagents are generally unstable in the pre-

sence of water. Acetic anhydride (AA) has been successfully employéd as

a reagent for aqueous acetylation of amines, so it would be logical to
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substitute the protons of the acetyl group of AA with one, two, or three
halogens and use the resulting compounds as acylating reagents directly
in aqueous solution. A number of researchers have realized the poten-
tial of performing géueous acylation with halogen—containing acylating
reagents. Argauer (1968) employed chloroacetic anhydride (CAA, chlorine
substituted for one proton on the acetyl group of acetic anhydride) for
aqueous chloroacetylation of 32 phenols. Coutts et al. (1980a) analyzed
a number of hydroxylated amines: phenylephrine, p~TA, p-OA, p~OH-AM,
ephedrine, norephedrine, morphine, codeine, and hydroxylated aniline
{somers in aqueous solution with CAA and dichloroacetic anhydride
(DCAA). Recently, Baker et al. (1984a) have developed a novel analyti-
cal procedure employing aqueous trichloroacetylation for a rapid and
gensitive analysis of PEA and TCP in the’ same plece of brain tissue.
Trichloroacetic anhydride (TCAA) (1/10 of the total volume) was added
directly to the basified supernatant of the brain homogenate. Thé tri-
chloroagetyl derivatives were extracted in ethyl acetate afte; the ~
effervescence had ceased. The organic layer was dried under a stream of
N, and to the dried residue 100 ul of toluene was added. After washing
the toluene layer with water, an aliquot of the toluene layer was used '
for ECD-GLC. analysis.

Benzoylation has also been employed in aqueous solution for the
extraction of amines. Decroix et al. (1968) isolated ami;es from aque-
ous solution (3 ml) after basifying it with an equal volume of 7.5 M
godium hydroxide (NaOH) and adding 50 pl of benzoyl chloride. The benz-
amides were extracted with 2 x 1 ml of diisopropyl ether. A benzoyl
chloride substituted with halogens would therefore be an obvious choice

for acylation in aqueous medium. Cristofoli et al. (1982b) employed
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. this principle Qnd used pentafluorobenzoyl  chloride (PFBC) in aqueous
medium for the derivatization of a monofluorinated analogue of AM in
brain tissue using ECD-GLC. A modification of this method has also been
adopted for the analysis of AM and N-alkylated analogues in the same
piece of brain tissue (Nazarali et al., 1983). .
Thus it would appear that aqueous acylation with PFBC, TCAA, and
possibly with other halogen-containing reagents yet to be explored, pro-
mises to be a new and substantial advance in the analysis of the bioac~

tive amines.

C.5 Synopsis for a systematic approach to selection of electron—
capturing derivatives

From the’review of the literature on derivatizing reagents employed
in ECD-GLC analysis of amines, a number of factors have come to light in
selecting derivative types. The important considerations are the vola-
tility of the derivative, ease of preparation, and thé detection sensi-
tivity. These considerations are rarely independent ofrone anopher, and
a compromise on the type(s) of derivativeﬁﬁ) employed will be dependent
on the analytical priorities of the chromatographer. Fluorinated deri-
vatives are usually preferred over chlorinated\snéL as they are likely
to be more volatile and separation can be achieved at lower tempera-~
tu;eg. With compounds that are difficult to volatilize, generally HFB
or PFP derivatives are used to confer volatility. The trimé&hylsilyl
(0-TMS) derivatives confer stability but are less volatile than O-HFB or
0-PFP derivatives (and have poor sensitivity on ECD). However, the
N-HFB or’N-PFP derivatives are genéfélly much more stable than the N-TMS

derivatives. The choice of derivatives erloyed for moderately volatile
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compounds is somewhat greater. Pentafluorobenzoyl or TCA derivatives
have been used for optimum ECD response. Mixed derivatives such as one
containing a PFB and a TMS group can be used for lowering the tempera-
turé of analysis for compounds that may elute at temperatures close to
the limit of the column. For compounds that are highly volatile, the
approach taken would be to decrease their volatilityfso as to avoid loss
during evaporation and yet confer stability and sensitivity. To do
this, large electron-capturing groups such as flophemesyl, ﬂPFB, or
pentafluorobenzyl are used. Aqueoﬁs acetylation is also being used more
prominently and has a two—fold advantage: firstly, the extraction effi-
ciency of frace levels of volatile amines is significantly improved, and
secondly, the highly volatile compound is stabilized. Aqueous acylation
with halogen—containing reagents such as PFBC or TCAA has recently been

K

employed'with considerable success and holds Qromise for future use.
=

The derivatives prepared for ECD analysis can also be suitably employed

with other detector systems such as FID or thermal conductivity and will

impart good chromatographic properties although they may not be as sen-

sitive to detection.

Thus 1t appears that choices of derivatives employed need not
necessarily be empifical as it has been in the past, and that there is
some indication of a more systematic ap;roach to selection of g;ecific
derivatives: Undoubtedly, future reséarch in the application of deriva-
tives for chromatographic analysis by numerous sclentists in various

fields will lead to a more organized approach for selection of deriva-

tives. o .
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D. Pro-drugs and the CNS

D.1 Introduction !

A pro-drug is 'a chemical modification of a drug to form a new com
pound which in vivo liberates the parent lompound. The chemical modifi-
cation of the parent compound is such that it alters its duration of
action, its efficacy, or.even causes it to have a different pharﬁacolog-
ical action. Albert (1958, 1968) first introduced the term "pro=-drug”
to describe compounds which underwent biotransformation prior to exhi-
biting their pharmacological effects; The pro-drug approach has been
very successful in the design of stable, safe and efficient drugs. Fac-
tors which have limited the full development or successful screening of
novel pharmacologically active agents can be overcome with_the use of a
pro-drug approach (Fig. 4). A drug can be rejectgd d;e to pathological
complications such as increased incidences of side effects and toxi-
city. Formulation problems or chemical instability are other limiting
factors. Important considerations such as unpleasant odour or taste ang
pain at 1njection site are common physiological and psychological limi-
tations. Perhaps a significant factor is the potential a drug has to
make economic gains for its manufacturer. A lérge company may not be
interested in marketing an unpatented drug with ﬁhysico-chemical proper—
ties limiting its usefulness. However, if a chemical modification could
be successfully employed which will remove the barrier to fhe drug's
use, then the product may have an economic potential (Stella,.1975).

. Recent resurgence in pharmacokinetics (a study of the time course
of absorption, distribution, metabolism and excretion of drugs) has

increased awareness among the scientific community that a drug can only.

RS
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ment of novel drugs (adapted from Stella, 1975).
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exert a desired pharmacological effect 1f it reaches its site of
action. .A number of limitations have to be overcome before a drug can
‘reach the target organ where it will 1nter§ct with the réceptor. Tﬁ%?
drug has to reach an effective and desired concentration at the target
organ. Hence a time-concentration profile of a drug and its metabolites
in the target‘organ and other tissues has to be performed to assess the
drug's effectiveness. A change in the physico—chemical properties of a
drug because of its conversién to a pro-drug can affect the time profile
of the parent drug in the various compartments. This alteration in
timé-concentration profile of the parent drug can be employed to advan-

tage.. A number of examples below illustrate the pro-drug approach,

taken to solve specific problems.

D.2 §-Pheqy1ethylamines

Transport of low molecular weight amines across the blood-brain
barrier (BBB) appearé to depend on two factors, lipophilicity and bio-
transformation. The 1lipid solubility and the concentration of the
unionized moiety of the amine in the blood determine the rate of trans-
port across the BBB. -This concept has been useful in corfelating the
action of centrally active drugs and is termed the "lipophilicity
theory” (Mayer et al., 1959; Brodie et al., 1960; Hansch et al., 1968;
Dewhurst, 1970; Oldendorf and Dewhurst, 1978). Howevér, in the case of“

59

amines, the metabolizing enzyme barrier as well as the lipoidal membrane

barrier ar: important fagtors for transport across the BBB. The pre-

sence of I and other deaCtivatiﬁg enzymes will metabolize phenylethyl-
amines be their entry into the brain (Bertler et al., 1966). The

amines that are capable of entry into the brain may be rapidly metabol-



ized by enzymes present in brain before they can reach their proper site

of aétivity.
A<

To facilitate transport of these amines across the BBB and to
ensure that an adeqﬁate concentration reaches the site of activity,
attempts to chemically modify these amines have been made Qith some suc-
cess. Verbiscar and Abood (1970) synthesized a ;umber of,carbamate
esters of the physiologically active amineé‘PEA, AM, ephedrine, and p-
OH-AM. In their study they found that the anorexiant prOpert; of the
carbamates occurs with less central stimulation than with AM and that
>;he carbamates provide delayed onset and greater duration of action.
The principle for employimg this approach 1is that carbamoylated amines
do not ionize readily and are therefore more gsoluble in 1lipoidal mem

branes. Success with the carbamate pro-drug of the amines requires that

the drug be hydrolyzed to a carbamic acid and an alcohol moiety after”

entry int§ the brain. Carbamic acids are unstable at physlological ﬁH;
forming the parent amine and carbon dioxide (COy) (Olsen et al., 1952).
This decarboxylation of the carbamic acid can be compared to the forma-
tion of COp by endogenous amino acids such as S—hyd;;xytryptophan or
phenylalanine which decarboxylate in brain to form the biogenic amines
5-HT and PEA, respectively. The alcohol leaving gF@?p may be varied to
alter the formation characteristics of the parent&ggine in the brain.
Ethanol has beeﬁ favoured for use as a leaving group because of its low

_toxicity (Bjurulf et al,, 1967; Kupchan ;nd Isenbergi 1967; Baker et
- al., 1984c). Bjurulf et al. (1967) conducted a cﬁmprehensive clinical
study (employing double—blind and cross—over techniques) on the

N-ethoxycarbonyl analogue of chlorphentermine (Oberex), a pro-drug of

the anorexiant chlorphentermine. In their study of the pro-drug they
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<

conclude that ;one advantage of the preparation}is its relatively pro~
longed effect, which makes one dose in the morning apparently suffi-
cient.” The N-ethoxycarbonyl analogue of nor&eperidine-has been tested
~ for its analgesic activity and found to have high ;btency with no toxi-
city or physical dependence capacity at doses ranging from 1.0 to 130.0
mg/kg (in monkey) (Kﬁpchan and Isenberg, 1967). A recent study with the
N-ethoxycarbonyl anaiogues of PEA, AM and TCP indicates.substantial con-
_version of N-ethoxycarbonyl analogue to the parent amine (Baker Eﬁ.ﬁi;*
1984c; Results section of this thesis). Boﬁh the analogue and parent
amine levels were detected.in brain and the amounts of each present in
srain were. quantitated using a novel sensitive ECD-GLC method. The
study showed that the N-ethoxycarbonyl analogue of TCP was inactive
against MAO enzymes when tested in vitro; however, when the analogue was
administered to rats, the brain MAO enzy;és were found to be inhibited
in vivo. This suggested that the MAO-inhibiting effect ébserved in vivo
was due not to the pr0‘drug, but to the TCP formed from theipféiﬂrug.
Tranylcypromine is a clinically used antidepressant of the MAO-inhibitor
type. We also found that administration of the N-ethoxycarbonyl ana-
logue of PEA elevated the brain levels of PEA, and conciﬁded that tHis

may be a method for selectively increasing brain concentiations ‘of PEA

without affecting levels of other biogenic amines.

D.3 Catecholamines

zinson's disease, deficiency in brain DA, resulting frowm the

* the substantia nigrai(Hornykiewicz, 1966, 1984; Barbeau,
o several attempts to raise the brain levels of DA in

At physiological pH, DA is ionized and highly polar and
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is incapable of crossing the BBB. However, L-Dopa (L-3,4-dihydroxy-‘
phenylalanine), a precursor or a pro-drug of DA which crosses the BBB
via the amino acid active transport sysfem, is successfully used in the
treatment of Parkinson's disease (Barbeau, 1969; Calne EE‘ELL,'1969;
Mawdsley, 1970; Peaston and Bianchine, 1970). Tﬁe enzyme Dopa-decar-
béxylasé converts L-Dopa to DA in the CNS (Fig. 5). Unfortunately, only
about 20% of’an orally administered dbse of L-Dopa is available }o Ccross

the BBB, since most’g} it gets decarboxylated in the periphery (Rivera-

Calimlim et al.; 1970; Stella, 1975; Martindale, 1982c). This "first-

o

pass” effect varies from individual to individual and depegas;on the
patient's age, diet, and severity of illness. Concurrent administration
of an inhibitor of decarboxylase at tﬁe peripheral sites, such as carbi-
dopa ( a-methyldopa), whith does not cross the BBB, makes available a
. higher percéntage of L-Dopa, thereby enabl;ng the dose of L-Dopa to be
reduced, and this may diminish some side-effects. |

However, other attempts to elevate brain DA levels ﬁaye been to
synthesize esters of L—Qopa (Lai and Mason, 1973) or the methyl ester of
tyfosine (Anden et al., 1966) to prevent peripheral decarbox;lation;
Other analogﬁes,such as the 3,4-diacety1dopamine (DADA) or the 3,4-di-
(trimethylsilyl)dopamine, illustrated in Figure;69 have been suggestgd
as'possible pro—drﬁgs AQ/BK’(Pinder, 1970). It is suggested that the
presence‘of ghe diacetyl group; will protect the hydroxyl groups on the
ring from being conjugated and would also facilitate passage through the
BBB due to increased lipophilicity of the molecﬁie. However, Borgman et
al. (1973) could not find evidence of increased DA activity in mice
treéted with DADA. v l

Prolonged formation of noradrenaline (NA) in mouse brain was

-

<
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reporte;i by Daly et al. (1966) and Creveling gig_l_._ (1969) after admini-
gstration of 3,4,p—triacety1 and 3,4,§;tri(t:1methylsilyl) analog'ues of
NA. Adrenaline (A, epinephrine) has been used in the treatﬁent of glau-
coma; however, because of its side effects (ocular and systemic) and
instability in aqueous solution, a pro-drug to &'unter these problems
was ‘synthesized (McClure, 1975). Acylation of the phenolic hydroxy
groups to give the dipivalyl analogue (Fig. 6) was found to decrease
side effects, increase stability, as well as increase therapeutic effec~
tiveness of A by a factor of approximately 100. The dipivalyl pro-drug
of A had significantly increased lipophilicity compared to A, and as
‘abs'orption into the cornea of the eye iqvolves transport through a
lipoidal membrane, the high lipophilicity of the pro-drug may account

s
for its superior therapeutic effectiveness.-—

D.4 Thiamine

Thiamine (vitamin Bj) is a water-soluble compound containing a
pyrimidine and a thiazole nucleus with a quaternary nitrogen and is
villustrated in Figure 7. Thiamine is poorly absorbed both in the CNS
(Cohen et 2—14’ 1962) and the gastrointeétinal (G1) tract (Thomson et
al., 1968, 1970; Rindi and Ventura, 1972) and i1s absorbed into the CNS
and from the GI tract by an active transport mechanism. The active‘
transport of thiamine requires energy and is therefore saturable and/or
easily inhibited. Chronic alcohol consumption 1is acc;ampanied by low
thiamine intake apd in addition may inhibit oral absorption of thiamine;
this has been implicated in Wernicke's encephalopathy (Thomson et al.,
1971). Certain characfieristic signs of this condition are ophthalmople~

gia, nystagmus, and ataxia. Howéver, Wernicke's syndrome is often



accompanied by signs of Korsakoff's psychosis, characterized by the
patient's inability to acquire new information, impaired memory, and
confabulation (Greengard, 1975). Recently, Butterworth (1983) has shown
that severe thiamine depletion not only causes encephaIOpqthy of the
mammalian CNS but also results in regio-selective changes in neurotrans-—
mitter function. In-the cerebellum of thiamine-deprived rats, the con-
centrations of glutamate and Y-aminobutyric acid (GABA) were sﬁown to be
.selectively reduced. |

Subacute Necrotizing Encephalomyelopathy (SNE, Leigh's Disease) is
a genetic disease in children with brain lesions very similar to those
in Wernicke's encephalopathy. Inhlibited CNS absorption of thiamine has
been implicated in this disease (Montpetit et al., 1971; Pincus, 1972).

In Japan, the practice of rice polishing led to some ‘thiamine defi-
ciency.fyThiamine could not be used as a food additive as it was found
to be too water soluble and easily washed from ricev(étella, 1975).
Thiamine is also chemicaliy unstable (Windheuser and Higuchi, 1962) and
poorly absorbed. Hence a number of thiamine derivatives were synthe-
sized (Matsukawa et al., 1962) as possible food additives and some were
later tested as lipid soluble pro-drugs of thiamine for preferential GI
or CNS absorption.

The derivatives of thiamine no longer possess a quaternary nitrogen
and are therefore able to penetrate the GI tract by passive absorption.
The disulf#de pro-drugs thiamine propyldisulfide (TPD) and thiamine
tetrafurfur}ldisulfide (TTFD), illustrated in Figure 7, are metabolized
to thiamin% in the presence of»glhtathione and glutathione reductase
(Nogémi et al., 1969a,b,c, 1973). Thioesterases and esterases metabol-

ise the derivatives 0,S5-diacetylthiamine (DAT) and 0,S-diethoxycarbonyl-
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thiamine (DECT) (Kawasaki, 1963).

Thomson et al. (1971).-conducted a clinical study with the TFD ana-
logue in patients with Wernicke's encephalopathy as well as in alcoholic
patients with symptoms similar to, but not necessarily gsuffering from,
Wernicke's disease. Figure 8dis‘a time-concentration profile of thi-
amine in blood of normal subjects and of malnourished alcoholic patients
with fatty liver after administration of 50 mg dose of thiamine HCl com-
pared to the same dose of TPD. The results indicate that the derivative
TPD forms substantial amounts of thiamine in blood (compared to levels
reached after thiamingvalone) in both the alcoholic patient and normal
gsubject. Their studies have also indicated that TPD increases and in
gome cases normalizes the erythrocyte transketolase activiti (ETA) in
alcoholic, thiamine-deficient patients, whereas thiamine‘ alone had a
small effect on ETA. Of a group of 6 patlents with Wernicke's enceph-
alopathy, 5 showed complete remission of ocular palsy just six hours
after administration ofﬁTTD and the sixth patient showed an improved
condition. A comparison of clinical and laboratory response to a 50 mg
dose of thiamine HC1l followed by the same dose of TPD in thiamine-defi-
cient alcoholics is illustrated in Figure 9, It can be observed that
with the administration of TPD the thiamine levels are elevated, result-
ing in decreased lateral rectus palsy. Thiamine prop&ldisulfide has
also been used in Leigh's disease with gome success (Pincus, 1972).
Preliminary clinical investigation with the O,S—diacetylthiaﬁine (DAT)

in Leigh's disease has also claimed beneficial effects (Stella, 1975).

D.5 Neuroleptics

s The long—-acting injectable (depot) neuroleptics have made a signi-
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ficant impact on the treatment of chronic ambulatory schizophrenic
patients. The neuroleptics are administered intramuscularly (i.m.)
every two to four weeks (%ader, 1980b). Fluphenazine enanthate and le-
phenazine decanoate are fluphenazine esters in sesamé oil vehicle, and
when given by i.m. injection have a prolonged activity for up to two to
four weeks (Ebert and Hess, 1965; Dreyfus et al., 1971; Knights et al.,
1979; Martindale, 1982d). Other depot neurolepfic drugs whicﬁ are
esters in an oil vehicle are flupenthixol decanoate, pipothiazine palmi-
tate, and pipothiazine gndecenoate, illustrated in Figure iO (Jorgensen
et al., 1971; Villeneuve et al., 1972; Julou et al., 1973; Nymark et
al., 1973; Villeneuve and Fontaine, 1980).

The long-chain fatty acid formulation makes the neuroleptic highly
lipophilic and when given by {i.m. it dissolveSgin the fatty tissue of
the muscle, maintaining a sustained release of the neuroleptic. Figure
11 is a comparigon of the effect of an oral da#ly dose of flupenthixol
hydrochloride (5 mg/kg) to flupenthixol decanoate (10 mg/kiﬁﬂ single
{.m. injection) on the inhibition of aﬁconéitioned avoidance response
(Nymark gg_gl;, 1973). It can be observed thag??he ester (flupenthixol
decanoate) resulted in a sustained response, compared to the flupen-
thixol hydrochloride, which showed “peak” and “"valley" responses. Meta-
bolic studies with the esters of fluphenazine (Dreyfus et al., 1971),
esters of flupenthixol (Jorgensen et al., 1971), and esters of pibothia-
zine (Villgneuve _gl:_- al., 1972) have shown that the activity of the
esters was related to.the formation of the parent compound. The ration-
ale for u;ing these ester pro-drugs of neuroleptics is to avoid_the
"first-pass” metabolism in the liver; the drug is released directly into

the systemic ;irculation from 1t§ “depot” in the muscle. This leads to
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Fig. 10. Chemical structures of the neuroleptics fluphenazine, flupen-
thixol, pipothiazines and their ester pro-drugs.
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a prolonged sustained release of the neuroleptic. Another important
benefit from these “"depot”™ neuroleptics has been an improvement in
patient compliance (Lader, 1980b)--the pgychiatrist who»prescribés the
neuroleptic will know that the injectable neprolg;tic has been admini-

stered. This is important because the severely psychotic patient may

fail to adhere to the prescribed regimen of oral medication.

D.6 Conclusion

From the examples discussed in this section it can be concluded
that the concept of pro-drugs has produced a number of usefui and poten-—
tially useful drugs for use in thg treatment of CNS diséases. Many
pharmaceutical companies are engaging in pro-drug research as regulatory
agencies in many countries become more stringent, requiring increased
information .with every new drug appl%cation. The pro-drug appreoach can
help the manufacturer gain further patent coverage on older products or.
improve the safety of delivery of new products. Thus millions of dol-
lars are at stake and information regarding novel analogues would be
jealously guarded by the manufacturer.

Advantages of ‘employing pro-drugs or sustained release products
(Stella, 1975) are:

1. réductié% in the frequency of doses to be administered;
2. the "peak” and "valley"” effects seen with convention;l preparations
are eliminated;
3. the desired pharmacological/therapeutic effect is often seen with a
" jowered total concentration of drug;
4, the problem of nighttime administration of drugs is eliminated;

5. patient compliance will improve by decreasing the number of times a
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patient must remember to take his/her medication;
6. the incidence of peak blood levels rising above the toxic blood

levels is reduced;
7. incidence of G.I. side effects is'r;duced.
These advantages ;nd other implications discussed earlier make the pro-
drug approach an exciting field for continued study. /

Numerous problems associatea with}conventional drug>treatments of
CNS diseases may be overcome by the pro-drug apéroach. A multidisci-
plinary team of researchers--such as medicinal chemisfs_with their know-
ledge of synthes;s, structure;activi;y -relationships, and metabgligm;
neurochemists with their knowledge.of brain biochemistry and neurotoxi-
city; pharmaciéts with‘their knowlédge of formylations andApharmacokine-
tics; and péychiatrists with their knowledge of brain function and

expertise in diagnosis—~-can co-operate in the search fof novel pro-drugs

to optimize drug delivery in the treatment of CNS diseases while mini-

RS
A

mizing toxicity and unfavourable side effects of the drug.
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II. MATERIALS AND METHODS

A. Chemicals and Derivatizing Reagents

A list of the sources of all chemicals, drug éompounds'and bioac~
tive amines is shown in Table II, and sources of all derivatizing rea-

gents in Table III. A Corning AG-3 or Corning Mega-Pure (3 Litre Auto-

matic) still was used to collect double-distilled water for use in anal-

b4

ysis. The derivatizing reagents PFBC and PFPA were stored at 0°C. Tri-
chloroacetic anhydride was kept frozen at -10°C and thawed prior to use,
and AA was stored in é fumehood at room temperature. All derivatives
were prepared in a fume hood.

.
-
s
E

4

B. Instrumentation and Apparatus

B.l ‘Gas-liquid chromatography (GLC)

Gas-1liquid chromatography Qas performed on two column types, capil-
lary or packed, attached to an electron-capture detector with a radio-
active source of 15 mCi 63Ni. The two capillary GLC 1nstrumegts were:
1. Hewlett Packard (HP) 5880A, equipped with a 10 m long WCOT OV-10l

fuéed gilica column (0.8 mm o.d. and 0.25 mm i.d.), coupled to an

HP 5880A integrator (level 4).

2. Hewlett Packard 5880A equipped with a 12 m long WCOT OV-1 fused
gilica column (0.8 mm o.d. and 0.50 mm i.d.) coupled to an HP 5880A

integrator (level 2). . s

The operating conditions for both instruments were the same. Helium (2

ml/min) was used as the carrier gasi and 10% methane in argon at a flow

56
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A list of chemicals, drug compounds and bioactive arylalkyl-'

amines employed in this study.

Chemical, Drug Compound
or Bioactive Amine

Acetonitrile .
Ammonium hydroxide
(+)Amphetanine HC1

2-(4'-tert-Butylphenyl)-5-
(4"-biphenyl)-1,3,4-oxadiazole
(Butyl~PBD) ’

Chloroform, reagent grade

p-Chlorophenylethylamine! HC1 |

e
(i)N-(3—Chloropropyl)ampheta-
mine HC1

(£)N-(2-Cyanoethyl)ampheta—
mine HCL

N—(Z—Cyanoethyl)phenylethyl-
amine HCl

(£)N-(2-Cyanoethyl)tranylcypro—
mine oxalate . -
Nf(2i6§anoethy1)tryptamine
oxalate

Cyclohexane (glass distilled)

2,4-Dichlorophenoxypropylamine
HCl1 (Ref. no. GS 26716)

* Di- (2-ethy1hexyl)phosphate
(DEHPA)

(+)N -(Ethoxycarbonyl)amphetamine .

(free base)

N-(Ethoxycarbonyl)phenylethyl-
amine (free base)

()N~ (Ethoxycarbonyl)tranylcypro-
mine (free base)

N

TSyntheéis by Drs. F. M.
“G. R. Jones

@ﬁSynthesis by Drs.

Source or Manufacturer

Fisher Scientific Ltd. .
Fisher Scientific Ltd. = =
Smith, Kline and French Laboratories ‘

Sigma Chemic51 Co.

Caledon Laboratories Ltd.

Sigma, and Drs. T. W. Hall and R. G.
Micetich .

Pasutto and’

Synthesis by Drs. F. M. Pasutto and

G. R. Jones
Synthesis by Drs. T. W. Hall and R.
G. Micetich '

4

T. W. Hall and R.

G. Micetich
Synthesisiﬁg Drs. T. V;

Hall and R.
G. Micetich- :

Caledon Lab?ra;dfiéé Ltd.

Mé& and BaketJLtd.

Sigma Chemical Co.
Synthesis by Dr. T. J;'anielson

A

Synthesis by Dr. T. J. Danielson E

A
Synthesis_by Dr. T. J. Danielson -

k. g



Table I1 (cont'd).

Chemical, Drug Compound
or Bioactive Amine

Ethyl acetate (glass distilled)

Ethylenediaminetetraacetic acid
(EDTA)

Hydrochloric acid, 37-38%

P .
t ~

5-Hydroxytryptamine creatinine
sulfate

"\
Hydroxztryptamine binoxalate

5—[2&5 c] |

(¥)para~Hydroxyamphetamine
Perchloric acid, 60%
?-Phenylethylamine HC1

Phenylethylamine HC1
2-[ethyl-1-14c)

Potassium bicarbonate
Potassium carbonate, anhydrous
(*)Njgfpropylamphetadine HC1
Sodium bicarbonate |

Sodium carbonate, anhydfous
Toluene (gléss discille&) \
(t)Trans—Z-phenylcyélopropjl-
amine HC1 (Tranylcypromine)
Triton X-100 |

Tryﬁtémine HC1

-
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Source or Manufacturer

Caledon Laboratories Ltd.

J. T. Baker Chemical Co.

Fisher Scientific Ltd.

Sigma Chemical Co.
New England Nuclear

Smith, Kline and French Laboratories
Fisher Scientific Co.
Sigma Chemical Co.

New England Nuclear

BDH Chemicals

- Fisher Scientific Co.

Synthesis by Dr. F. M. Pasutto

Fisher Scientific Co.

J. T. Baker Chemical Co.
Caledon Laboratories Ltd.

Sigma Chemical Co.

Terochem

Sigma Chemical Co.

!

lThe gfchlorbphenylethylamihe was obtained from Sigma Chemical Co. as a
free base, which was subsequently converted to the hydrochloride salt by
Drs. T. W. Hall ‘and R. G. Micetich (Faculty of Pharmacy and Pharmaceuti-
cal Sciences, University of Alberta).

LN




Table III. List of derivatizing reagents.

Derivatizing Reagents. Source
Acetic anhydride (AA) Caledon Laboratories Ltd.
Pentafluorobenzoyl chloride (PFBC) Aldrich Chemical Co.

Pentafluoropropionic anhydride (PFPA) Pierce Chemical Co.

Trichloroacetic anhydride (TCAA) Pfaltz and Bauer Inc.

59
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rate of 36 ml/min was used as makeup gas at the detector. The injection
~ port temperature was 270° and the detector temperature was 300°. The
column temperature was programmed from 80 to 270° or 105 to 270° at a
program rate of 20°/min‘or 25°/min.

For packed column analysis, the GLC employed was an HP 5830A. This
instrument was equipped with a 2 m long glass column (4 mm i.d.) packed
with 3% OV-17 on Gas—Chrom Q (100-120 mesh)z The GLC was coupled to an
HP 18850A integrator. Methane in argon (10/90) was used as the carrier
gas at a flow rate of 40 ml/min. The temperature at the‘injection port &
was 270° and the detector temperature was 300°. The coiumn temperature
was maintained at 200° for 5 min and programmed t% increase to 270° at a
rate of 20°/min. All meaSureﬁents of drug and amine concentrations were
based on ratio of peak heights of the compounds of interest to the peak
height of an 1ntérnal standard of fixed concentration. These values
were compared to standard curves prepared by adding known varying
amounts of authentié‘standards and a fixe& concentration of internmal
standard to series of tubes and carrying them in parallel' through the
assay procedure. A standard curve was prepared for each assay run.

o

B.2 Mass spectrometry

Mass spectra were obtained using combined GLC-MS. The quadrupole
mass speétrometer was a Hewlett Packard (HP) model 5985A with dual EI/CI
sources ana an HP model 7920 data system. The GLC-MS system was also
comprised of an HP model 5840A GLC, HP 2648A graphics terminal,FHP 9876A
printer, HP 7920 disc drive (software), and HP 21MX series E computer
(hardware). Operating conditions were as follows: ion source tempera-

ture, 200°%; interface temperature, 275°; column pressure, 10 p.s.i.;
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accelerating voltage, 2200 eV; ionization voltage, 70 eV; scan speed,

100 amu/sec; and dwell time, 200 msec.

B.3 Liquid scintillation spectrometry

A Beckman model LS 7500 (microprocessbr~controlled) liquid scintil-
lation séectrometer coupled to a Datamex Model 43 printer was used in
counting radioactivity in all in vivo and in vitro MAO inhibition stud-
ies. The LS 7500 is a soft-beta counting spectrometer with 300-sam§1e
capacity, equipped with Automatic Quench Compensation (AQC), H-Number
quench monitor, keyboard operation, program edi;ing feature ana 10-

Library counting programs in an unalterable memory.

B.4 Glassware

B.4.1 Procedure for cleaning glassware

All glass tubes were washed with tapwater and biodegradable Spark-
leen (Fisher Scientific Co.). The tubes were placed in an ultrasonic
cleaner (Mettler Electronics) containing a solution of Decon 75 concen—
trate (BDH Chemicals), 20 m1 to 1 litre, and ultrasonicated for'l h.
The glass tubes were then stacked in stainless steel wire mesh baskets.
The tubes were rinsed with distilled water and4then rewashed in a’wash—
ing machine (Miele Electronic G715) in wash-rinse mode with distilled
watér. Finally, the glass tubes were air-dried in a mechanical convec-
tion oven (Model 28, Precision Scientific Group). This procedure was

found to be efficient in removing all adsorbed organic contaminants from

glass surfaces.
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B.5 Weighing balances

All sample weighing for preparation of standard solutions or weigh-

ing of brain tissue was performed with either Sartorius 2003 MP1 or Met-

_tler AE 160 weighing balances.

N\
N

B.6 Potter-Elvejhem homogenizer

Homogenization of brain tissue in perchloric acid was done using a
TRI-R Model S63C variable speed laboratory motor with a Teflon® glass
pestle and a glass grinding tube (clearance: 0.1-0.15 mm). The motor
has a maximum speed of 12,000 r.p.m. with 10 speed levels. A speed

level of 7 was used for homogenizing the brain samples.

B.7 Centrifugation

B.7.1 Bench centrifuge

This was a Sorvall® GLC-2B or Sorvall® GLC-1 General Laboratory
-
Centrifuge (DuPont Instrument§).

B.7.2 High-speed centrifuge

Centrifugation of all brain homogenéte samples were performed in a
Damon-IEC Model B-20 (heavy duty) refrigerated high-speed centrifuge.
The operating conditions were as follows: centrifugation at 12,000 x g;
time, 15 min; and'temperature, 0-4°. |

B.7.3 Microcentrifuge

Microcentrifugation was performed with either the MSE Micro-Centaur

or the Beckman Microfuge B.

B.8 Shaker-mixer

The shaker-mixer employed was an Evapo-Mix (Buchler Instruments) at

i
kS

vortex speed 8. This instrument was capable of performing efficient
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mixing of ten sample tubes simulténeously. . @

B.9 Block heater

A Reacti-Therm® Heating Module (Pierce Chemical Co.) or Multi-Blok
Heater® No. 2090 (Lab-Line Instruments), both with adjustable tempera-
ture control, were employed in analyses where heat was required for

derivatization.
4

. ‘ O
C. Animals

Male Sprague-Dawley rats (220—256 g) oﬁtained from Bio-Science Ani-
mal Services, Ellerslie, Alberta, were used for all studies. The ani-~
mals were housed in plastic cages on cedar chip bedding, in a tempera-
ture-controlled'room (21°). The rats wfre subjected to co?trolled con~
- ditions of 12-hour on/12-hOUt off. light%gg echedule. Food and water
were provided ad libitum. The Lab-Blox feed,ﬂobtained from Wayne Feed
Division,’Continental Grain C;mpany, Chicﬁgo, U.s.A., was composed of

4,0% crude fat (min.), 4.5% crude fibre (max.), and 24X crude protein

(min.).

C.l Administration of drugs

ethoxycarbonyl analogues were not soluble in physiological saline solu-
tion and were therefore taken up 1in corn oil.  All other drugs and

amines were available as salts and were soluble in physiological saline.
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C.2 Sample collection and storage
T

All animals were killed by rapid cefvical dislocation at a speci-

fied period of timg'aftgr a single i.p. injection. For time-toncentra-
tio; studies, rats were killéd at' 5, 15, 30, 60, 120 and 240 min after
i.p. administration. Brains were rapidly dissected but (the meninges
and pineal gland removed) and immediately f:ozen solid in isopentane on

dry ice. These tissues were stored at -50° until time of analysis.

D. Chemical Synthesis of Arylalkylamine Analogues

5

D.1 N-Cyanoethylsghalogges of (*)-tranylcypromine, B-phenylethyl-
amine and tryptamine

The chemical syntheses of (%)N-(2-cyanoethyl)tranylcypromine (CE-
TCP), N-(2-cyanoethy1)phegylethylamine (CE-PEA),iand N-(2-cyanoethyl )~
~ttyptamine (éE-T) were condficted by Drs. T. W. Hall and R. G. Micetich
(Faculty of Pharmacy and Pharmaceutical Sciences, University of Alber-
ta). All three N-cyanoethyl analogues were synthesized by the same gen-
eral procedure; their chemical structures are 111ustratgd in Figure 12.
The primary parent amine ‘was dissolved in benzene and refluxed with 4.7
equiv. oanérylonitrile for 24 h under an atmosphere of nitrogen. The
mixture was cooled to rooﬁ temperature, and the solvent and excess
acrylonitrile were removed under reduced pressure (using an aspirator),
to give the crude product. The pale yellow oil was purified By‘distil-
lation under reduced pressure (0.1 mm Hg); which resulted 1h recovery of
a small amount of the parent amine and the desired N-cyanoethyl ana-
logue, obtained Qs colourless oil.

The distilled N-cyanoethyl  analogue was dissolved in ether and



CH2CH2NH-CH2CH2CN

i

«

\N-(Z-cyénoethyl)phenyle thyzlémine (CE-~PEA)

& CH—CHNH=CH,CH,CN
CH,

N-(2-cyanoethyl) tranylcypromine (CE-~TCP)

Iz

N- (2-cyaﬁoethyl)tryptamine (CE-T)

L
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Fig. 12. Chemical structures of the N-cyanoethyl analogues of P-phenyl—

ethylamine, tranylcypromine and cryptamine.



added dropwise to 1.25 equiv. of oxalic acid dihydrate dissolved in the

mixture of ether and methanol (6.6:1). The gelatin-white precipitate

was then collected by suction filtration to give an oxalate salt of the.

N-cyanoethyl analogue, or the hydrochloride salt was prepared by dis-
solving the distilled N-cyanoethyl analogue in anhydrous ether and gase-

ous hydrogen chloride bubbled into the solution. The oxalatee or hydro-

chlorides gave characteristic mass spectra (MS), nuclear magnetic reson-
: s

ance (NMR) spectra, and infrared (IR) spectra consistent with their

“structures. Melting points were as follows: CE-TCP, 157-158° (dec.);

CE-PEA, 176-177°; CE-T, 159-160° (dec.). -

"

D.2 N-Ethoxzcarbonyl analogues of (¥)-tranylcypromine, ﬁ-pheq1;°
ethylamine and (+)-amphetamine -

The chemical syntheses of the N—ethoxycarbonyl analogues of (¥)-
\

TCP, PEA and (+)-AMy(Fig. 13) were conducted by Dr. T. J. Danielson

\

(Faculty of Pharmacy and Pharmaceutical Sciences, University of Alber-

11,,
ta). The general procedure below was employed in the Synthesis of the

.

N-ethoxycarbonyl analogues. Ethyl chloroformate (1.6 ml) and sodium
bicarbonate (2 g) ;ere,added to the primafy parent amine (0.8 g)'die-
solved in distilled water. This mixture was shaken at room temperature
for 1.5 h and waé then extracted with ethyl acetate (1 x 50 ml). The
ethyl acetate layer was retained and washed successively with water (20
ml) and 0.5 N HC1 (20 ml). After drying over potassium carbonate, the
ethyl-acetate layer was filtered and evaporQBEd to eryness to yield the
N-ethoxycarbonyl analogue. The sample was further purified by distilla-
tion at reduced pressure and recfystallized from water and methanol.
The N-ethoxycarbonyl analoguee were characterized with elemental analy-

!

-



I
CH,CH,NH-C- OCH,CH,

’ i .
o N-(ethoxycarbonyl)phenylethylamine (EthC-PEA)

'

I
CH— CH=NH-C-OCH;CH,
N »
CH,

¥
=
[ ’ 4

N—(ethoxycarbonyl)tranylcyprodfhe (EthC~TICP) -

=

N-(ethpxycarbonyl)aﬁphétamine (EthC-AM)

Fig. 13. Chemical strﬁctures of the N-ethoxycarbonyl analogues
p—phenylethylamine, tranylcypromine and anphetamine.

-
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sis, nuclear magnetic resonance specfrometry ENMR), infrﬁfed spectrome-
try (IR), and mass apehtromet;y (MS). Melting points were as follows:
(£)N-(ethoxycarbonyl)tranylcypromine (EthC~TCP), 45.0-47.0°; N-(ethoxy-
carbonyl)phenylethylamine (EthC-PEA), 33.0-34.1°%; (i)N—(ethoxyéar--
bonyl)amphetamine (EthC-AM), 43,6-45.0°. The melting point of EthC-PEA
is in accordance with the reported value (Shriner and Child, 1952).
However, the reported melting point of EthC-AM was significantly lower
(2§g23.5 ) than that obtained by Dr. Danielson. Since Shriner and.Ghild
(&952) used only nitrogen analysis as the basis for characterizing their
compounds, it is possible that impurity could have causea a lowering of

the melting point in their sample.

o

D.3 (t)Nén-Propylahphetamine.

The chemical synthesis of (t)ﬂfgfpropylamphetamine (NPA) (Fig. 14)
was conducted by Dr. F. M.'Pasufzé (Faculty of Pﬁafmacy'and Pbarmacéuti-
cal Sciences, University of Alberta). The following procedure was
adopted for its synthesis. To 50 ml‘of‘dfy ethanll, 150 mg of piatinum
dioxid;hwaéladdeq. Hydrogenation of platinﬁm dioxide was conducted in a
Parr Hydrogenator for 30 min at 30 p.s.i. A éolution containing phen§1¥
acetone (34 ml), n-proéylaminé (0.2 mol); and dry ethanol (190 ml) was
'added to the platinum fraction and hydrogenatednovernight.- The average
uptake of hydrogen-was 20 p.s.i. The solution was filtered and ethanol
removed in vacuo. Ether (100 ml) was gﬁded to the residue and a satur-
ated hYdrogen'éhléride-ethér solution added drepwise %o fbrm the gydro-

chioride salt. ‘he sample was recrystallized from ethanol-ether. The

compound :uve MS and NMR spectra consistent with its structure.
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g CH,

. |
HO O - CH,CH—=NH,

para-hydroxyamphetamine
(p~OH-AM)

£y

CH,
“CH,CH-NHCH,CH,CH,CI

|
\

|

N—(3-chloropropyl)ampﬁetamiﬁe4

(CPA) :
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CH, |
o g
CH,CH—NH-CH,CH,CN

14

N—(Z-cyahoeth&l)anphetamine
(CE-AM) N .

823 \

!

O CH,CH=NHCH,CHEH,
.

Nfgfpropylamphetémine
(NPA) ' )

s
i

Fig. 14. Chemical ‘structures of parahydroxyamphetasine, N-(2-cyano-

ethyl)amphetamine, N-(3-chlorop

pylamphetamine.

topyl)anphe:anine,,tnd N-n-pro-

]
Lo
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D.4 (¥)N-2-Cyanoethyl and (¥)N-3-chloropropyl analogues ofl amphet~
amine

The (¥)N-2-cyancethyl and the (t)N+3-chloropropy1 analogues of
,amphetamine were synthesized by Drs. F. M. Pasutto and G. R. Jones (Fac-
ulty of Pharmacy and Pharmaceutical Sciences, University of Alberta)
Their chemical structures are il1lustrated in Figure l4. Ihe cyanoeth;%
and the chloropropyl compound were prepared by reductive emination of
phenylacetone with P-aminopropionitrilesgnd 3-chloropropylamine respecs
tively. ¢ Catalytic hydrogenation was effeét%d‘by>16;dp;11;fium—charcoal

(Pd=C) in ethanol. The compounds gave characteristic MS ang NMR spec-

oy

oo R
tra. ’ - - : ‘r’&aﬁg

E. Analysis of Bioactive Arylalkyfamines and Analogues in Rat Brain -

*

‘ . ’ < o
. - (ﬁ

; E.1  Aqueous pentafluorobenzoylation of amphetamine (AM) and N-
alkylated analogues ara-hydroxyamphetamine (p-OH-AM), 3-phenyl-
ethylamine (PEA), N~52-cyanoethylSphenylethylamine (CE-PEA) and

N-(2- cyanoethyl)tranylcypromine (CE-TCP)

7

I

For the analysescof AM CE-AM, CPA, NPA, BfOH-AM PEA, CE-PEA anﬂ
CE-TCP in rat brain, the weighed brain samples were homogenized in 5
volumes of ice—cold 0.4 N perchloric acid (HClO4), and homogenates were
transferred to Corex® 15 ml centrifuge tubes and centrifuged at 12,000 x
. g for 15 min at O-@ « Two ml of the‘supernatant were retained for
analysis. To the supernatant 1 ug of pfchlorophenylethylamine (p-ClL
‘fPEA) or 4 ug of 2,4~ dichlotophenoxypropylamine (DCPPA) .was added as
internal standard. This was followed by the addition of solid- potassium
bicarbonate (KHC03) to neutralize the acid. The 1nsolub1e precipitate

of potassium perchlorate was removed by centrifugation at room tempera—

ture for 5 min. To the precipitate-free supernatant a small excess of



golid sodium bicarbonate (NaHC03) was added’followed by 4 ml of extracf? o

ing-derivatizing mixture composed of ethyl acetate:acetonitrile:penta-?
Q. B . . . !* -

fluorobenzoyl chloride (PFBC) in ratio 9‘1‘0‘01. ~Eitraction add'deriVa-j :
tization of the arylalkylamines and drugs uere done by vortexing the‘
aqueous and organic phases together for’5 min. Céhtriffzation was per- _
h formed at 30003rlp.m. for 10 min to separate the phaaes. The organic
phase was retajned and taken to dryness under a stream of nitrogen.« Toﬁf
the dried tesidue 100 ul of toluene and 200 ul of 1N ammonium hydroxide’
(NH4OH) were added. The mixture was vortexed for 15 sec and then micro--
fuged‘for 60 sec. The toluepe layer was retained and.1 ul,was;injected :
on the 0V-101 capillary~column for ECDLGLC analysis.‘ Sunoturesfof'tﬁeﬁ'
final derivatives were confirmed by gas—liquid chromatography*mass npec-“:
trometry (GLC-MS) (see Section I11.E, mass spectra“of“derivatives Fig.:."

v
' : - .o X

28 to 33;- 42 and 43). o f ' s u ’\\\<;f

This'analytieal procedure was.almodificatidn'of the method pub-f

lished by Cristofoli et al, (1982b). A number of bi active arylalkyl-v ‘

_ amines and analogues were successfully analysed by his modifiéd’meth-

od. From a survey of the literature it appears t at this is probably

/,

'conditions for ECD-GLC

the first case where both primary and secondary ioactive ‘ ines: were‘fl/
derivatized simuItaneously in such m11d7#" az

analysis.l Although many - reports of anal ,.f» f primary and secondary
amines can be found ~most. were not in,biolog}cal samples, and all were

apparently carried ‘out under anhzdrous conditions, requiridg heat 1n L

t

most cases for the derivatizing reaction. T

. E. 2 Aqueous acetylation followed by anhydrousApentafluorobenzoyla* '
‘tion of tranylcypromine (TCP) and }-phenylethylanine (PEA) R

This analytical procedure was developed primarily becauae ICP could v !

Ve
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~

not be analysed by direct aqueous pentafluorobenzoylation. A co-chroma-

tographing impurity from the brain could not be separated from TCP under

“these conditions. The analytical protocol developed in collaboration

with D. R. Hampson (Hampson et al., 1984b) was as follows: brain samples
were homogenized in 5 volumes of ice-cold 0.4 N HClO; and the brain
homogenates were centrifuged at 12,000 x g for 15 min at 0-4°. To 2 m

) AN
of supernatant, internal standard (1 ug p—Cl1-PEA) was added. The super-

natant was neutralized with solidd KHCO3 and shaken with 5 ml of the ion-

pairing compound DEHPA (2.5% v/v in chloroform) for 5 min. After cen-
trifugation at 3000 r.p.m. for 5 min, the bottom layer was retained. To

this, 2.5 ml of 0.5 N HCl was added and the mixture waé vortexed for 5

3

min and centrifuged (3000 r.p.m. for 5 min). The top acid layer was

retained, neutralized with solid NaHCO3 and acetylated with 1/10 volume
"of acetic anhydride (Martin and Baker, 1976, 1977). When acetylation

was complete, ethyl acetate was added and the mixture was vortexed for 5

min. Centrifugation was performed at 3000 r.p.m. for 5 min to separate’

>

the two phases. The ethyl acetéte layer was taken to drynessdunder a
stream of nitrogen, and the residue was heated for 1 h at 80° in 100 ul
of toluene containing 2 ul of PFBC. After cooling, the mixture was
washed with 200 ul of 1 N NH4,OH. The toluene layer was retained and‘ag
aliqﬁot of this was taken for ECD-GLC analysis. Traﬁylcypromine and
PEA were simultaneously analysed in tﬁe same sample of whole brain
tissue with this procedure. Structures of the final derivatives were
confirmed by GLC-MS (see Section III.E; mass spectra of derivatives,

Fig. 39 to 41).

<

t}
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E.3 Aqueous trichloroace;ylation of tranylcypromine (TCP) and
3- phenylethylamine (PEA) . .

Yet another analytical p;ocedure was deveioped for the analysis of
TCP and PEA., This method too hgﬁgto be develdpéd out of necessity.
Traqylcypromine could not be analysed by‘aqueohs pentafluorobenzoylation
du¢’ to insufficient separation from an integfering substance present i1n
brain. "~ Although TCP could be-analysed by aqueous acetylation followed
by anhyd;Ous pentafluo;obenzoylation, tﬁe pro-drus CE-TCP could not be
separated from TCP by this ﬁethod. Thus a novel method wés developed so
that TCP could be analysed in bfain tissue, free from interference, when
the animal was treated with the pro-drug CE-TCP. The method of analysis
was as follows: brain samples were homogen£ggﬁ in 5 volumes of ice-cold
0.4 N HCl0y4, cenEfifuged (1?,000 x g for ;5 min) at 0-4°, and 2 ml of
the supernatant weré retaiﬁed for analysis. Internal standard (1 ug
p-C1-PEA) and solid KHCOj3 were added to the supernatant and the subse-
quent potassium perchlorate formed was remove& by centrifugation. The
supernatant was basified to pH 7.8 with solid NaHCO3, and 1/10 volume of
derivatizing reagent trichloroacetic anhydride (TCAA) added. The mix-
ture was left to stand at room temperature for 15-20 min or until effer-
vescence ceased. Excess NaHCO3 was added to neutralize the trichloro-
acetic acid: produceg as a biproduct of the reaction. Ethyl acetate (4
ml) was then added to the neutralized solution, and the mixture was vor-
texed for 5 min. The two phases were separated by centrifugation, and
the orgaﬁic‘layer w:s transfefred to clean dry test tuybes and evaporated
to dryness under a stream of nitrogen. Toluene (100 ul) was then added

to the dried residue and the mixture washed with 200 pl of distilled

water. This was achieved by first vortexing for 15 sec and then micro-
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fuging in microfuge tubes %or 60 sec. The toluene layer’was retained
and 0.2-1.0 ul injected onéo an OV-1 capillary column 1in an ECD-GLC
instrument. Structu;es of the final derivatives were confirmed gy GLC-
MS (see Section III.E{“ﬁass spectra of derivatives, Fig. 34 and 35).. .

Although trichloroacetyl derivatives have been eﬁployed by analysts
to impart good ECD-GLC properties, it has not beeﬁ the practice to pre-
pare them in aqueous conditions. The above pro;edure is novel in this

respect, as well as being a rapid and sensitive method for the simultan—

eous analysis of TCP and PEA (Baker et al., 1984a).

E.4 Anhydrous pentafluoropropionylation of the N~-ethoxycarbonyl
‘analogues of. tranylcypromine, B-phenylethylamine and amphetamine

The previous methods employing pentafluorobenzoylation or ;richlor— i
oacetylation did not impart good GLC properties or seﬁsitivity to the
N*ethoxycarbbnyl analogues. Hence a method had to be found for analyses
of these analogues in order to aésess their activity-gnd possible role
as pro~drugs of AM, TCP or PEA. The following analytical protocol was
found to give the best results. Brain samples were weighed and homogen-—
ized in 5 volumes of ice-cold 0.4 N/HC104 and centrifuged to remove the
protein precipitate. To 2 ml of supernatant, DCPPA (Z ug) was added as
internal standard, followed by solid KHCO3. The ;nsoluble precipitate
of potassium perchfbra;e was discarded after centrifugation. The N-
ethoxycarbonyl analogues were extracted with ethyl acetate (4 ml) and
the aqueous and org&ﬁic Iayers were separated by centrifugation. The
organic layer was transferred to cleaﬁ, dry test tubes and subsequently

taken to. dryness under a stream of nitrogen. To the dried residue 25 ul

of ethyl acetate and 75 ul of derivatizing reagent (PFPA) were added.
"

W
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Tﬁe mixture was reacted in a block-hea;gr at 60° for 30 min. After
cooling for 5 min, 300 ul of giass-distilled toluene was added;\foll; d
by 3 ml of saturated solution of sodium borate. The tubes were shaken
briefly for 15 sec and centrifugéd at 3000 r.p.m. for i min. The upper
organic layer was.retained'and Qn aliquét (0.2-1 upl) injected on the
ov-l capilla;y column for ECD-GLC Qnalysis. Structures of final deriva-
tives were confirmed by. GLC-MS (see géhtiod I11.E; mass spectra of deri-
vatives, Fig. 36 to 38). The reason for employing a saturated sélution
of godium tetraborate 1is as follows: the excess derivatizing reagent
rapidly hydrolyses to the agid:and partitions into Ehe aqueous phaée
whereas the «iipophilic PFP-derivative remains in the organic phase
(Martin et al., 1984). This then functions as selective partitioning

and also as a “"cleaning” procedure for the sample.

E.5 Anhydrous pentafluoropropionylation of tryptamine (T) and
N-(2<cyanoethyl)tryptamine (CE-T) 4

Pentaflubrobenzoylétién or trichlofoacetylation did not impart good
GLC properties to the indoleamines tryptamine (T)-or N-(2-~cyanoethyl)-
fryptamine (CE-T). Although aqueous>acetylation followed by anhydrous
pentafluoropropionylatioq did give sensitive and reproducible results,
unfortunately T could not be separated from CE-T by this method. Hence
a method was‘required to analyse T and CE-T, free of contamination from
each dther or interference from other impurities in the brain. Anhy-
drous pentéf1uoropropionylation was found to give sensitive derivatives
of T &nd CE-T, and both compounds could be analysed simultaneously in
the same piece of brain tissue. The analytical procedure developed fol-

lows. The brain samples were homogenised in ice-cold 0.4 N HCl04 and,
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after centrifugation, 2 ml of the supernatant were retained. To this,

internal standard (500 ng15~methyltryptamine [5—MT]f’and solid kBCO3

\were added.- The'precipitate of potassium perchlorate was removed after '

- centrifugation. After adding excess solid NaHCO3 to ensure a slightly

basic environment, 4 ml of ethyl acedate was added to the sdpernatant.

The mixture was vortexed for 5 min and centrifuged. The upper organid@Q o

phase was transferred into ciean, dry glass test tubes, and evaporated

to dryness under a stream of nitrogen. T6 the dried residue, 25 ul

ethyl acetate and 75 ui of PFPA were added, and the Herivati;ation reac~

tion was allowed to'proceed‘for 30 min at 60?7 After cooling, the reac-
tion mixture wds pa:titioned between 300 ul.of tolﬁeﬁe.and Q_ml of gﬁt—
urated solﬁtion of ;odium‘bo;afe as described in the previous sectién‘of
‘this thesis. The upper tolﬁene layer Qas retained and 1-2 ul was lh-
jected oncéithe 3% 0vV-17 packed colﬁmn for ECD-GLC analyéis. Structures
of ghe final -derivatives were confirmed by GLC-MS (see Section II1.E;

mass spectra of derivatives, Fig. 44 and 45).

E.6 Analysis of the endogenous biogenic amines tryptamine (T) and

5~ hydro;ytryptamine (5-HT)

v

The biogenic amines T and S5-HT were analysed by a ﬁodification of

the procedure of Baker et al. (1980). Bréin samples were weighed and

Ahémogenized'in S volumes of ié_e-cold 0.1 N HC104 containing 10 mg X%

EDTA. The homogénates,ﬁere cgntrifhged and the supernatants retained.
To 3 ml of the supernatant, 500 ng of the 1nternallst;ndard 5-MT were
added, followed by solid KHCO3 to ‘neutralize the acid, and the potassium
perchlorate precipitate formed was subsequently removed by centrifuga-

tion. Sodium phosphate buffer (pH 7.8, 0.25 M, 400 ul) and the liquid

-
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ion-pairing reagent ﬁEHPA (2.5% v/v in chloroform, 4 ml) were then
added. The mixture was vortexed for 5 min and the\two phaées’sepaoated
by centrifugation. The upper aqueous layer was aspirated off, and to
the bottom chloroform layer 0.5 N HC1 .(2.5 ml) was added. This mixture
was vortexed for 5 min and the two layers were separated by ¢entrifuga-
tion. The upper HCl layer was transferred to clean, dry test tubes and
neutralized with soiid NaHCO3.qub this mixture 300 pl of acetic anhy-
dride was addeo_and tubes uiiowleft to s:§33“for 15;2g>min or until the
efferveScencé had ceased, Excess 8olid NaHCO3 was added and the mixture
extracted with & ml of ethyl acetate and centrifuged. The ethyl acetate
layer was then transferred into clean, ory test tubes, and evaporated to
dryness under a stream of nitrogen. The dried residue was reacted with
75 ui of PFPA and 25'u1‘gthyi acetate at 60° for 30 min. Afterlcooling,
the reaction mixture was partitioned between 300 ul of cyclohexane and 3
ml of a saturated solution of ;odium tetraborate. The cyclohexane layer
was retained and an aliquot (0.2-1.0 ul) injected on the OV-1 capillary

column for ‘sensitive ECD-GLC analysis.

E.7 Sensitivity of the methods of analyses

The on-column sensitivity for each bicactive amine was determined

as the ECD response which was at least twice the "blank” response.

F. Monoamine Oxidase Assay

A modification of the method of Wurtman and Axelrod (1963) was
employed for the assay of monoamine oxidase activity. Rat brains were

hoﬁogenized in ice-cold isotonic KCl to give a 4% homogenate. The brain
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tiésde homoéénate (25 yl) was addgd to all tubes exéept.blanks, to which
&’only isotonic k1 (25 pl) was added. All tubes were, then placed on ice,
‘and to each tupe 250 ul of ,0.5 M sodium phosﬁhate buffer (pH 7.4) wa§
added. (For in giﬁ;g assay, test drug was aaded to the tubes éo thét-
1ts”finalqconCEntration wis 4 ﬁM, and the tubes were incubated it-37°_
for iO min. D?&gs availably as éélt§ were.d18391Ved‘d1rectlyhin isoton-
ic KC1 solufion,.whﬁle the N—vghéaycarhonf1~anaiogues of PEA, AM gnd TCP
‘wére dissolved in dimethylsulphoxide‘[DHSO] and dilﬁted in the KC1 solu-
tion before addifion ﬁo the assay Bystem;) Suitably diiuted‘solutiéns

ofmradiolabelled l4c-5-HT (substrate for ﬁAO-A) or lﬁCfPEA (substrate

_for MAO-B) in 25 ul aliquots were added to all tubes (to give final con-

4 -
o N

centrations of PEA and 5-HT of 35 uM), which were then incubated at-37°
for 20 min. After £he tubes were cooled to room temperature, 2 N HCi
(200 ul) was agﬁed to each tube to stop the reaction. Toluene (6 ml)
was added to all the tubes and mixtures vortexed for 3 min. The two
phaseé\were separated by centrifugation at 2500 r.p«m. for 5 gin. The
tubes were then kept in the freezer at -70° for 20 min or until the
aqueous layer4yas frozen. The toluene layer was decanted into ig}ntilf
lation vials containing 9 ml of scinﬁill&tion ;iuid. The radioactivity
(c.p.m.) of each sample was measured in the liquid scintillation spec~
trometer. The following equation was employed to determine Z\MAO inhi-

» bition:

corrected sample (c.p;m.)
% MAO inhibition = 100 - ' X 100

mean corrected control (c.p.m.)
The corrected sample ‘and control values were obtained by subtracting the

"blank wvalues.
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G. Statistical Analyses .

Statistical analyses of sampies were performed on a programmable
TI-55-11 Texas Instruments calculator or E\\Eiwi?tc Packard (HP)_ 86 /
microcomputer with an HP 9130A flexible disc‘d;ivg,coypled to an HP
82905B printer. The standard' mean error (S.E.ﬁ;) is represented by
verror bars on all figures. Student's t~test for independent means was
employed for pairwise comparisons between ihe group;. A one-tailed pro-
bability distribution was used for all statistical analyses and thé gen~

eral convention of p < 0.05 was employed for establishment of statisti-

cal significance.



III. RESULTS . ot

A. Brain Concentrations of BioactivelAlr lalkylamines and Analogues

A.l Amphetamine and N-alkylated analogues e

A novel method of analysis was developed for a rapid and sensitive
assay of amphetamine (AM) and its N-alkylated analogues in the same
piece of brain tissue (Section II.E.1). 'Analys;:\ﬁﬁs performed.dsing
.ECD-GLC withigncapillary column after reacﬁion ;f compounds with PFBC .
under aqueous conditions. The brain concentrations of AM and {ts N-
alkylated analogues (after an intraperitoneal [i.p.] administration of
0.05, 0.10 or 0.25 mmol/kg of the'N—alkyliigd analogue) are illustrated
in Table IV. , ' o ,

The results indicate that all three N-alkylated an;logues of AM
were converted to AM, but the N—iZ-cyanoethyl)amphetamine (CE-A&) gave
the higﬁest amounts of AM in the brain. The level of AM was signifi-
cantly higher than the level of CE-AM in the brain samples. The ana-
logues N-(3-chloropropy1)amphetaming (CPA) and N-n-propylamphetamine
(NPA) were converted to about equal amounts of AM in‘the br;in samples,
but the levels of CPA and NPA in the respective brain samples were much

higher than thelr corresponding AM 1levels, 1in contrast to what was

observed with CE-AM. .

A.2 Time-concentration profile of amphetamine and its metabolite
para—~hydroxyamphetamine

The concentration of AM and its metabolite éfOH-AM were measured in

rat brain at time 5, 15, 30, 60’a120 and 240 min after 0.1 mmol/kg 1i.p.

80
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Table IV. ‘Concentrations of N-alkylated amphetamines and of ampheta-
. mine in rat brain at 1 h after i.p. dose.
Y
“\ - v

a

, .
\\t;-au\ .
Dose of Concentration of Concentration
N-alkylated N-alkylated of
.  amphetamine , | amphetamine amphetamine
(mmol/kg) | (nmol/g) (nmol/g)
CE-AM  CE-AM . e
. : N
n=06 0.05 ' 7.46 (£ 0.59) 23.70 (* 3.18)
0.10 12.23 (£ 1.54) 43.70 (£ 6.52)
// 0.25 57.44 (% 6.33) 150.27 (£ 15.40) °
}CPA CPA
. L ‘
n=25b 0.05 . 9,17 (£ 2.60) 4.15 (£ 0.66)
' 0.10 16.36 (¥ 4.25) 12.22 (£ 1.93)
0.25 73.28 (% .16.07) 33.92 (* 6.74)
NPA 'NPA
a=% 0.05 7.34 . (% 1.46) 3.41 % 0.52)
n=2>5 0.10 19.49 (% 3.67) 9.41 (¥ 1.19)
n=5 0.25 L 80:79 ( 12.54) 39.19 (% 3.48)
\ Q\ ‘
n=6 0.05 — ' 39.5 (% 3.41)
0.10 - ©157.3 (% 19.86)
~ ¥ ¥ .

’

Results represent mean * S.E.M.
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dose of AM.'.AnPlyses of AM gnd*gjOH—AM qe&e‘performed simul taneously
“with ECD-GLC -after aque;us pen&afluoréﬁenzbylatiom (Segtion 11.E.1).
The time-con%gntration”profiles ofIAM and 270H4AH are illﬁstratéd in
Figures 15 aﬁd 16 respeqti;ely,’ The results 1ndi§ate §he time at which
concentration_reacheé a“qufﬁqu(tmax) was 30 min for AM, whereas the
tmkg for_BjQH-AM4was 60 miﬁrx\rhq areas under the. curve (AUngo ) of the
time-consentthtion graphs for AM (Fig. 15) :and p-OH-AM (Fig. 16) were
determined to be 17.55(§n& 0.43 ﬁmol min/g respectively. 'The mxximu;
concentrationv(Cmax) of AM and~270H;AM in brain (after administratio:
AM) was 169.9 = 40 nmol/g (mean % S.E.M.) and 2.8 % 0.9 nmol/g respec-
tively, and the elimination half-lives (tj /28) of AM and p-OH-AM from
brain were determined to be 43.0 and 100.3.min regpectivély.

4

A.3 V,Time;concentration‘profile~of N- -cyanoethyl)amphetamine and
its metabolites amphetamine and para-hydroxyamphetamine

Aqueous pentafluorobenzoylation (Section II.E.l) was~employed in
the simulgenéous- analysis of CE-AM, AM, and p-OH-AM in h:-in tissuc
after administration of CE-AM (0.l mmol/kg {.p.). A gas chromatogram of
a brain-sample from a rat tréated wit: . -AM andv;acrificed at 1 h is
depicted in Figure 19. 1In Figures ‘17 and 18 are illustrated time-con-
centration brofiles‘of CE-AM, AM and‘BfCH-AM respectiveiy after édmini-
stration of CE-AM. The tgays of CE-AM,‘AM and p-OH-AM were determined
to be 5, 15 and 15 min respectively,<aﬁd Cpaxs at th;§Z timeé for CE-AM,
gm‘ and p-OH-AM were 118.8 (% 12.5), 9.6 (2 7.1), and 10.8 (+ 1.7)
nmol/g respectively. Areas under the curve (AUC},, ) for CE-AM and AM

" were determined to be 3.79 and 8.66 umol min/g respectively. The

AUC},, of p-OH-AM was 0.35 ymol min/g.
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From Figure 17, 1tyca be observed that CE-AM entgrquthe brain
very rapidly, reachingfa maximum within the filét five min%:es. How-—
ever, CE-AM.Ek\algokyapidly removed ffom the brain. In the time period
from 5vm1n t0(12b min, the removal of CE-AM from brain was exponential
ang\Fﬁe half-life {él/z) in this phase was only 21.5 min. The concen-
tration of CE-AM stabilized after 120 min. The conéentration of AM
reached a maxima at 15 min, and AM levels remained higher than CE-AM at

all times after 15 min. The elimination half-life (tj /2) of AM and

p-OH-AM were determined to " 100.3 min and 75.2 min respectively.

A.4 Time-concentration profile of tranylcypromine

Aqueous acetylation followed by pentafluorobenzoylation (Section
I1.E.2) (Hampson et al., 1984b) was employed in the analysis of tranyl-
cypromine (TCP) 1in rat‘ brain after i.p. administration of TCP (0.1
mmol/kg). A time-concentration profile of TCP in rat brain is

illustrated in Figure 20. The tp,x and Cpgx of TCP in rat brain were

found to be 30 min and 125.3 (¥ 11.5) nmol/g respectiyely. The area

iy

under the curve (AUCS., ) was 15.8 umol min/g and the elimination

half-life (tj/9) of TCP from brain was 100.3 min.

A.5 Time-concentration profile of N-(2-cyanoethyl)tranylcypromine
and its metabolite tranylcypromine

The cdncenﬁfﬁtion of N-(2-cyanoethyl)tranylcypromine (CE-TCP) in
‘the rat brain ;as measured after aqueous pentafluorobenzoylation (Sec-
tion II.E.1). A novel procedure employing aqueous trichloroacetylation
(Baker et al., 1984a) was used for the simultaneous analysis of TCP and

PEA in brain tissue (Section II.E.3). Analysis of CE-TCP and TCP was
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Fig. 19. A gds chromatogram of a brain sample from a rat treated with
N-(2-cyanoethyl)amphetamine (0.1 mmol/kg i.p.) and sacrificed
at 1 h (A), and a control brain sample (B). The peaks are
pentafluorobenzoyl derivatives of: amphetamine (I), N-(2-
cyanoethyl)amphetamine (II), para-hydroxyamphetamine (III),
and 2,4~dichlorophenoxypropylamine (I.S.).
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performed on a GLC equipped with a capillar; column and an eiectron—cap°-
ture detector. Time-concgntratipn profile;»of CE—T&P and TCP in rat
brain after i.p. administration of CE-TCP are illustrated in Figure 21l.
The levels of TCP in brain remain higher than CE-ICP at all ‘times. This‘
suggests good conversion of CE-TCP to TCP.' Areas under the curve
(AUC;,, ) for CE~TCP and TCP were determined from Figure 21 to be 1.15
pmol min/g and 1.55 imol min/g respectively. The brain elimination
half-1ives (t)/28) of CE~TCP and TCP after i.p. adﬁinistratioh of CE-ICP
were determined to be 300.9 min and 150.5 min respeétively'(calculation
based on log data from the elimination portion of the curve, i.e. from

S

120 min onwards).

N

A.6 Preliminary investigation of the N-ethoxycarbonyl analogues of
amphetamine,4§-pheny}ethylamine and tranylcypromine

Preliminary studies we}e conducted with the N-ethoxycarbonyl ana-
logues of AM, PEA, and TCP in rat brain to assess their role as possible
pro—drugs of AM, PEA or TCP\(Baker’gi al., 1984c). Anhydrous penta-
fluoropropionylat#on was employed for the sensiﬁive'ECD—GLC analyges,of
the N-ethoxycarbonyi aﬁalogues (Sectioﬁ I11.E.4). The cdncentrations,of
AM, PEA and TCP in brain tissue were wmeasured by the method of Hampson
et al., 1984a,b), employing aqueous acetylation followed by pentafluoro-
benzoylation. fhe results are>111ustrated in Tabie V. 1In this stQQy,'
brain concentrations of AM and TCP in rats 1 h after administration of
the N-ethoxycarbonyl analogues (0.1 mmoi/kg 1.p.).were calculated to be
9.55 (¥ 1.63) nmol/g (mean * S.E.M.) and 8.95 (¥ 1.28) nmol/g respec-

»
tively. The concentrations of the N-ethoxycarbonyl analogues in the

same brain tissues were somewhat lower: 4.15 (* 0.58) nmol/g and 4.83 (*

%, K
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rats in which PEA HC1 (0.5 mmol/kg) was injected, brain levels of PEA

92

»

0.68) nmol/g for N-(ethoxycarbonyl)amphetamine (EtpC-—AM)é and N-(ethoxy-

carbowhyl)tranylcypromine,'(EthC-TCP) respectively. 1In a preliminary in
vivo i;westigation of N-(etho;;:ycarbonyl)phenylethylamine (EthC-PEA),
this drug was injected at a dose of 0.5 mmol/kg and the rats were sacri-
ficed 1 h later. This larger dose was used so that the PEA formed could
be measured; PEA, unlike AM Q\c;r TCP, is rapidly metabolized by‘Mﬁ'&
Under these conditions, brain levels of EthC-PEA and‘PEA were 64.2 (%

8.2) nmol/g and 190 (* 36) pmol/g respectively. In another group of

[N

~were 835 (¥ 170) pmol/g. As the normal brain levels of PEA are 10 to 15

pmol/g, the administration of the carbamate analogue may represent a

method for selectiveiy increasing brain concentrations of this amine

without affeéting levels of other biogenic amines.

A.7 Preliminary investigation of the N-cyanbethyl analogues of
B-phenylethylamine (PEA) and tryptamine (T) .

The N-cyanoethyl analogues of AM and TCP were found to have good
pro-drug prbperties, forming AM and TCP in brain in pharmacologically
active concqptr#tions. ﬂenée preiiminary étqdies were conducted to
investigate possible pro—drug properties of N~(2-cyanoethyl)phenylethyi-
amine (CE-PEA) and N-(2-cyanoethyl)tryptamine (CE-T). The first objec-
tive was to develop analytical methods for the quantitation of CE—fEA

and CE-T in brain. Aqueous -pentafluorobenzoylation was found to give

the best results for the simultaneous analysis of CE-PEA and PEA (Sec- -

tion II.E.I), and anhydrous pentafluoropropidnylation for analysis of
CE-T and T (Section II.E.5) in the same plece of brain tissue, empldying

ECD-GLC. Because control brain levels of T are < 3.5 pmol_/g (thus

&
¥

o
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& Table V. Concentrations of the N-ethoxycarbonyl  analogues of

amphetamine (AM) and tranylcypromine (TCP) and of AM and TCP
in rat brain at 1 h after an i.p. dose.

: | )

Dose of Concentration of Concentration
N-ethoxycarbonyl N-ethoxycarbonyl of active
analogue analogue metabolite
(mmol/kg) (nmol/g) (nmol/g)
E
EthC-AM EthC<AM AM
n==6 0.1 4.35 (£ 0.58) 9.55 (£ 1.63)
Ethb-TCP EthC-TCP TCP
v ‘
n=6 0.1 4,83 (t 0.68) 8.95 (+ 1.28)

/
/

Results represent mean * S.E.M.
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making analysis of control levels of this amine by ECD-GLC impossible),
and si;ce PEA and T (unlike AM or TCP) are rapidly.metabglized by MAO,
the rats were pre—treated with pargyiine (60 mg/kg i.p.), an MAO inhibi-
tor, 45 min prior ;o administration of CE-PEA or CE-T (dbse O.lrmmollkg

1.p.) so that the PEA 'or 'T formed could be measured. The rats were

killed 1 h after administration of CE-PEA or CE-T. VUnder these condi-

tions, brain levels of CE-PEA and PEA were 7.93 (¥ 1.32) nmol/g (mean %

S.E.M.) and 26.28 (+ 0.99) nmol/g respectively, and brain levels of CE-T

-

and T were 69.09 (i 5.39) nm;i/g and 4.73 (* 0.18) nmol/g respectively.
The brain levels of PEA‘anle in rats treated with pargyline only (i.e.
no pro-drug) were 1.09 (* 0.13) nmol/g and 21.76 (% 2.2) pmol/g respec-
tively. -As‘the n;rmal‘brain levels of PEA and T are only 10 to 15
pmol/g and < 3.5 ﬁmol/g respectively, the administration of CE-PEA or
CE-T results in substantial elevation of PEA and T over controi values

. O '
and even over values obtained 'in rats aftefr injection of pargyline.

Thus administratioﬁrof the N-cyanoethyl analogues may represent a method

for selectiGely increasing brain concentrations of PEA or T without
Aaff;cting levels of other biogenic amines. The N—cyanoethyl analogue of
PEA appears to be a good source of PEA, with concentrations of PEA being
greater than CE-PEA in brain. The results are depicted 1n Table VI.

/Detailed time studies by T. S. Rao in our laboratories have now demon-

' strated that CE-PEA, even in the absence of an MAO inhibitor, does cause

elevated, sustained increases in brain levels of PEA (personal communi~

cation). ¢

A.8 Lineariiy and Sensitivity Studies

Standard curves were carried through with each analytical run, and

Q

.
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Table VI. Concentrations of the N-cyanoethyl analogues of p-phenyl—
ethylamine (PEA) and tryptamine (T) and of PEA and T in rat
brain at 1 h after i.p. dose (pretreated with pargyline, 60

mg/kg i.p.)t

/ | .
‘ N
Dose of the Concentration of Concentration
N-cyanoethyl N-cyanoethyl of
analogue analogue amine
(mmol/kg). (nmol/g) (nmol/g)
CE-PEA » CE-PEA - PEA
n=~6 0.1 | 7.93 (¥ 1.32) 26.28 (¥ 0.99)
n==56 CE-T CE-T ' T
0.1 69.09 (£ 5.39) 4.73 (£ 0.18)

Results represent mean 1 S.E.M.
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.
all assays were linear for at least a 50~fold range of concentrations of
the compound of interest. .The on-column sensitivity (defined a#8 twice
the blank value) of all methods developed for analysis of the biéactive

amines and analogues is shown in Table VII.

'S

B. Inhibition of Monoamine Oxidase 7. 'J 

The cyanoethyl and-eEhoxycarbonyl analogues of the bfoactive amines
were tested for inhibitory activity against MAO-A and MAO-B in vitro (at
a concentration of 4 uM), employing‘é modification of Wurtman and Axel-
rod's procedure (1963) (Section 11.F). The res&lts are shown in Table
VIII. Of all the bioactive amine analogues tested, only CE-TCP had MAO-
inhibiting activity of over 80% against MAO-A and MAO-B. ' This was com-
parable to the activity of TCP under the same: conditions\ The'otﬁer
threé cyanoethyl analogues were cdnsiderably less active. Placed in
descending order of activity, CE-T was more active than CE-AQ which in
turn was more active than CE-PEA’ against both MAO-A and MAO-B. The
_ethoxycarbonyl analogues of AM, PEA and TCP had little or no MAO-inhi-
biting activity. .

A prglimiﬁary'study’df EthC-TCP showed metabolism ofughig compouﬁd‘
to ICP with detectable quantities of TCP in rat brain (indicated iﬁ
Table V). Since TCP is a strong inhibitor of MAO, the study on ;ge
N-ethoxyc:rbonyl analogue of TCP was ‘extended to include an inveétigae
tion of MAO activify (gaker et al., 1984c). The results are l;Stedvinv
ATable IX. ~The concentrations of EthC-?SP and of TCP equivalent td»con-

centrations found in vivo (assuming that 1 g of brain is apprdximatély

equivalent to 1 ml) were tested in vitro. The results show that EthC-
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fable VII. The maximum on—column sensitivity of all the methods devel-
oped in the analysis of the bioactive amines and analogues.
Maximum sensitivity represents the amount of compound at
'which there is a signal-to-noise ratio of 2:1.
COMPOUND DERIVATIZING DERIVATIVE " ON—COEHMN"
REAGENT SENSITIVITY (ng)
AM PFBC | AM-COCgF 5 0.01
‘ v
‘ COCH3 T
AM AA . AM’// 0.01
PFBC “\CoceFs
_CHCHCN
CE-AM. PFBC M 0.025
COCgF 5
_— | _CHaCHZCN
CE-PEA PFBC PEA L - 0.01
| COC6F 5
CH2CH,CN
©CE-T PFPA T < 0.017
o @oc oF 5)
CE-ICP PFBC TCP\ 0.01 -
' COC¢F5
: : b
/CHZCH2CH2C1 ‘
CPA PFBC A 0.08
‘ / COC¢Fs :
1 ' : /C02C2H5 ,
EthC-AM PFPA AT 0.017
CO2CoF 5
o oo /;/Cozczﬂs
- EthC-PEA - PFPA - PEA\ 0.015
COC9F5 -
1‘ C0gCoHs
EthC~-TCP PFPA _TCP\ 0.020

COCoFs -
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Table VII, {cont'd)

0

98 -

COMPOUND DERIVATIZING DERIVATIVE "ON-COLUMN" .
' REAGENT SENSITIVITY (ng)
. : 4 | /CHZCHQCH:*I ‘
NPA PFBC an_ | 0.03
| COCgF 5
PEA PFBC PEA—COCF 5 ~0.01
- ~_cocH; s
PEA A peal ' 0.005
PFBC COCgFs5
PEA TCAA PEA-COCC13 0.005
p-OH-AM PFBC CgP5CO0-AM-COCGFs  0.05
T PFPA T-(:oczrs)z ) 0.007
T AA 0.01 .
PFPA
B .»
5=HT "AA 0.01
PFPA |
,
.  cocay |
TCP AL Tce_ ' 0.005
' .\PFBC COC¢F s
TCP TCAA TCP-COCCl3 0.005
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Table VIII. The percent inhibition of MAO-A and MAO-B in vitro. , Con-
centration of drug used was 4 uM.

©

COMPOUND % MAO-A INHIBITION % MAO-B INHIBITION
CE-AM 28.9 (£ 4.3) 8.9 (* 2.2)
° CE-PEA 1555 (2°2.4) 4,6 (£ 1.7)
CE-T 51.0 (% 4.4) 25.1 (£ 1.2)
CE-TCP 81.7 (% 3.1) 85.6 (£ 1.2)
EthC-AM nil nil
EthC-PEA ’ nil 10.1 (* 0.9)
EthC~TCP 11.8 (% 2.7) nil
TCP 87.4 (% 1.6) 94.2 (£ 1.4)
e :‘:”‘?\}
X
AN
\

Results represent mean

s

|
+ S.E:M. N = 4-6.
(;

—nd
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e
TCP caused 11.7 (* 4.1)% inhibition (mean * S.E.ﬁ’.’{ of MAO-ANEad 5
inhibition of MAO-B,“while TCP caused 83.9 (¥ 5.5.)% and 99.0 (¥ 0.3)%
inhibition of MAO-A and MAO-B respectively. In the brains of rats
treated with EthC~TCP, MAO-A and MAO-B were inhibited by 79.1 (¥ 3.4)%
and 93.4 (f 0.8)% respectively. These results ind;cate that the MAO-
inhibiting effect observed in vivo is due not to tﬁe pro-drug, but to
the TCP formed from the pro;drug EthC-TCP. |
Since the CE-TCP waé observed to be a strong MAO inhibitor Fsee
Table VIII), comparable to TCP under the same conditions, a detailed
time-percent inhibition profile of CE-TCP was conducted. Rats, given a
dose of CE-TCP (0.1 mmol/kg i.p.) were killed at 5, 15, 30, 60, 120 and
240 min -and brains tested forleO activif§.v The results are shown in
Table X. Both MAO-A and MAO-B were inhibited within 5 min by 55.7 (%
4.0)Z and 70.9 (¥ 5.0)% respectively. Inhibition of MAO-A and MAO-B
reached maxima (81.7 T 5.4 and 84.2 * 1.3% respectively) 60 min after
dosing. Inhibitions of MAO-A and MAO-B were stili greater than 80% at
240 min. |
A parallel study was conduct;d with TCP. Rats, injected with TCP
(0.1 mmol/kg i.p.), were killed at the same time intervals and brains
collected were tested for MAO activity. The time-percent inhibition
p;;file is shbwn in Table XI. Five min after dosing, MAO-A and MAO-B
were inhibited by 70.5 (¥ 6.8)% and 71.0 (¥ 4.3)X respectively, and at
15 min inhibition of MAO-A and MAO-B exceeded 80%, at.85.4 (£ 4.2)% and
89.5 (£ 1.7)% respectively. Inhibition of MAO-A and MAO-B“reached max-—
ima (94.0 % 1.1% and 91.2 % 1,4%) 30 min after dosing, and both MAO-A

and MAO-B remained inhibited by greater than 80%Z at 240 min. It is

.1nteresting to note that the maximum inhibitions of MAO-A and MAO-B were
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Table IX. Inhibition of rat brain monoamine oxidase.

IN VITRO R 1IN VIVO

DRUG % INHIBITION % INHIBITION % INHIBITION % INHIBITION
OF MAO-A OF MAO-B OF MAO-A OF MAO-B

EthC~TCP 11.7 (£ 4.1) NIL 79.1 (£ 3.4) 93.4 (£ 0.8)

TCP 83.9 (¥ 5.5) 99.0 (¥ 0.3) 79.1 (£ 7.0) 90.8 (¥ 1.3)

Results represent mean * S.E.M., N = 6. Concentrations of EthC-TCP and

TCP in vitro were 4.8 uM and 9.0 uM respectively, which were equivalent
to the concentrations of these compounds found in brain in the in vivo

study (as shown in Table V).
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Table X. Time-percent inhibition profile of monoamine oxidase in rat®
brain after administration of N-(2-cyanoethyl)tranylcypromine
(CE-TCP) (0.1 mmol/kg i.p.). Values represert mean * S.E.M.

N = 46.
TIME . % INHIBITION % INHIBITION
(MIN) OF MAO-A OF MAO-B °
5 55.7 (£ 4.0) ©70.9 (% 5.0)
15 77.5 (£ 5.6) 73.4 (% 4.3)
30 78.8 (% 5.4) 75.3 (% 3.0)
60 , 81.7 (* 5.4) 84.2 (* 1.3) .
120 80.4 (£ 3.7) 83.0 (% 2.0)

240 81.2 (¥ 4.9) 80.5 (% 4.0)



‘

Table XI. Time~percent inhibition profile of monoamine oxidase in
brain after administration of tranylcypromine (Tcp) (0.1
mmol/kg 1.p.). Values represent mean + S,EM. N = 4-6.

103

rat

TIME
(MIN)

% INHIBITION
OF MAO-A

% INHIBITION
OF MAO-B

15

30

60
120"

240

70.5 (% 6.8)
85.4 (% 4.2)
94.0 (* 1.1)
85.2 (% 4.1)
81.5 (% 4.3)

80.5 (+ 3.9)

2N

71.0 (* 4.3)
89.5 (¥ 1.7)
91.2 (£ 1.4)
90.8 (¥ 1.3)
88.0 (¥ 1.9)

84.3 (% 2.6)
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at 60 min and 30 min after.administration of CE-TCP and TCP respective-
ly, which -correlates well with the tp,, (60 min; time at which concen—
tfation is maximum) of CE-TCP as well as TCP formed from CE-TCP in rat
brain (Fig. 21) and tp,x (30 min) of TCP when administered aione (Fig.

20).

C. Brain Levels of §jPhenylethylamine (PEA), Tryptamine (T) and 5-
Hydroxytryptamine (5-HT) after Administration of N-(2-Cyanoethyl)tranyl-
cypromine (CE-TCP)

The pto-drug CE-TCP was observed to form TCP in brain ;fter intra-
peritoneal administration (Fig. 21), and CE—TCP was also found to be é
potent MAO inhibitor in its own right (Table VIII). Hence neurochemical
studies én CE-TCP were extended and rat brain concentrations of 5-HT,
PEA and T were measured at various timé interva;s after administration
of CE-TCP (0.1 mmoi/kg i.p.). These biogenic amines have been proposed
to be A-specific, B-specific and a mixed subétraté fespectively for MAO,
and were therefore chosen for stu&y. A novel p?ocedure'employing aque-
ous trichloroacetylation was used for the analysis of PEA by ECD-GLC
(Baker et al., 1984a).(Section II.E.3). Analysis of T and SQHT was car-
ried out by a modification of the ECD-GLC procédure of.Baker et al.
(1980) (see Section II.E.6). The results of this study are shown in
Figures 22, 23 and 24. Brain levels of PEA (Fig. 22) showed a steady
increase up to 30 min, the levels of PEA being elevated significantly
above control .values at 5 min (t = 4.66, df = 9, p = 0.0006). There is
a marked elevation of PEA 1e§els between 30 and 60 min (t = 2.31, df =
9, p = 0.023), followed by a plateau effect with h6 significant differ-’

ence between values at 60 and 240 min (t = 0.055, df = 9, p = 0.4786).
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The concentration of PEA at 240 min (214.1 * 29 ng/g, mean % S.E.M.)
represents an increase of approximately 100" times control levels (t =
7.29, df = 10, p < 0.0001). Brain levels of T (Fig. 23) also showed an
immediate increase after administrafion of CE-TCP, with levels at 5 min
significantly highqﬁ than control (t = 9.7, df = 10, p < 0.0001). There

it

was no significané difference between T levels at 5 min and 30 min (tv'
1.79, df = 10, p > 0.05); however, the differenceAbetween the values at
30 min and 60 min was highly significant (t = 4.29, df = 8, p =
0.0013). Although the levels of T at 240 min were the_higheét (20.1 %

2.9 ng/g), representing an increase of approximately 40 times control (t

= 6.85, df = 10, p < 0.0001), there was no significant difference

between levels at 60 min and 240 min (t = 0.64, df -v8, p = 0.2693) or

between 120 min and 240 min (t = 1.05, df = 8, p = 0.1607). Brain. 5-HT

leveis (Fig. 24) at 5 min after administration of CE-TCP were signifi-
. cantly higher than the control value (t = 2.27, df = 8, p = 0.0264).
This trend continued with levels at 15 min significantly higher.than the
levels at 5 min (t = 1.84, df = 10, p = 0.0479), and levels at 30 min
significantly higher than levels at 15 min (t = 2.4, df = 10, p =
0.0180). No significant difference in S-HTlleveis was observed after 30
min but a general trend indicated the elevatioﬁ of 5-HT. The b£ain 5-HT
ievel 5 240 min was the highest (818.1 * 40.2 dg/g), representing an
increase of 1.8 times the control value (t = 6.91, df -'8,‘p = 0.0001).

These results are of interest, ﬁarticularly since all three of

these amines--S—HT, T and PEA—have been implicated in the aetiology of

affective disorders (Déwhurst, 1965, 1968§ Boulton and Milward, 1971;
Van Praag and Korf, 1971; Sabelli and Moénaim, 1974). It is noteworthy

that the increases are much greater with the trace amines PEA and T than

&
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with 5-HT. Although TCP has been shown to be formed in brain after
administration of CE-TCP (see Fig. 21) (Coutts et al., 1983), the pro-
drug CE-TCP is a strong MAO inhibitor in its own right and warrants fur-

ther investigation.

D. Brain Levels of B-Phenylethylamine (PEA), Tryptamine (T) and 5-
Hydroxytryptamine (5-HT) after Administration of Tranylcypromine (TCP)

A parallel study was condUCtgd where an eqﬁimolar dose of TCP (0.1
mnol/kg 1i.p.) was administered to rats and brain jevels of PEA, T and”
5~HT were measured at various‘tiﬁe intervals. Analysis of PEA was per-—
formed by the ECD-GLC ‘procedure of Hampson et ég:_ (1984a) (Section
11.E.2), and 5-HT »nd T were measured by a modification of the ECD-GLC.
procedure of Baker EE,EEL (1980) (éection II.E.6). The results of the

study are shown in Figures 25, 26 énd:27. Brain levels of PEA (Fig. 25)

-

weré elevated rapidly, reaching a concentration of 84.2 (£ 6.3) ng/é by
5 min (t = 13.09, df = 10, p < 0.0001). Brain PEA levels continued to
rise with levels at 60 min significantly higher than the levels at 30
min (t = 2.7178f = 10, p = 0.0110). The PEA levels reached a maximum
(191.8 * 20.1 ng/g) at 120 min, which 1s an increase of apﬁroxipatelyt90
times the.control value (t = 9.43, df =“10, p < 0.0601). “At 240 min the
brain PEA levels had fallen to 91.6 (* 1%.4) ng/g but were still signi-
ficantly higher than the coﬁtrol value (é“; 5;46, df = 10, p = 0.0001).
Brain levels of T (Fig. 26) increase rapidly after administration of
TCP. At 5 min the levels of T are significantly higher than the control
value (t = 6.}2,'df =9, p= 0.000i), as were T levels at all subsequent

time periods. Brain T levels between successive time intervals (after

{
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f
15 min) were significantly elevated from the time intervals immediately
preceding. At 240 min T levels remained at a high of 87.5 * 7.9 ng/g,
'representing agyincrease of approximately 175 times the control value (t
= 19,59, df = 8, p < 0.0001), assuming a control level of 0.5 ng/g as
‘found by Philips et al. (1974) using high resolution mass spectrometry.
Philips and Boulton (1979) reported similar findinés in rat striatum
using a 10 ﬁg/kg dose of TCP. They noted that fﬁA and T reached peak
levels at 120 min and 240 min respectively after i.p. administration.
Brain levels of 54ﬁT‘(Fig. 27) also shgyed gradual elevation. et 60 min
the levels of .5-HT were significantly higher than the levels at 30 min
(t = 3.33, df = 10, p = 0.0038) and levels at 120 min were signiffcently
higher than.the levels at 60 min (t = 3.32, df = 10, p = 0.0038). Brain
levels of 5-HT remained'highest at 240 min, with levels reachiné 1108.3
(¥ 34:3) ng/g. This value represents an increase of approximately 2.6
times the centrol value (t = 13.66, df = 8, p < 0.0001). *
\Compafing these results with those of CE-TCP, it can be observed
that both %CP and CE~TCP elevate the levels of all three amine; in, brain
and in particular the trace amines PEA and T. The levels of PEA re-
mained the highest at 120 min after administration o% CE—TCP and TCP,
representing an intrease of approximately 100 and 90 times the control
wvalues respectively. However, levels of PEA dropped (91.6 * 16.4 ng/g)
. at 240 min after administration of TCP but remained high (214.1 * 29
ng/g) at this time after administration of CE-TCP. It may be that since
CE-TCP 1s an yAO‘inhibitor in its own right (Table VIII), .the concentra~

d

tions of CE-TCP and the TCP formed from it may together have a syner-

’ . )
gistic effect on MAO activity in brain. This may be one explanation for

the elevated level of PEA at 240 min after administration of the pro-
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-~~~ drug CE-TCP. The brain levels of T were elevated to approximately 40

;/énd 175 times control value after CE-TCP and TCP respectively, and brain

/ levels of 5-HT were elevated by approximately 1.8 and 2.6 times control
values after CE-TCP and TCP respectively.

These results indicate that both CE-TCP and TCP elevate the levels
of trace amines PEA and T to a much greaﬁer extent above control values
than they elevate the levels of 5-HT.  However, the pro-drug CE-TCP
caused a greater elevation of PEA levels than did an equimolar dose of
TCP. In contrast, TCP caused higher levels of T and 5-HT thaﬁ those

. observed after an equimolar dose of CE-TCP, This study indicates that
future investigations of such pro-drugs should involve studies ofvtheir
effects on trace amihes in addition to the more classicai amines such as

e L4

5-~HT o"{,

L 3

E. Mass Spectra of the Derivatives . ——n,

D
Structures of the fiinal derivatives syntheéized for ECD-GLC analy-

sis of -the bioactive amines and analogues were confirmed by gas-liquid
chromatography-mass spectrometry (GLC-MS). The mass spectral fragmenta-

tion patterns of the derivatives are illustrated in Figures 28 to 45.
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it

F
© CH,
]
@cuz—cn-w—co F
£ F

M+ 329 (0.5%)%

+
-~ F CO-NH=CH-CH,

FF m/z 238 (32.9%)

F F FF
| . e
— c:=0 F +
F F FF
m/z 195 (100%) m/z 167 (22.6%)
> @CH CHCH:' CH,"
m/z 118 (30%) m/z 117 (18.5%
% —» C, H _jﬂi_QEL__., C.H,'
{\ m/z 91 (27.5%) _  m/z 65 (15%)

Fig. 28. Probable mass spectral fragmentation of pentafluorobenzoyl
derivative of amphetamine. *Numbers in parentheses are per-
cent relative abundance of the individual fragments.
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CH, y cocsrj’
CH~CH—N
Y CHCH,CN
4Mf"382 (absent)

COCF,
+
- CH,CH=N
~
CH,CH,CN

m/z 291 (27.3%)

FF FF
+ —
-——-—>F C=0 Jg»r@ +
F F F F

m/z 195 (100%) m/z 167 (17.3%)
Tt —H |
 m—— CH= CH ~CH, ——= CH,’
m/z 118 (10%) m/z 117 (10.1%)

-— — +
CH=CH ¢m,

m/z 91 (20.3%) = m/z 65 (10.6%)

Fig. 29. Probable mass spéEffEl fragmentafion of pentafluorobenzoyl
derivative of N-(2-cyanoethyl)amphetamine.
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Iv. DISCUSSION

)
S

A. The Biochemistry and Pharmacology of Amphetamine and Analogues

Although AM hés a simple chemical structure, it posséSsés’a wide
spectrum of pharmacologicél and biochemical activitiew. The gtructural
features which appear to be critical for AM's activities are ﬁhe
va;;ethyl group, phenyl ring, primary amino groﬁﬁ, and the two-carbon
gide chain between thé phenyl ring and the nitrogen atom. The charac—-
teristic pharmacological ;ction of AM is its central stimulator& activ-
ity. The o~methyl group as well as the }-phenylethylamine skeleton were
found to be critical features for potent gtimulant activity of the AM
molecule (Van der Schoot et al., 1961). Other typical pharmacological
properties of AM are anorexia (Cox and Maickel, 1972; KXuprys and
Oltmans, 1982), vasoconstriction and ﬂyperthermia (Biel and Bopf, 1978;
SimpSon,A1978). The biochemical action of AM involves the inhibition of
NA and DA uptake (Burgen and Iversen, 1965; Coyle and Snyder, 1969;
Taylor and Snyder, 1970; Steranka, 1983) as well as its ability to
release§;R2se catecholamines from neurons (Daly EE.El;; 1966; Taylor and
Snyder, 1970; Masuoka et al., 1982). “Amphetamine has a less marked
effect on the sgrotoninergic neurons, slthoughAit has been reported to
cause release of 5-HT from synaptosomes (Raiteri et al., 1977). " Para-~
chloroamphetamine has strong effects on uptake and release of 5-HT, and
can cause long-lasting depletion of brain 5-HT (Pletsche? et al., 1964;
pewhurst and McKim, 1980).

Amphetamine has been used clinically as an antidepressant and an

anorexiant; however, chronic administration of AM can produce character—

135 |
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Fig. 46, Cpr.mical structure of amphetamine and its synthetic deriva-
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istic symptoms of paranoid psychosis (Ellinwood, 1967, 1968; Gritfith et

al., 1968).  The stereotypical behaviour observed in animals after
administration of AM, together with AM's ability to effect the release
of DA from cerebral stores and inhibit its re-uptake, has given rise to
the "dopamine hypothesis of schizophrenia. The faets that AM abuse can
precipitate a model psychotic state indistinguishable from schizophrenia
and that major antipsychotic drugs are known to be potent DA antagonists
lend support to this hypothesis. Thus amphetamine exhibits many bio-
chemical, pharmacological and physiglogical effects. )

. ~—Due—tp the simplicity of AM's structure as well as 1its similarity
to the biogenic amines of the CNS, neurochemists havebemployed AM as an

\ a

effective tool to study the role of CNS biogenic amines in the aetio-

pathology of psychiatric disorders. Since AM displays multiple pharma—

cological and biologicai actions, it remains an important model drug.

for the hedicinal chemist, providing a very versatile startiﬁg base for
synthetic modifications. Structural changes in the AM molecule may
accentuate or attenuate some of its effects, or even result in a novel
property not found in the parent drug. Some examples of nogel therapeu-
tic agents which have resulted from the modification of the AM molecule
are shown in Figure 46.

Fluoxetine (Lilly 110140) is a potential antidepressant, devoid of
the anticholinergic properties of the tricyelics. ? It 1is a selective
5-HT uptake inhibitor (Fuller et al., 1974; Fuller and Wong, 1984).
Pemoline has been used in the treatment of hyperkinetic syndrome or min-
imal brain dysfunction in children. It is a structu;ally modified AM
with a carbonyl éroup in the a-positioﬁ on the side chain. The side

chain in turn is part of the oxazolidinone heterocyclic ring system
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(Fig. 46). An imporﬁant disadvantagelof using AM and related stimulants
is the development of tolerance and dependence (ﬁcCown énd Barrett,
1980).) Pemoline, however, does not have the capacity tovreingorge self-
administration behaviour in rhesus monkeys (Sphuster 35|gl;,11969; Dren/
et al., 1971, 1972), indicating that it does not produce dependence.
The well known stimulants methylpﬁenidate and pipradfol are cyclized AM
derivatives containing a piperidine ring. (Krueger and KcGrath, 1964;_
Rortoghese et al., 1968; Shafi'ee and Hite, 1969). A non—addiéting

analgesic agent, Wy-16225, is a cyclic analogue of AM‘(Fig. 46) (Biel

and Bopp, 1978). .

«

Relatively simﬁle structural modifications in the AM molecule ﬁave
. Y
resulted in three potent MAO inhibitors: TCP, pheniprazine, and deprenyl
(Fig. 47). The o-methyl group 1s incorporated into the cyclopropane
ring in TCP.' This rigid structure expoiﬁf the amino group to the rece?-
tor and thereby facilitates binding. Tranylcypromine 1is abput 15000
times more potent an MAO inhibitor than is AM (Burger ahdAYost, 1948;
Zirkle and Kaiser, 1964; Fuller, 1972; Bieck and Antonin, 1982). Sub-
- A N o
stituting the amino group with a hydrazine ﬁoiety in the AMfumiécule
results in the botent.MAO inhibitor pheniprazine. The hyd;aziné group
is highly reactive, reéulting in an irreversible inhibition of the MAO
enzyme which can last for several days (Biel et al., 1964; Fuller, -
1972). A similar substitution of the amino group with a hydrazine moi-
ety in the ?'Phenylethylaminé~moieéule leads to tﬁe formhtioﬁ of the MAO{S
inhibitor phenelzine. Deprenyl is a selective MAO-B inhibitor inlwhich

group igﬂsuﬁstituted on the amino group of the methampheta4
L E P

Depfenyl has an added advantage over othef MAO inhibi-~

does not potentiate tyramine-induced pressor effects.
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Fig. 47. MAO inhibitors with structural similarities to .amphetamine.
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Thus, the risk of a hypertensive crisis, whlch‘Can occur with other MAO

inhibitors as a result of concomitant ingeetion“of tyramine-rich foods:-

such as cheese _kKnoll ‘and Magyar,. 1972; Sandler S_t_‘é_l_:’.1978),,. is
avoided. |

Although AM has prominent. anorexiant properties, its use as an
appetite suppressant is limited due to its central stimulatory effects.
Separating its anorexiant property from stimulant effects would be
desirable and much effort has been directedvtoward achieving this. A

study conducted by Cox and Maickel (1972) with phenylethylamine derinné

tives which compared the anorexic and stimulant properties in rats gave

some indication of the structural features required for selective anor-

exic property. The selectivity of the anorexic drug increased when

there was (a) substitution of the,phenyl ring with an electron-withdreu-
ing group\such as a.chloro or altrifluorcmethyllgroup (e.g. fenflurer
mine), (b) substitution on the amino group*‘(e.g.‘ peanhetamine, P
chlbrobeanhetamine), and (c) dinethylation in thei.a~pcsition "(e.g.
phentermine .and chlorphentermine) Beregi et al. (1970Y ccnducted a

detailed structure—aétivity relationship study of trifluoromethylphenyl—

isopropylamines. The presence of the a—methyl gtoup and the,separation .

of the amino group and %the phenyl ring by ‘no more than two carbons -

" appeared to be essential for maximal anorexic, property. Substitution on

the amino'group, forming mono-N—alkylated derivatives, reeulted in the

retention of a high "anorexiant property with less of a vasopressor

effect in rats. Substitution of the trifluoromethyl group 1n the meta.

position was most beneficiel in retaining anorexic activity and also
resulted in the loss of central stimulant effects. Chemical structures

of some clinically used anggexic-drugs‘which are derivatives of AM are
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Fig. 48. Chemical structures of some clinically used anorexic drugs

which are derivatives of amphetamine.
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1llustrated in Figure 48. Recently Paul et al. (1982) have reported the
| presence of specific receptor sites in the rat hypothaiamus which
mediate the anorexic activity of AM and related drugs.

Thus it can be said that Aﬁ with its plethora of biochemical and
pharmacological effects remains an important rgggarch tool., Moreover,
it is a versatile starting base for the medicinaL‘chemist in the gesign
of novel pharmacological agents,.providing an evergrowing armamentarjium

of therapeutic agents for the clinician.

B. Brain Concentrations of Bioactive Arylalkylamines and Analogues

B.1 Amphetamine and N-alkylated analogues

This study was conducted with the N-n-propyl, N-2-cyanoethyl, and
N-3-chloropropyl analogues of AM. The objective of the study was to
investigate the effect of the cyanoethyl, chloropropyl, or Efprbpyl side
chainbon the extent of in vivo metabolic dealkylation and to determine
which group providea the highest éoncent:ation of AM in the brain. The
reasons for employing these particular gnalogues will become clear fur-
ther along in this discussion. |

The N-t2—cyanoethyl)amphetamine (CE-AM, Perphoxene®) (Fig. 48),
commonly kﬁown és fenproporex, ié clinically used as an anorexiaﬁt in
several European countries (Warembourg and Jaillard, 1968; Hértel and
Fallot-Burghardt, 1978; Martindale, 1982a). In wvivo, fenpréborex has
been found not to modify the catecholamine content of the‘myacardium or
the adrenals of the rat (Cession-Fossion, 1970). Fenproporek has been
recommended - for treatment of obese patients with cardiovascular disease

(warembdurg.and'Jaillard, 1968; Faivre et al., 1969) and {is claimed to
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be devoild of the stimulant properties asso}iéged with AM QVague.gE_glL,
1967; Plauchu et El;’ 19%8). The implication of this claim is that an
N-cyanoethyl substituent is resistant to metabolic reﬁoval, in éontrast
to an N-ethyl substituent which is readily dealkylated. Studies by oth-

“ers (Beckett et al., 1972; Tognoni et al., 1972) and the findings of the
present study reported earlier (Nazarali et gl;,ll983) show, however,
that the N-cyanoethyl substituent is readily removed Aetabolically.

The N-chloropropyl analogue of AM (CPA, Pondinil®) (Fig. 48), com~
monly known as mefenorex, is also a clinically used anorexiant (Beyer et
al., 1980; Martindale, 1982a). The presence of the chloropropyl group
is claimed to make this drug resistant to N-dealkylation since a sub-
stantial increase in para—hydroxylation of mefenorex relative to that
seen with AM is observed in man and the rat, up to an extent of 37% and
58% respectively. It is a highly 1lipid-soluble amphetamine which is
reported to be almost completely metabolized, with oni;/ 1% excreted
unchanged in both man and the rat (Will@ams et al., 1973; Hirom and
Smith, 1978; Caldwell, 1976). Mefenorex has been found to have no
effect on pulmonary vascular resistance, éither directly or indirectly,
via a serotoninergic mechanism (Seiler et al., 1976). The metabolism of
the N-n-propyl analogue of AM has been extensively investigated (éoutts
et al., 1976a,b, 1978a,b, 1979, 1982; Coutts and Beckett, 1977; Coutts
an#cbawson, 1977; Coutts and Joneé, 1982), and this amine was included
in this study as a reference compound.

‘ Metabolic studies of these drugs would reveal much information with
r%Spect to the bioavailability of AM to the brain. In view of the data
| .

J . y
obtained with these drugs, the feasibility of employing the cyanoethyi

I
Q# the chloropropyl analogues of the biogenic amines PEA (which is sim-
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ilar in structure to AM) or T as possible pro-drugs of PEA and T could
be investigated.

The biogenic amines PEA and T are present in trace amounts in the
brain and have been implicated in several psychiatric disorders
(Dewhurst, 1965, 1968;.Fischer and Heller, 1972; Sandler and Reynolds,
1976; Boulton, 1980a; Sabelli et al., 1983). w1t; the use of a pro—-drug
approach, it would be possible to provide 5 sustained release of these
biogenic amines to the brain. It would also be possible to increase
selectively the concentrations of these amines in the brain without
affecting other endogenous amines. For instance, MAO inhibitors are
used clinically as antidepressants but elevate the levels of all biogen-
ic amines in brain, thereby confusing an understanding of their mode of
action. By selectively elevating one specific amine with the use of a
pro-drug approach, important information may be obtained with regard to
the possible role of these amines in the ae;iology of depression,

Before any investigation can be made on pro-drugs of bioactive
amines, a suitable analytical procedure must be developed in ordér to
quantitate the levels of the pro-drug and the parent amine in brain.
Numerous derivatizing reagents and several analytical protocols were
tested before adopting the present method of analysis. Aqueous penta;
fluorobenzoylation was found to give the best results for the simultép-
eous analysis of the pro-drug and the parent amine, in this case AM
(Section II.E.l).

A number of methods have been used in the énalysis of AM and ana-
logues: spectrophotofluorometric (Nix and Hume, 1970; Hayes, 1973; Metha

and Schulman, 1974), spectrophotometric (Stevens, 1973; Gill et al.,

1982), thin-layer chromatographic (Kaistha and Jaffe, 1972; Bussey and
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Backer, 1974; Decker.and Thompson, 1978; 0'Brien et al., 1982), gas-
liquid chromatographic (Angga;d Eﬁ.ﬂlL’.1970; Schweitzer and Friedhoff,
1970; Driscoli et al., 1971; Clark, 1975; Jain, 1975; Souter, 1975;
Bécggpt and Achari, 1977; C;ﬁfield et al., 1977; Clark, 1977; Terada et
al., 1982; Martinez and Gimenez, 1983), high-pressure liquid chromato-

graphic (Trinler et al., 19765 Clark et al., 1977; Kinberger, 1981;
Farrell and Jefferies, 1983), ma;s spectrometric (Narasimhachari and
Vourous, 1972; Cho et al., 1973; Cattabeni _e_t_a_l_ 1974; Danielson and
Boulton, 1974; Wu, 1975; Matin et al., 1977; Marde and Ryhage, 1978;
Narasimhachari et al., 1979; Kojima et al., 1983), and radioimmgnoassays
(Mule et al., 1975; Digregorio and Kniaz, 1976; Powers and éber;, 1979;
Budd, 1981; Niwaguchi et al., 1982; Mason et al., 1983). 1In this ";tudy,
a sensitive ECD-éLC procedure was employed. The technique developed for
ECD-GLC use was fapid, gensitive, selective, and required a minimal

"clean-up procedure, and the primary (parent amine) and secondary (pro-
drug) amines WwerTe gsimultaneously analysed after derivatization in
aqueous medium (Section II.E.1). The concentrations of AM and its
- N-alkylated analogues were determined in rat brain by this method (Table
.IV); All three N-alkylated analogues-—CE-AM (fenproporex), CPA (mefen-
orex), and NPA——wqre metabolised to AM in vivo. However, CE-AM gave the
highest concentration of AM in brain at all three doses (0.05, 0.10 and
0.25 mmol/kg) compared to CPA or NPA. The analogues CPA and NPA gave
about equal concentrations of AM in brain. The concentration of AM
reached in brain af;er»administration of CE-AM was significantly greater
than that of CE-AM. This is in contrast to CPA or NPA where the concen-

trations of CPA or NPA in rat brain were much higher than their respec-

tive AM levels at all three doses. The results suggest that CE-AM has a
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very rapid rate of N-déalkylation in the rat, prod;éing high concentra-
tions of AM in brain. It is conceivable that the rat may be much more
efficient than man in pérforming this dealkylation, but the significant
amounts of AM found in human urine after oral administration of CE-AM\
(Beckett et al., 1972) would seem to contradict this. Testa and
Salvesen (1980) have observed that the N-dealkylation rate of N-gubsti-
tuted amphetamines increases with ingreasing chain length of the sub-
strates; this may then explain the rapid N-dealkylation of CE-AM. The
results alsolindicate'that N-alkyl analogues- may be good precursors of

AM, bioaétive amines, or related psychotropic drugs.

B.2 Time-concentration profile of amphetamine and its metabolite
para-hydroxyamphetamine

In order to assess objectively the effect oé‘ the substituent -
(N-alkyl group), a time-concentration profile of AM in rat brain waé
conducted. Amphetamine as well as its major metabolite p-OH-AM were
quantitated simultaneously in rat brain with ECD-GLC after aqueous
pentafyuorobenzoylation (Section II.E.1l). Although AM and p~OH-AM have
previo;sly been mgasured in brain and various tissues (Axelrod, 1954;
Belvedere et al., '1973; Cho et al., 1973; Danfelson and Boulton, 1974;
Jori and Caccia, 1974; Kreuz and Axelrod, 1974), Danielson and Boultonﬂ
(1976) were - the first to conduct a time-concentration profile of AM
aftér\ intrapéritoneal administration. However, half-lives and othgr
pharmacokinetic data were not defermined by these workers. The results
df the study reported in this thesis (Fig. 15 and 16) indicate tﬁat the

elimination half-life (t1/2) of AM and p-OH-AM in rat brain were 43.0

and 100.3 min respectively. The area under the curve (Auc:.,), which is
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an indication of bioavailability in brain, for AM and p-OH-AM were
determined to be 17.55 and 0.43 umol min/g respectively‘ The data alse
show that although Efoﬁ-AM accumulation initially pdrallels AM levels in.
b;ain, there is a significant difference in its further accumulation and
elimination.r The concentration of AM in brain reaches a maximum at 30
min, whereas the concentration”nf BjOH?AM reaches a maximum at 60 min.
This difference can be explained by the time lag required for the syn-
thesis of 270H~AM. However, a second explanation for this 1is that the
responsible enzyme is subject to enzyme Substrate inhibition: as 1is the
case with hepatic enzymes (Jonmsson, 1974 Cho et al., 1975). Hence
p-OH-AM formation proceeds most readily when AM concentration is the
lowest, which is initially during the abéorption phase and finally dur-
ing the elimination phase. Thus the concentration ratio of p-OH-AM to
AMlis the highest at these two phases of metabolism. The results corre-
late well with Danielson and Boulton's (1976) data. It seems paradoki—
" cal that the lipid goluble parent compound (AM) has a shorter half-life
than the polar metabolite (2f0H4AM). This is due to the rapid accumula-
tion of AM and its eqnally rapid efflux from tissues which follows dis-
tribution of a highly lipid_ soluble compound that does not have an
actine transpdtt meehanism (lhoenen et al., 1968; Ross et al,, 1968).
hSimilar‘differenCeS'in'half—lives of AM and p-OH-AM were observed by
vTaylor and Sulser (1973) after intraventricular administration. More-
ovet, electrical stimulation does not release AM from_neurons\ confirm-
:ing that AM is not stored within neurons (Thoenen et al., 1966; Baldes-
sarini, 1971). However the metabolite p-OH-AM accumulates in catechol-
aminergic nerve terminals (Jori et al., 1979),(wh1ch would explain its

longer tj/2. The enzyme dopamine-3-hydroxylase metabolizes EfOH—AM to
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ara-hydroxynorephedrine {EfOH-NE), which competes wiih and replaces
noradrenaline (NA) from neurons (Thoenen EE.ElL’ 1966; Cavanaugh et al.,
1970). This replaceﬁent of NA by a "false neurotransmitter” is claimed
té be feSpOnsible for the development of tolerance to AM (Lewandef,

o ,

1968; Brodie et al., 1970). However, tolerance to AM develops in guinea
pigs, é species that does not prdduce any p-OH-NE (Sever et gl:,‘1974,
1977). Amphetamine too can be #-hydroxylated to norephedrine, although
AM is a poor substrate for the dopamine P—hydroxylage (Goldstein and
Contrera, 1962). Although AM is metabolised to p-OH-~AM in the liver
(Jonsson, 1974; Cho et al., 1975), reeent evidence indicaées that syn-
thesis can also occur "in brain (Kuhn gg_ Ll., 1978; Coutts et al,,
1984b). The mechanism. of p-OH-AM synthesis in brain is unknown; how-
ever, a recent report suggests that p-OH-AM {s formed outside of the
catecholamine neurons (Kuhn EE.El;; 1978). ggzgﬁhydrokyamphetamine doés
not cross the BBB readily (Lindenbaum et al., 1975), and recent reporﬁs.
in which p~OH-AM levels were measured after'i.é. injection of équimolaf

amounts of AM and p-OH-AM suggest that brain synthesis contributes sig-

nificantly to the levels of p-OH-AM (Cougts_gg al., 1984b).

F?**.
J

. . e
B.3 Time-concentration profile of N-(2-cyanoethyl)amphetamine and
its metabolites amphetamine and para-hydroxyamphetamine .

0f the three pro-drugs investigated, administration of_N-(Z-cyanOf
ethyl)amphetamine (CE-AM, fenpfoporex) resulted in the highest amqunt of
AM in rat brain after a single dose (Table IV). Hence a'timefCOutse
evaluation of CE-AM and its metabolites AM and p~OH-AM 1in rat brain
would give a good indication of the effect of the cyanoethyl group on

the in vivo metabolism of CE-AM (Fig. 17 and 18). Analysis of all three

e
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amines, CE-AM, AM and p-OH-AM, was conducted éimultaneously in rat brain
with an ECD-GLC employing the novel procedure of aqueous ‘pentafluoroben-
zoylation (Section II.E.1). Brain concentration of CE-AM reached maxi-
mum in the first 5 min, indicating a very rapid entry;‘ however, an
equally rapid efflux from brain occurred, with an exponential decline
from 5 min to 120 min (tj;2 = 21.5 min). This indicates that CE-AM,
like AM, does not dg%umulate in brain and, like AM, it does not appear
to have an active uptake mechanism (Thoenen et al., 1968; Ross et al.,
19683; Amphetaminelconcentration reached maximum at 15 min, and AM lev-—
els remained higher than CE-AM at all times after 15 min. The bioavail-
ability of AM (AUC),, = 8.66 umol min/g) to rat brain after CE-AM was
nearly half that obtained after an equimolar dose of AM (AUCz., = 17.55
ymol min/g). This‘indicates rapid N—dealkyiation of CE-AM, that 1s, it
is a good precursor of AM. The half-life (tj/p) of AM in this study was
determined to be 100.3 min, which is 2.3 times longer than the ty/2
determined after administration of an equimolar dose of AM (for compari-
soﬂ see Fig. 15 and 17). These data support the hypothesis that the
N-cyanoethyl analog;e of AM is a useful pro-drug of AM.

An interesting observation was also made when the areas under the
curve (AUC) of p-OH-AM after administration of CE-AM or AM alone were
compared (Fig. lé and '18). The area under the curve (AUC;,,) of p-OH-AM
in rat brain after administration of CE-AM was determined tg be 0.35
ﬁmol mf&/g and the AUng: of p-OH-AM éfter an equimolar dose of AM was
calculated to be 0.27 umoi'min/g. This indicates that the bioavailabil-
ity of p-OH-AM to the rat brain after CE-AM was greater from time period
0 to 120 min than that after administration of an equimolar dose of AM.

,Also the Cpgx (maximum concentration) of p-OH-AM after AM was 2.8 (£
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iy
0.9) nmol/g, whereas Cpax of p-OH-AM after an equimolar dose of CE-AM

was nearly 3.9 times higher at 10.8 (* 1.7) nmol/g (see Fig. 16 and
18). The tpyyxs (time at which concentration reaches a maximum) of the
two time-~concentration profiles were also different. After administra-
tion of CE-AM, the tpax Of p~OH-AM in brain was 15 min, whereas the tp,y
of p-OH-AM after an equimolar dose of AM was -as high as 60 min., A num
ber of plausiple factors can be put forward to explain these phenomena.
Since the levels of AM in rat sfain after administfation of CE-AM were
lower but remained sustained (as evidenced by longer tj ]2), it is
unlikely that there was significant inhibition of the enzyme causing
hydroxylation (Jonéson, 1974; Cho et al., 1975). Hence ‘Fhe enzyme
responsible rapidly metaboli&edrAM to p-OH-AM when a small but sustained
. concentration of AM was available.

Another possible explanation for the increased bioavailability of
P-OH-AM to the brain after administration of CE-AM is that CE-AM may be
.metabolized to 4-hydroxy~N-X2-cyanoethy1)amphet’ainip¢'a (’4-OHCE-A\M) along
witﬁ AM, and both 4~OHCE-AM and'AM are in turn metabolised tﬁ'EfOH-AM |
(Fig. 49). Hence two sources of p~OH-AM are available. A preliminary
investigation withLNﬁprropylamphefamine (NPA) metabolism indicated the
presence of thydroxy-Njgfprépylamphetamine (p~OHNPA) in rat brain in
vivo. Hence the possibility of p—hydroxylation of CE-AM cannot be rﬁled
out, especially since the presence of p-OHNPA in human urine after

X

administration of NPA has been shown by Coutts and Dawson (1977). Yet
i
[

another explanation for - increased bioavailability of p-OH-AM to the

brain after CE-AM administration (in place of AM administration) is that
CE-AM may in some way affect the metabolism of AM to B}OH-AM-that-is,
it may be an inducer of hydroxylating enzymes. All three possible
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CE-AM — AM

e D - D S T D . S e
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Fig. 49. Metabolic pathway of N-(2-cyanoethyl)amphetamine (CE-AM) to

amphetamine (AM) and p-hydroxyamphetamine (p-OH-AM). The

. dotted line represents a “possible” alternate path leading to

‘ p-OH-AM via an {ntermediate metabolite, &4-hydroxy-N-(2-cyano-
ethyl)amphetamine (4-OHCE-AM).
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explanations, the probable absence of substrate enzyme inhibition, the
increased availability of p-OH-AM from two sources (4~OHCE-AM and AM),
and the enzyme induction may contribute to the increased bioavailability
of p-OH-AM after administration of CE-AM instead of AM,

More definitive answers to these questions will have to await fur-
ther research on the eénzyme(s) responsible for the hydroxylation.
Detailed information on the amox;nt of enz?me(s) yresent in the 'brain
relative to other organs, on the subcellular distribution of the eﬁ—
zyme(s), and on the subcellular distributic.)n of CE-AM and AM will be
required to fuI"ther understand the mechanisms involved. ‘

The phenolic arylalkyla;nines such as p-OH-AM (and presumably also
4-0HCE-AM) do not penetrate the BBB readily (Lindenbaum et al., 1-975)_.
Hence, the \possibility that 4-QHCE-AM synthesis occurs in the brain Qust
be considelzed vparticularly in light of recent evidence in subport of
B—OH-AM synthesis in brain in vitro and in- vivo (Ruhn et al., 1978
Coutts et al., 1984b). Since p-OH-AM is further hydroxylated to form
3,4j&ihydroxyamphetamine (a—methyl'd:'opami.ne, "catecholamphetamine™) (Dalyv
._e_t_g_l_._, 1965; Hoffman et al., 1979), the poﬁﬁbii&ty also exists thét
3,4-dihydroxy—N-(2;cyanoethy1)amphetamine (3,4-diOHCE—-AM) ﬁay be formed
in brain. . Coutts et il_&;' (1976b, 1978a; Coptt':s and Dawson, 1977) firsf"
dessﬁfbed the occurrgnée of 3-methoxy-ﬁ—hs'droxny-B_-propylamphetamine
(3-Me0-4—OH'—NPA) _i_rl_v_i_\_rg_ in rat and in man. Hence the possibilify also
exists that the catechol metabolife 3,4-diOHCE—A‘M, if present, 1is methyr
lated by catechol~O-methyltransferase (COMT) to form 3-methoxy-é4-
hydroxy-N-(2-cyanoethyl)amphetamine (3-Me0“_—4-OHCE-AM).- Since thg cate-
cholamine 3,4-dihydroxy-N—_rl-propylampheta'mine was not'det'ected in thle

urine of man or rat (Coutts et al., 1976b; Coutts and Dawson,: 1977),
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possibly due to its amphoteric nature and/or iqefficient extraction, the
novel method employing aqueous pentafluorobenzoflat%on or tfichloroace-
tylation could be applied for selective extraction and identification of
novel phenolié metabolites of N-alk&lated amphetamines., The rapid dis-
appearance Af CE~-AM from brain seen in the initial phase (tj/2 = 21.5
min) may then be due to all these probable metabolic pathways 6f CE-AM
~ discussed above as well as N—dealkylation (Fig. 17). \

One final observation made in this study was that the tj/p of
RjOH-KM after administration of AM was 100.3 min whereas the tj/2 of
p-OH-AM aftér an equimolar dosg.gf'CE-AM was 75.2 min (for-c?mparison
see Fig. 16 and 18). However, the Cpax Of p-OH-AM after CE-AM admini-
strati;n was 3.9 times.higher than the Cpax of BEOH-AM after an equi-
molar dose of AM. Yet the decline in p-OH-AM from the brains of CE-AM-
treated animals was rapid (Fig. 18). An explanation for this phenoéﬂggh
can be postulated. Since p-OH-AM accumulates in the caf;cholaminergic
neurons (Jori et al., 19]95, most p-OH-AM synthesized will probably find
its way into these neurons. However, as the concentration of }fOH—AM
i&;;eases, only so much of it can aécumulate in the neurons. - As thé
storage sites in the neurons get‘ saturated, the excess p-OH-AM may
underg6 otherimetabolic routes or be eliminated s%pce~2§OH—AM molecules;
are polar and hydrophilic. It 1is interesting that the pattern of rapid
decline of p-OH-AM levels is similar to that seen with CE-AM. Tﬁese

could be explanations for the shorter t1/2 of RfOH-AMvobserved after

administratian of CE—AM.

B.4 Time-concentration profile of trénylcyg;omine

VTranylcypfomine, 'a monoamine oxidase inhibitor, is a .clinically
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used antidepﬁessant (Martindale, 1982b) Although many reports of its
toxicity in m&n ‘have been documented (Baselt et al., 1977a, Youdim et
al., 1979; Generali et al., 1981), studies on TCP s metabolic fate and

pharmacokinetica have been neglected (Belanger, 1979; Hampson, 1984).
AN

_Consequently, in contraat:to AM, only a handful of methods for the analc
ysis for TCP is found in the literature. }

Turner et al. (1966) developed a fluorimetric procedure for analy-'
sis of TCP in urine. This method was aubsequently employed in the atudy-
of the influence of pH on urinary excretion of TCP in man. Acidifica4
tion of urine by. prior administration of ammonium chloride resulted in,
as much as 11% of the dose of TCP being excreted. unchanged (Turner et‘
al., 1967). An enzymatic procedure based .on transfer of 14C--methyl of
S—adenosyl-L-methionine-140 tééTCP in presence of'rabbit lung N-methylr‘
transferase was reported for the assay of TCP iaomers in; rat hrain
(Fuentes et al., 1975). Gas-liquid chromatographic methods employingi
flame-ionization detection (Baselt et al., 1977a), nitrogen detection

;2
(Bailey and Barron, 1980), and ECD (Baselt et al., 1977b Calverley et

al., 19813)Vhave also been used fg%;the.measurement'of TCP.

A new ECD-GLC method was developed for E%g.analysis of TCP in brain

tissue. This method was highly sensitive (see Table VII), rapid, selec-

tive and reproducible. The acetylated pentagluorobenzoylated deriya-
‘tives were atable atleOf for at leae}‘two mbnthst .An important advan-
. tage of»this procedure was the simultaneoua analysis;of TCP andvthe
“trace amine 'PEA in brain. The method could“also be adapted for the'

analysis of AM (Hampson et al., 1984a ,b). The time-courae.of TC?rin'}atli’

brain obtained by this method 1s shown. in Figure 20. The data indicate’

that TCP enters the. brain rapidly, reaching its peak concentration at 30

o.i’
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min. It is interesting to observe that AM after an equimolar dose also
reaches its peak concentration at 30 min (Fig. 15). The difference

~bogween AM with its o-methyl group and TCP with the a-methyl incorpor-

| ated into the cyciopropane ring would appear not to affect entry into
the/brain. Also the bioavailability to the brain of TCP (AUC“'o = 15.8
pmol min/g) is not significantly different from that - of AM (AUC?;O =
17;55 ymol min/g). ‘However; when the halt—lives (tl/ZS) of TCP and AM
are compared (ty /g of TCP = 100.3 min; tl/zkof AM = 43.0 min), then it
would appeaf that the cyclopropane riné of TCthas some effect on the
slower clearance of TCP from brain (Fig. 15 and 20).

Although measUrement of TCP 4in brain regions (Calverlei\et al.,
19818), comparisen of the apparent. antidepressant activity of (+)- and
( )~-TCP (Fuentes et al., 1976), and the effect of TCP on biogenic amines

_ of the brain (Philips and Boulton, 1979; Baker et al., 1984d) have been
reported ‘a time—concentration profile of the clinically used racéyﬂc
(%)-TCP 1in brain has kot begn conducted. Baselt et al, (l977b), how—

fever, 1nvestigated the time-¢ourse of (£)-TCP in man. The gerum ty/2
obtained from log-linear plot of data at 1, 3 and 5 honrs correldted
‘well with the tl/ﬂ of (%)-TCP obtained in rat brain. The rat therefore.

appears to be a good animal model with which to investigate pharmaco-

kinetics of TCP in brain,

\
B.5 . Time~concentration profile of N-(Z—cxanoethyl)tranylcypromine
and its metabolite tranylczpromine R

The cyanoethylr analogue of AM was observed to have pronounced
effect on the clearance of 'AM from brain (See Fig. 15 and 17 and discus-

sion of half-lives on pages 168-152). A study was therefore 1nitiatedi

- .
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to investigate the effect of the cyanoethyl group on the clearance 6f
TCP from briin. Although CE-AM is a ciinically used anorexianﬁ (Warem—
biurg and Jaill&rd, 1968; Martindale, 1982a), the N~cyanoethyl analogue
of TCP has néver beén tested for its pharmacoibgical properties prior fo
this study. A number of analogues of TCP have been tested for their MAO
inhibitory activity (Zirkle et al., 1962; Finkelstein et al., 1965;
Teotino et al., 1967; McGrath and Kubn, i968),'but their time;cdncentra;
tion profiléé were not investigated. The MAO-inhibitory activities of
these TCP analogues are discussed in Section IV.C.

‘In order to.conduct time-concentration profiles of the novel ana-
logue CE-TCP (see Fig. 12 for chemical structure) and its metabolite TCP
in rat brain, sensitive analytical methods had to. be developed. Aqueous
pentafluorobenzoylation produced derivatives of both CE-TCP and TCP with
good GLC-ECD sensitivity, but unfortunately a cofchromatégraphing peak
from the brain interfered with the analysis. Acetyldtion in aqueohs
medium f§110wed by pentafluorobenzoylation worked well for the sensitive
analysis of TCP; however, TCP in'pregence of 1its angibgue CEjTCP could
not £e sufficiently separated to give an aQCurate ana1ysis;;»érmetﬁqd

had to be found which would overcome these difficulties. A novel proce-

. N
dure employing trichloroacetic anhydride (TCAA) under agueoug\cénditiohe
was eventually discovered to be the best\analytical‘protocol. In this
method,fbe as‘welf as PEA could be analypedvsimultaneously. without
interfering peaks, in brains of'réts ipjected with CE-TCP. This novel
procedure has a gumber of advantages. Although sever31 methods (Baselt
et al., 1977b; Martin and.Bﬁker, 1977; Cplverley et al., I9Sia; Hampson

.et al., 1984a,b) have been reported in the GLC ;hhlysis of TCP or PEA,

all hdlogenated acyl derivafives were prepared undgf anhydrous condi-

\
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tions and in most cases required Seat to complete the reaction. The
present procedure, however, was successful under mild aqueous condi-
tions. Direct aqueous acylation wigh TCAA produces a lipophilic deriva-
~ tive that is readily extracted into ethyl acetate. The method does not
require an extensive c{ean—up procedure or the use of ion-pai;ing rea-
gent. It is a rapid and highly sensigive procedure (5 pg “on-column”
for PEA or TCP) which works for a number of primary and phenolic
amines. A clean chromatogram was ostained (Fig. 50). Aqueous pentaJ

fluorobenzoylation was used for the analysis of CE-TCP. The structures’

of the derivatives formed under ahﬁeous conditions were confirmed by

td
)

masé-spec;ral analysis (Figs. 33 to 35). The time-concentration pro-
files of CE-TCP andlits metabolite TCP are illustrated in Figure 21. It
can be observed that the levels of TCP in brain remain higher thap CE~
TCP at all timés, which suggests that CE-TCP is a good source og TCP.
It is interesting to compare thé rapid entry of CE-AM with a tp,4 of'S
min, as well as its 1ﬁitia1 rapid efflux from brain (Fig. 17) to the
steady entry of CE-~TCP with.a tﬁéx of 60 wmin and its somewhat sloﬁ;r
clearance from braing(Fig. 21). Thoenen et 31;/(1968) and Ross et al.
(1968) havg reported that highly 1lipid soluble compounds which show
rapid accumulation followed by rapid efflux from tissues do not have an
active transport mechanism. This, then, suggests that CE-AM, like AM,
does not have an active uptake mechanism. However, in contrast, CE-TCP
has a gradual accumulation and a much slower clearance from the brain,
but experimental evidence 1s lacking which would support. an active
transport for CE-TCP. .It 15 possiblé that CE-TCP has § highef lipo-
philicity and accumulates in fatty tissue, This would explain the

longer tp,, value (60 min) as well as its slower clearance from brain.

ks
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Fig. 50. A CLC trace of P-phenylethylanine (1) and tranylcypromine (1])
after aqueous trichloroacetylation. Internal standard (IS) is
Pp-chlorophenylethylamine.
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The t) ;2 of TCP from brain after administration of 'CE-I?P was
determined to be 150.5 min, whereas an equimolar dose of TCP hadfa t1/2
of 100.3 min (Fig. 20 and 21). Thefefqre the cyanoethyl‘substituent
affects the clearance of TCP from the brain and may be a good source of
TCP. Recently, Hampson (1984) was able to detect the presence bf
/gfhydroxytranylcypromine (BfOH-TCPi in brain and urine. Unfortunately, -
at the time this study was conducted, a synthetic sémple of EfOH-TCP was
not available. The novel methods employing aqueous pentafluorobenzoyla-
tion (successfully used in the analysis of p-OH-AM, Fig. 16 and 18) or
aqueous trichloroacetylation could then have been applied for its analy-
sis and a fime-concentration profilé conducted. The possibility of the
| metabolic production in vivo of 4- hydroxy-N—(Z-cyanoethyl)tranylcypro—
mine (4-OHCE-TCP) and 3-methoxy-4- hydroxy-N-(Z-cyanoethyl)tranylcypro—
mine (3—Me0-4-OH-CE—TCP) also exigts, since Coutts et al. (1976b, 1978a;
Coutts and Dawson,71977i have described tﬁe_pfesence of p-hydroxy-N-n-
propylamphetamine (B-OHNPA)' and 3—methoxy-4-hydroxy-NjEfpropylampﬁeta-
min? (3-Me0~-4-0HNPA) in vivo égpfét and in man after administration ofq
NPA. The anaiytical methods developed could be adapted for the direct
aqueous derivatization and efficient extraction of these possible pheno-
lic metabolites.

‘ Brain concentrations of‘CE-TCP and TCP after administration of CE-
TCP were compafatively small. Thevareas under the curve (AUC;,, ) for
CE~-TCP and TCP were determined to be 1.15 umol min/g and 1.55 uﬁol min/g
respectively (Figr 21). These values were significantly less than those
obtained for CE-AM (AUCZ., = 3.79 \mol min/g) and for AM (AUCS,, = 8.66
umol miq/g) (Fig. 17). Therefore an equimo}ar dose of CE-AM compafed to

CE-TCP results in more parent amine in the brain. However, this does



160

not mean that CE-TCP 18 a poor producer of TCP, since the;Aucggo of TCP
formed from CE-TCP is higher than:that of CE-TCP. It canlbe'pestulated
o -
that CE-TCP may be bound to plasma proteins or accumulaféyln fatty tis-
sue, and is therefore not easily accessible to metabolizing enzymes OT
able to pass thfough the BBB. This hypothesis would explain the smaller
AUCs of CE-TCP and TCP, but further experimental evidence 18 reﬁuired to
substantiate this claim. An important obeervatioﬁ from these studies is
that the AUCs of TCP and AM are higher than those of their respective
pro-drugs éé-TCP and CE-AM. These observations substantiate the {nitial
hypothesis, whlch is th§§'§§he N-cyanoethyl analogdes may be useful

pro-drugs of AM, TCP, and related psychotrdbic' drugs or bioactive

amines.

B.6 Preliminary investigation of the N-cyanoethyl analogues of :
I?phegylethylamine and tryp:amine ~

" Studies wich the N-cyanoethyl ana%ogues of AM and TCP have indi-
cated that the cyanoethyl moiety:' is e\fusége} substituent, which is
metabolically removed to give AM and TCP in brain in pharmacologically -
active concentrations. These results were encouraging and prompted the
investigation of the cyanoethyl analogue of PEA (which has structu;al
similarities to AM and TCP) and T as possible pro-drugs of PEA;and.T.&

It has been reported that the concentrations of PEA and T in brain are

elevated markedly by MAO inhibitors'(Philips and Boulton, 12;g}' wa-y

or T could be given by themselves, but since these amines are readily

susceptible to metabolism by MAO, massive doses must be given to achieve
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reasonable brain concentrations. <Under these conditions, the amines

.réach high levele in brain rapidly but also disappear extremely q“13§}y

(T. S. Rao, pereonhl COmmunica;idn). Thus the pro-drug approach ﬁay

represent a means by which 1less dramatically elevated, but more sus-

tained, brain-levels"of these amines can be achieved. This may eventu-

ally enhance our understanding of the role(s) of PEA and T in affective

1

disorders and may represent a novel means of treatment of such disor-

1

ders.

.Analyticel methods were therefore required for the quantitation of

" CE-PEA and CE-T in brain (see Fig. 12 for chemical structure). Analysis

of CE-PEA and its metabolite PEA was conducted with ECD-GLC in the same
piece of brain tissue g?;er aqeeous pentafluorobenzoylation (Section
I1I.E.1). Anhydrous pentéfluoropropionylation bas found to give the best
results for the simultaneous analysis of the indoleamines CE-T and T
(Section I1.E.5). Numerous derivatizing‘reagents ;nd analytical proto-
cols wvere tested prior to adopting these methods. For example, aqueous
pentafluorobenzoylation (aq. PFB), aqueous trichloroacetylation (aq.
ICA); aq. TCA followed by anhydrous pentafluoropropionylation (anhyd.
PFP); and aqueous acetylation (aq. AA) followed by:anhyd. PFP were some
of the derivatizing protoeols tésted for the analysis ef the indole-
amines. Derivatization employing aq. PFB did work, but broad peaks and
long retention times were oBtained. Tryptamine could be derivatized
with aq..TCA, but the analogue CE-T was unreactive. Both ag. TCA and
aq. AA followed byAanhyd. PFP resulted in sensitive derivatives of T and
CE-T, but unfortunately in both protocols the peaks of derivatized.CE—T
and T’elgted'too close to each other and preQented accurate analyses.‘

Simultaneous analysis of CE-T and T was evenﬁdally obtained by employing
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////\}FPA under anhydrous conditions to derivatiie these amines.

Preliminary results shown in Table VI indicate that both CE-PEA and
CE-T metabolize to PEA and'é respectively, produciné quantities of trace
amines which were well above the control brain levels. Recent studies
conducted by a colleague (Mr. T. S. Rao) with CE-PEA and CE-T admini-
stered to rats (without pretreatment with pargyline) also indicate that
conversioq of the'anaiogues to their respective parent amines occuf;.
Mr. Rao's data indicates‘that CE~PEA rapidly enters the brain, reaching
its Cpax (maxiﬁum\concentratio?) at 15 min after 1n§ection, but 1t also
shows a rapid efflux from brain. It is interesting to observe that CE+
AM in contrast reaches its Cpyy at 5 min, probably because of increased
lipophilicity due to the a-methyl group.

These results iﬁdicate that administrationwpf‘suitably N-substi-
ent amine in the brain. It is true that metabolism (N—&ealkylation)'of~
CE-PEA and CE-T may occur in the liver (first-pass metabolism), causing
the biogenic amines to enter the systemic circulation and thence the
brain. Howevér, an important advantage of the pro-drug gpproach to

, & ‘ o
inhibited. Thus, excess amines in the circulation will be rapidly.meta-

incre?sing amine levels in the brain is that the MAO enzymes are no
bolized, reducing the risk of a hypertensive ﬁrisia,‘often associated
with the uée of MAO inhibitofs. To avoid first-paes,metﬁbolism, a sub-"-
iingual preparation of the pro-drug could aiways be considered fof use.
Data';hus far show that CE-AM, CE-TCP, CE-PEA, andrCE-T all-entéf the
brain. There is a good chance that he;abolism of these.analogues also

occurs in brain, since evidence shows that “the brain has cgnjugating

systems present as well as those able to carry out Phase I metabolic
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‘pathways” (Gorrod, 1978).

B.7 Preliminary investigation of the N-ethoxycarbonyl analogues of

amphetamine, B-phenylethylamine and tranylcypromine

An early study by Bjurulf et al. (1967) on the N-ethoxycarbonyl
analogue of chlorphentermine (Oberex®) showed that a single dose of the
pro-drug in the morning was sufficient to give a relatively prolonged
drug effect. Several carbamate analogues (but not the N—ethoxy&arbonyl
analogue) of physiologically active amines, including AM, have been
evaluated uy Verbiscar and Aboo;v(l970). In their study they report
that "the anorexigenic action of the carbamates occurs with considerably
less central stimulation than witl amphetamine.” The ésrbamates were
also reported to provide a sustained effect. . Hence thepstudy onh the

;effects of N-alkyl substituents on the ability of bioactive amines  to

enter and be cleared from the _Brain was extended to include the N-

ethoxycarbonyl analogues of PEA, AM, and TCP (see Fig. 13 for) chemical

structures) The phy&iological basis for employing these analogues 1is

discussed .in Section D.2 of thg Introduction.

Analysis was performed using ECD-GLC with the amines and their
N-ethoxycarbonyl analogues being«converted to perfluoroacylated der{va-
tives (Section II.E.4). ﬁteliminary results (Table V) indicate that the
N-ethoxycarbonyl analogues of AM and TCP are metabolized, as desired to
the parent amines AM and TCP. The concentrations of AM and TCP in brain

»wereﬂabout twice .as" much as those of ‘their respective analogues? which
suggests 5 good copversion brop;rty. The N—ethoxycarbonyl analogue of
PEA also gave a substantial quantity of PEA in brain which was about 12

)

to 19 times the normal control brain value. These results indicate that

LN
"

gg
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the N-ethoxycarbonyl analogues may prove to be useful pro-drugs of some
bioactive amines, being able to alter the levels of these amines in, and

their clearance from, brain, and therefore warrant further investiga-

tion. , : N

C. Inhibition of Monoamine Oxidase,

The MAO inhibitory activities of the cyanoethfl d ethoxycatbonyl
. analoguesaof’tne bioactive amines uged in this study are illustrated in
Table VIII. M%hese analogues have not been previously tested for their
activity against qu; Theicyanoethyl analogues of ?EA, T and TCP, as
well as’the ethoxygarbonyl analpgue of TCP, are novel drugs.
In vitro, the N-(ethoxycarbonyl)tranylcypromine (EthC;TCP) at ‘a‘v

" concentration of 4 uM inhibited MAO-A by 11.8 (* 2.7)Z but had no effect
on MAOLB.V However, when EthC-TCP was administered'i.p. to rats the,
inhibition of MAO-A and MAO-B in brain at 1 h”was calculated to be 79 1
(* 3.4)% and 93.4 (0. 8)% respectively (Table IX). Since it was deter-
mined that EthC-TCP gave high quantities of TCP (Table V) the equiya-

lent concentrations of EthC*TCP and TCP found in brain in viv0'were

ﬂiqu tesults {Table IX) %how that EthC-TCP caused only

tested in vitro

11.7 (% 4. l)Z innibition of MAg;A and no inhibition of MAO-B which cor-c
relates well with the in vitro data 1in Table VIII. Tranylcypronine, on
the other hand, caused significant inhibition of MAO-A and MAO-B under
these conditions (Table IX). These rgsulta would indicate that EthC-TCP
exhibits characteristics of a pro—drdg,laince the MAO inhibitcty activ-
;ity-inuxlxg is due not, to EthC-TCP but to the parent amine (TCP) formed

from 1it. )
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The MAO inhibitory activity of several analogues of TCP have been
tested. Zirk]:e et al. ('1962) employed a pharmacological wmethod to
determine the MAO activity, relating it to the compound's‘ ability to
potentiate'trypf:amine—induced convulsions in rats. These workers have

-

reported that the MAO inhibitory activity decneaees when a substituent
is introduced into. the amino group, especially when large alkyl or aryl-
alkyl groups .are used. The N-methyl or N,N-dimethyl derivatives nere
found to be about half as active as TCP in the tryptamine potentiation
test; however,' the isopropyl derivative had only -one hundredth Fhe
pofejcy of TCP. Acylatien of the amino group also cansed a. fall in
potency, whereas the carbobenzoxy (—COZCH2C6H5) analogue was reported to
be twice as potent as TCP. . A preliminary study conducted‘ with the
cetyl and the isopropyl derivatives of TCP in vivo (20 mg/kg, i.p.
dose; rats killed 1.5 h after injection) indicated weak MAO-inhibitory "
activity. A modificat;ion. of Wurtman: and Axelrod's (1963) method (Sec-
R tion II.F) was used t: measure the MAO activity. -The percent MAO-inhi-
| ‘bition of MAO-A and MAO-B in brain after N-acetyl-TCP administration was
determined to be 29.0 (* 5. 8) and 25.3 (¥ 8. 5) ;:spectively, “after
N—isoprogyl—TCP administration, it was 24.6- (£ 1.24) and 28.0 (* 4.9)
respectively. These preliminary results indicate that the isopropyl and.

L]

acetyl side chains are relativeiy resistant to N-dealkylation or deacet-
A ’ ‘ . -

ylation. .However, the N-isobutylcarbamate analogue of TCP under the

same conditions caused 58.8 (¥ 4.6)% and 77.6 (* 1.9)% inhibition of

A

MAO-A and MAO-B reepectively in vivo. This activity is prdbably due to
the parent amine (TCP) being formed from the carbamite since 1ittle
. ,

nhibitory activity was present in vitro.

Substiii.. ion on the phenyl ring was reported either to cause a
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decline in potency or to have little influence on tryptamine-potentiat-~
ing activity (Zirkle et al., .1962). The -p-trifluoromethyl and the
p-methoxy derivatives of TCP were equipotent to - TCP itself indicating

no difference between an electron-withdrawing"or electron-donating

group. Substitution_in’the order para > meta > ortho position tended to
increase the tryptsmine—potentiating activity. A recent study (T. S.
Rso, personal communication) indicates that Effluorotranylcypromine 1s
? more potent than TCP against MAO-A and MAO-B in vitro. | |

The cyclogrogane ring is an important feature for MAO actiwyity

- (Zirkle et al., 1962; McGrath and Kuhn, 1968)'since'both cis— and trans-
-isomers of 2-phenylcyclobutyl-, 2—pheny1cyclopentyle,‘ 2-phenyicyclo-
hexyl- and 2—pheny1cycloheptylamines were fOund to be inactive.

Of all the analogues’ tested in the present study, only CE-TCP had
. MAO-inhibiting activity in vivo and in vitro comparahle to the clinical::
1y used TCP (Table VIII). The time-percent inhibition profile (Table
X) of MAO in rat brain shows that both MAO-A and HAO-B are almost immed-
iately inhibited after administration of CE-TCP.‘ Both MAO=~A and MAO-B
. -remain- inhibited by greater than 80Z at 240 min. Inhibition of between
80 to>907% is- widely acc@pted as the minimum required for’ therapeutic

T

response (Robinson et al., 1978) as. well as to affect amine levels

.

(Green et al., 1977) Méﬁimum inhibition occurs at 60 min,.the time at

!bwhich both CE-TCP and*the parent -amine (TCP) reach peak concentrationsi
, (Fig. 21) A rarallel study with TCP (Table XI) . slso shows immediate
1nhibition of MAO-A and MAO-B with maximum inhibition occurring at

L
30 min, the time at which TCP concentration is “the highest in brain

o

(Fig. 20).
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D. Brain Levels of ﬁ—Phenzléthglamine, Tryptaminel¥aﬁd 5-Hydroxytrypt—

amine after Administration of N-(2-Cyanoethyl)tranylcypromine
’ . L

Data accumulated thus far show CE-TCP to be a potent MAC inhibitor

both in vitro and in vivo (Tables VIII and X). It.also forms substan-

tial quantities of TCP in brain M(Fig. 21). Further neurochemical stud-

ies were conducted to assess the status of monoéniinergic systems Qu?

brain after administration of CE-TCP.. A select gtoup -of biogenic
amines, 5-HT (MAO-A spé\c'ific substrate), PEA (MAO-B -specific) and T

. R S’.’,, ~
(mixed substrate for MAO) were chosen.m An active interest in
" ‘ ’ ’

these biogenic amines has been shgwn for tsome years primarily becéuse ofh

%
‘their possible role as neurotransmitters and sneuromodula;ors and the
B

‘}zc&‘i

possible involvement in :the pathogenesis of psychiatric disorders._

Numerous analytical methods have been developed for the quantitation of
these biogenic amines for an assessment of their role in the CNS. Some
‘ofF these methods are: spectrophotofluorometric (Cox and Perhach,’ 1973';:

‘Butterworth et al., 1975; Suzuki ‘and Yagi, 1976; Baker and Dewhurst,

.1982), radioehzymatic (Saavedra, 1974; Hammel et al., 1978; Mértin,~

1982; Saavedra, 1984), high-pressure liquid chromatographica(Sasa anﬂ

Blank, 1977; Warsh et al., 1979; Anderson and Young, 1981; Warshﬂ al.,

1982; »Downer-'_gg al., 1984), gas-liquid chromdtographic (Edwards a\n'd

Blau, 1972; Reynolds and Gray, 1976; Oliver'gt_ al., 1977; Martin and

Baker, 1977; Blau et @ 1., 1979; Célverley"gg_ al., 1980; Hampson et él.,_‘

1984&), and mass spec,trometric‘ (Durden et al., v19‘73; Philips et al.,-

-1974; Warsh et al., 1977; Artigas and Gelpi, 1979; Edward's et al., 1979;
Gelpi, 1982; Karoum, 1984). |

In this study ECD-GLC has proven to be a sénsitive and selective

\ A

IS

3 .
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analytical tool for the quantitation of biogenic-amines.-.The:anines'and

their analogues were relatively easily derivatized with electron-captur— .
LY

- ing groups. Almost all conventional GLC methods involve preparation of

derivativesﬂunder anhydrous conditions and in most cases in presence of

u

heat. A novel procedure uas developed in which a minimal clean—up pro—'

cedure was required and the derivatives were prepared -39 mild agueous

. conditions. Aqueous trichloroacetylation was- employed in the simultan-'

eous analysis of PEA and TCP (Section II E 3). This method is higﬁly

sensitive and Gas many advantages over conventional GLC methodsv(see

s

Section 1IV. B 5). A modification of the ECD-GLC procedure of Baker et \.i'

'(1980) (Section 11.E.6) was-employed for the analysis ofnS~HT and T

in the same piece of brain tissue. Results show that all three biogenic ib §

N .
kS

amines, PEA (Fig. 22), 't (Fig. 23), and 5-HT (Fig. 24) a&e elevated in |

brain and remain elevated even at 240 min after administration of CE-TCP

e T

. [ P
(Baker et al;,‘1984e) ' The:brain levels of PEA T and S-HT at 240 min.

represent increases to. appriximately 100 60 and 1 8 timesf\he\control

N
values respectively. Interestingly, the increase in levels of the trace

amines PEA and T were significantly gr;ater than increase of S-HT.

Durden and Philips (1980) have reported that the dramatic elevation of

_trace amines seen after MAO inhibitidn

3

" over. rates. ?h\ a novel theory of c-rebv‘ amin+ tunction, Deﬂhursg

(1968) first described significant ele vrinary T in depressed

. %

“patients ‘on an MA® inhibitor. Deyhurst»(l 68) suggested that T was a

JCNS transmitter in its own righg/after an extensﬁve study in various

animal species (rats, cats, guinea pigs, chickena and adult fowls) aa

well ‘as in man (Dewhurst, 1961' Dewhurst amd Marley, 1965).;.This view

has been Saiﬂiﬂs Support- The trace amines(have been called neuromdﬁh’

[

lay be due to their rapid turn-f”

\

i

[

i
L
Yfﬁ*;
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lators sincé t%ey have been shown to affect the post-synaptic actions of
iontophoretically applied 5-HT (Jones and Boulton, 1980a) and DA (Jones
ind Boulton, 1980b). Murphy (1972) postulated that as the trace amines
accumulate in the cytoplasm they enter storage vesicles where they dis-
place conventional neurotransmitters or are released as co-transmit-
ters. The ability'of the trace amines to release conventional tranSmiér

ters has been shown to occur (Baker and Yasensky; 1981b; Dyck, 1983).

In an attempt to clarify the role Rf the trace amines, Boulton\(l980b)
suggested that they should be included as "neurohumors.” The term means
that the mechanism of action of trace amines may be involved either
directly or indirectly in the process of neurotransuission: Dewhurst
and Marley (1965) and later Jones (1981) demonstrated independent recog-
nition sites (receptors) for T &n the CNS. 1Intravenous administration:
\\\///of T to young chicks stimulated locomotor activity and electrocortical
alertimg, whereas 5-HT reduced locomotor activity (beHavioural depres-

sion) and synchronized electrocortical activity. Recent in vitro bind-

ing studies (Hauger, 1982; Cascio and Kellar, 1983; R. A. Lo;ock,:per—

sonal comnunication) substantiate Dewhur;t's early finding in that spe-

¢ific binding sites for both PEA and T have been reported in the CNS.

The trace amines may well have a transmitter function. An imbalance in
the neuronal homeostasis of the trace amines may have a profound effec£,

‘on cerebral functions which might manife;t behavioural dysfunctions seen,

“in certain neuropsychiatric disorders (Dewhurst,; 1968; Boulton and
Milward, 1971; Sabelli and Mosnaim, 1974; Sandler and Reynolds, 1976;
Boulton, 1980a). The present study has shown that the pro~drug CE-TCP

is a potent MAQ inhibitor in its own right which significantly elevates

levels of éEA, T and 5-HT in brain in vivo. Since the cyanoethyl sub-
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stituent has been used in a clinical situation {n the past (e.g. the
anorexiant fenbropofex;» CE—AM; ‘see  Section IV.B.1), the possibility
exists for CE-TCP to be added to th: armamentarium of therapeutic agents
used in the treatment of affectivé diyorders. However, further investi-
gations are necessary before reaching such a-conc&usion. Importantly,
this stud; indicates that effects on trace amines and on classical

amines such as 5-HT should be conducted simultaneously in future inves-

tigations of such pro-drugs.

E. Brain Levels of B-Phenylethylamine, Tryptamine, and S-Hydroxytrypt—
amine after Administration of Tranylcypromine

(" "An investigation of the'effeﬁts of TCP on the in vivo brain concen-
trations of‘PEA,‘E, and |5-HI- was conducted in a study parallel to that
of the pro-drug CE-TCP. he brain levels of PEA.(Fig. 25), T (Fig. 26)
and 5-HT (Fig. 27) were approximatgly 45, 175 and 2.6 times the control
values respectiyely at 240 wmin. However, the concentration of PEA had
reached a maximum at 120 min (191.8 2 éO.l ng/g) and 1its level had
declined to 91.6 (% 16.4) ng/g, mean * S.E.M., at 240 min. Similar
findings have also been reported by Philips and BOultO; (1979), but an
explanation for the differential effect was not clarified. fhe reasons
for the decline in PEA concentrations are not obvious. Maitre et al.
(1976) have postulated the extstence of two pools of MAO, the "bulk”
mitochondrial- MAO with a turnover of about 12 days (Gordis and Neff,
1971) and a smaller pool of MAO with a rapid turnove; rate (12 to 18

hours). This smaller MAO pool has been claimed to be resistant to inhi-

bition. A similar resistant amine oxidase has been reported to occur in
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the perfused rabbit lung together with two amine oxidases analogous to
the A and B forms of the mitochondrial en;yme (Roth and Gillis, 1975).
In light of these reports it is intéresting to observe that the inhibi-
tion of MAO-A or MAO-B z%able XI1) did not reach lO?f\at any time inter-
val. The trend towards the decline of brain PEA would tend to support
the hypothesis for thé/existence of a resistant pool of MAO. It 1is
interesting that only PEA seems to be affected whereas 5-HT did not show
a decline at 240 tmin, and leads one to postulate that perhaps ghis
resistant pool of MAO méy be primarily MAO-B. Howe;er, two important
questions rema{n to be answered: (1) MAO-A inhibition does not reach
100% at any time interval and yet 5-HT levels remain elevated at 246
min;‘(Z) T is a.SUbstrate for>both MAO—-A and MAO-B but its levels remain
significantly above control at 240 min and do not show a decline.
Reports on brain MAO-A inhibition, of 40-50% have been shown to be
sufficient to substantially glevate brain 5-HT concentrations (Hampson,
1984) as well as to have a pharmacological effect (Luine and Paden,
1982). This would explain the elevated levels of 5-HT at 240 min since
MAO-A was inhibited well éver 807 at this time (Table XI). It would
“ also partially explain the elevated levels of T, as T is a substrate for

MAO-A too. It has been reported that administration of TCP causes an

increase in brain cJ%centrations of tryptophan (Grahame-Smith, 1971;

Tabakoff et al., 1977). Tryptophan is a precursor of both 5-HT and T,

and may well significagtly contribute to the elevated levels of 5-HT and
T in the presence of inhibited MAO. The Qechanism of this increase in
brainltryptophan is unknown. Other MAO inhibitors have been known to
influence amino acid transport (Rafaelson, 1976) and it may be that TCP

facilitates tryptophan transport. It has also been reported that MAO



, inhibitors increase thg aromatic amino acid decarboxylase activity in
‘rat brain (Campﬁell et al., 1980). This fact, together with 1ncreaséd
concentrations of tryptophan, would lead té increased brain levels of T.

An interesting observation was made in the case of the pro-drug
CE-TCP. This potent MAO inhibitor.caused no significant decline of PEA
‘leve1§ at 240 min. All three amines PEA, T and 5-HT remained elevated
at 240 min. Although it is too early'éo make any conclusive inferences
- (a longer time study needs to be conducted), the present study feveals
some interesting data. It ié pogsible that the small pool of- MAO
(Maitre et al., 1976) is“inhibiteg by CE-TCP (unlike TCP) and therefore
prevents the decline of PEA. A secona explanation may be that since
CE-TCP forms substantial amounts of TCP in brain, the two MAO inhibitors

could have a synergistic effect. Finally, the presence of novel meta-

bolfzés of CE-TCP with MAO inhibitory activity cannot be excluded.

Recently, ﬁampson (1984) identified the presence of p-OH-TCP im rat

brain and urine. This metabolite was found to possess potent MAO inhi-
bitory activity. Significaﬁt quantities of p—OH-AM were observed in rat
brain after administration of CE~AM (Fig. 18). It isApossible that hiéh
levels of p-OH-TCP could occur in bfain after administration of CE-TCP.
Coutts et al. (1976b, 1978a; Coutts and Dawson, 1977) identified 3-MeO-
4~OH-NPA in vivo in rat and in man following administration of NPA.
This :ai es the possibility of the occurrence of a 3-methoxy—-4-hydroxy
derivative of CE-TCP which couid have profound effects on the monoamin-
ergic szftems of the brain. Since the pro—drug CE-TCP did not have as
dramatiéhan effect as TCP on the levels of T, it is possible that CE-TCP
has little effect on tryptophan transport or on amino acid decarboxylase

activity. However, 1t is possible- that the Increased brain bioavail-

172
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)
ability of TCP (AUC3., = 15.8 pmol min/g) (Fig. 20) compared to the com~
bined brain bioavailability of CE-TCP (AUC3., = 1.15 umol Wmin/g) and TCP
formed from it (Ach‘,o = 1.55 ymol min/g) (Fig. 21) maz be responsiblev
for higher levels of T. . “
It is clear that CE-TCP' is a potent3 inhibitor\ in its own right

and has profound effects on the monoamipergic systems of the brain.

Pro-drugs of this type seem well worthy of tinuing investigatiqns.



V. CONCLUSION -

R

N

In the course-bf this study a number of significant advances were

made in the d&velopment of gas- liquid chromatographic methods for the
analysis of arylalkylamineé’present in a biological milieu. Analytical

~methods for fourteen arylalkylaéines were deve10ped employing the sensi-
tipe technique of ECD-GLC. Noxelxbrocedureimsgg}oying direct derivati-

£
Zatlon in aqueous medium were successfully applied in Pthe isdlation,

/
~_.~~ separation, identification, and quantitation of the arylalkylamines in

brain. In the past, phenolic: arylalky}amines have been analysed by
lengthy pfocedureé employ;ng selective hydrolysis followed by perfluoro-
acyl%iion under anhydrous conditions to achieve the desired sensitivity
and gas-liquid chPomatog;aphic performance. The novel procedure of.
derivatizing directly in an aqqeous\environment with PFBC resulted in
rapid and sensiti?e analyéis of the phenolié arylalkylamime. The method

has been employed‘for the simultaneous analysis of primary, secondary

and phenolic arylalkylamines in the brain. Aqueous ‘trichloroacetylation
2

id

was employed in the analysis of PEA and TCP in the same pieee of brain
| tissue. Structures of all final derivatives were confirmed by GLC-MS.
The methods of analysis developed in this study were rapid, selec-
tive and highly sensitive; They can be adapted for the sensitive anmaly-
sis of a wide range of éioactive arylalkylamines énd their analogues.
The methods represent a major contribution to current neurochemLégg and
drug metabolism investigations. 3
These analytica&amethods were successfully applied to the investi-

gation of N-alkylated analogues which it was thought might be potent1a1

precursors of bioactive and biogenic amines. Substituents which were
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% studied included the N-2-cyanoethyl, N-3-chloropropyl, Njgfprbgyl, and a

variety of alkylcarbamates. However, the N-cyanoethyl derivatives
; .

»

proved most interesting and were studied in further detail.

{
N-(2-Cyanoethyl)amphetamine (Perphoxene®), CPA (Pondinil®), and

NPA wére shown to be metabolised to AM in vivo. Substantial concentra-

tions of each analogue and AM bvfé detected in brain. 0f thesa three
N .

'amphetamine pro-drugs, the analogue CE-AM gave the highest concentration

of AM in brain at all three doses (0.05, 0.1, and 0.25 mmol/kg) stud-

ied. A time concentration profile of CE-AM in rat brain shows it-'to
A3

be a good source of AM. The half-life (t]/2) and the Cp,y (maximum/peak

C;

concentration) of AM aﬁger administration of CE~AM was caibulated to be

2.3 and 6;56 times tﬁe respective t},2 and Cp,x obtained after an equi-

molar”dose of AM. The thax (time at which concentration reaches a maxi-
e : ’

mum) of AM after administration of CE-AM was hafg the‘ﬁmax seen after an

equimolar dose of AM. Results also indicate that CE-AM has a }rofound

effect on the ﬁetabolic ;ormatidn of P~OH-AM. The Cp,yx of p-OH-AM in

rét brain after administration of CE-AM was nearly 4 timeb higher and
, o .

the tp,, 4 times lower thir the respective Cmax;;nd thnax ©of p—OH-AM cal”

culated after an equimflar dose of AM.

N-(2- Cyanoethyl) ranylcypromine was found to be metabolized to TCP

.and high concentratipns of CE-TCP and TCP were detected in the brain.

The tp,x of TCP in brain after administrétion of CE-TCP was double the..
tmax calculated after an equimolar dose of TCP. Hdwever, the Cméx of
TCP in brain was 8.35 times larger than the Cpyy of TCP obtained after
an equimolar dose of CE-TCP. In addition, the tj;2 of TCP in brain
after administration df CE-TCP was about 1.S'times longer than the tj, -

calculated for an equimolar dose of TCP.“ The concentrations of TCP in

o
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brain after i.p. administration of CE-TCP remain higher than CE-TCP at
¢ -

all times, which suggests that CE-TCP is a good precursor of TCP.

Neurochemical studies show that CE-TCP is a pogént MAO inhibitor in its
: \\;) >

own right {n vitro and in vivo. It substantially €levates the levels of

!

~the biogenic amines S—HT, T ;nd\PEA in brain in Xiié. Interestingly,
the increases in conceﬂtrations of the trace amines PEA ané T were sig-
nificantly greater than those observed for 5-HT. THe results indicate
that future investigations of suéh pro-drugs should ‘tnvolve studies on
their effects on trace .amines in addition to the more classical amines
such as 5-HT. |

‘The studies with the N-cyanoethyl analogues of AM and TCP have
indicated thaf such deriVatives cén serve as effective precursors‘of AM
and TCP in brain in pharm;cologically active concentrations. These
results prompted a preliminary investigation of the cyanoethyl analogue
of the biogenic amines PEA and T as possible pro-drugs of PEA and T.
The pro-drug approach 1is not novel in psychiatric research——long-acting
neuroleptics have 'Eeen successfully employed in stabilizing schizo-
phrenic patients. However, this study is novel in taking a systematic
approach%in the analytical and neurochemical investigation of potential

»

pro—drugs of bjioactive and biogenic amines. The biogenic amines PEA and

T arg present in trace quaﬁtggies {n brain, and it has been suggested
! - :

o

that‘é decreasea functional availability of these amines may be a causa-
tive factor in depressive disorders.‘ﬁThe concentrations pf PEA have
been repofted to be elevated markedly by MAO inhibitors, but these anti-
depressant drugs also elevate the brain concentrations of other endogen-

ous amines. A potentially important contribution to our understauding

of the possible roles of amines in the biochemistry of affective disor-

N
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N 3
‘ !

ders can be made by selectively elevating,éﬁe specific amine such as PEA
or T using a pro-drug approach. Investigations with the N-cyancethyl
and N—ethoxycarbonyl analogues of PEA an; Qhe N—cyanoethyl analogue jf T
have 1indicated subgtéhtial conversion of these analogues to parent
amines.

The pro-drug approach 1s‘we11 worthy of continued effort and could

. :

provide a heuristic tool for the systematic investigation into the

PANG '

aetiopathology and treatment of affective disorders in p;}chiatry.
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