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PREFACE

With this volume, we are proud to present the twenty-five year anniversary issue
of Annual Reports in Medicinal Chemistry. A continuing objective of this series has
been to combine regular updates of significant areas of research in medicinal
chemistry with emerging areas of biological science destined to impact the future
discovery and development of new medicinal agents.

Volume 25 retains the familiar format of previous volumes, this year with 35
chapters. Sections I-IV are related to specific medicinal agents, with annual updates
on antipsychotics, antihypertensives, antiallergy agents, and antibacterials, where the
objective is to provide the reader with the most important new results in a particular
field. Also included are chapter topics accorded frequent recent updates, including
cognition enhancers, serotonin, antiarrhythmics, peptic ulcer disease, and diabetes.
Several chapters cover topics of high current interest, including acute myocardial
ischemia, acute ischemic CNS disease, vasoactive peptides, antiretroviral therapy for
AIDS, and interleukin-1. The antiinfective field is well represented with chapters on
macrolides, antifungals, and mechanism-based anticancer agents. The importance of
molecular biology as an enabling technology to medicinal chemical research is duly
reflected in most of the chapters in these sections.

Sections V and VI emphasize important emerging areas of medicinal chemistry
and biology as well as the interface between these disciplines. Traditionally, areas of
research reviewed in Topics in Biology (Section V) will appear in a future chapter
refated to medicinal agents when sufficient time has passed to allow new compounds
to be developed from abiological strategy. Chapters in Section V on CRF, neurotrophic
factors, and P-glycoprotein are complementary with chapters on specific agents in
Sections | and lli. Also covered in Section V are ion channels and cell adhesion
molecules, two topics of broad current interest.

Chapters in Section VI reflect the current focus on mechanism-directed drug
discovery and newer technologies including PET, catalytic antibodies, and the
interface between molecular biology and medicinal chemistry. Also included are
chapters on irreversible ligands and characterization of peptide receptors.

Trends and Perspectives (Section VII) is expanded somewhat from previous
volumes with chapters on NCE introductions, stereochemistry and drug development,
and concluding with a special chapter which provides a perspective on how twenty-
five volumes of Annual Reports in Medicinal Chemistry have been reflective of the
evolution of the field of medicinal chemistry over that same time period.

it has been a distinct pleasure for me to complete my first year as Editor-in-Chief
of Annual Reports in Medicinal Chemistry. In the course of this work, | have been
fortunate to work with six highly professional section editors and 68 authors, whose
excellent and incisive contributions constitute Volume 25. Special recognition goes to

Xi
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Marc Agnew for assistance with the indexing program and to Penny Bliss, Lisa
Gregory and Jeanette Johnson for their assistance in assembling the volume. Last, |
wish to acknowledge Denis Bailey and Richard Allen, two former editors-in-chief
with whom | had the privilege to work as a section editor in previous years and who
helped to establish and maintain the high standards of Annual Reports in Medicinal
Chemistry.

James A. Bristol
Ann Arbor, Michigan
May, 1990



Section | - CNS Agents

Editor: John McCall, The Upjohn Company
Kalamazoo, Ml 49001

Chapter 1. Novel Antipsychotic Agents

Magid Abou-Gharbia and John A. Moyer
Wyeth-Ayerst Research, CN-8000, Princeton, N.J. 08543

Introduction_- Although all currently marketed antipsychotic agents are eftective in ameliorating
the symptoms of psychosis, they all possess unwanted side eftects (1). These side effects range
from akathisia, acute dystonia, Parkinsonism, anticholinergic effects, hypotension, increased
prolactin levels and, eventually to tardive dyskinesia (1,2). Because of the limitations of currently
available antipsychotic drugs, the search continues for compounds with fewer deleterious side
effects and better efficacy. Over the past three decades, several classes of antipsychotic
compounds have been developed and in spite of their considerable structural diversity, all these
agents appear to share an ability to directly or indirectly modulate dopaminergic
neurotransmission.

DOPAMINERGIC AGENT

Dopaminergic compounds are currently classified into three categories based on their mechanism
of action: dopamine (DA) receptor (D1 and/or D2) antagonists, dopamine partial agonists and
selective DA autoreceptor agonists.

Do _Receptor Antagonists - In recent years, efforts have been devoted to the development of
atypical antipsychotic agents. These drugs demonstrate either D2 receptor antagonist selectivity
{e.g. benzamides, such as remoxipride) or regional specificity by acting preferentially on
mesolimbic and mesocortical DA pathways (e.g. clozapine).

Raclopride (1) and remoxipride (2) are benzamide derivatives with highly selective D2
antagonist properties. These compounds are currently under clinical evaluation as atypical
antipsychotic agents. Raclopride was well tolerated and proved effective in 7/10 schizophrenic
patients and was accompanied by a prolactin increase of only short duration (3). The D receptor
occupancy measured using Positron Emission Tomography (PET) (See Chapter 28), was
comparable to that found in patients treated with classical antipsychotics (4). This may account for
the high level of extrapyramidal sympioms (EPS) observed with raclopride. Remoxipride,
currently in development, was orally well tolerated up to 20 mg without noticeable adverse effects
in all subjects (5). Like raclopride, a transient increase in plasma prolactin was noted. However,
unlike raclopride, a low incidence of EPS was observed. Severai studies have shown that
sulpiride (3), a substituted benzamide D2 antagonist, weakly inhibits dopamine mediated
behavior; while its coadministration with a small ineffective dose of the D1 antagonist SCH 23390
enables sulpiride to fully express a wider range of antidopaminergic activity in rats (6). Quarternary
analogs 4 and § of sulpiride blocked the inhibitory effect of apomorphine on the potassium-
evoked release of [3H] acetylcholine from striatal slices at higher concentrations than sulpiride (7).
The lower activity of these compounds was attributed to the absence of a hydrogen atom at the
charged center (7). Amisulpiride {8}, also a benzamide derivative, produced stimulatory effects at
low doses. At higher doses, this compound was effective against both the positive and negative
symptoms of schizophrenia, while producing few EPS effects (8).

The role of dopamine-serotonin interactions has been emphasized among various
proposed mechanisms for offsetting antipsychotic-induced EPS. Recent studies with

Copyright ® 1989 by Academic Press, Inc.
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R Section I-CNS Agents McCall, Ed.

haloperidol and clozapine in the amfonelic acid (AFA) test, have demonstrated that both the Do
and 5-HT2 antagonist aclivity of clozapine may contribute to its atypical antipsychotic profile (9).

Rl R 2 3 4 (o]
R' O o R* R R H,NSO, N /\(3
OH C H « N
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R N/\(j . Me R®
H Ww— 2 OMe H H Br e &
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Clozapine (Z), a dibenzodiazepine antipsychotic agent developed in Europe in the 1970s,
is now being marketed in the United States for the treatment of resistant schizophrenia. It is
rapidly absorbed after both single or repeated doses and its two metabolites, clozapine N-oxide
and N-desmethylclozapine are less active than the parent drug (10). Its neurochemical profile has
been established (11,12) and recently its preclinical and clinical profiles were extensively
reviewed (13-36). Unlike most classical antipsychotics, it has a lower affinity for D2 receptors and
equally binds to D1 recepfors (37,38). Clozapine is an atypical neuroleptic with superior
antipsychotic efficacy and favorable extrapyramidal side eftect profile (39). Although the
agranulocytosis associated with clozapine therapy is fully reversible upon discontinuation of the
drug, patient white cell counts must be frequently monitored because of the gravity of this side
effect (40).

Risperidone (8) and gevotroline (9) are other antipsychotics under development which also
demonstrate some serotonergic activity. Compound 8 has potent D2 and also serotonin-2 (5-
HT2) receptor antagonist properties {41,42). Initial results of clinical studies with 17 patients
suggested that treatment with risperidone, in doses up to 25 mg/day, results in significant
improvement of the negative and positive symptoms of schizophrenia without cardiovascular or
hematological side effects with the exception of a slight increase of aspartate aminotransferase
and alanine aminotransferase that was noted in one patient (43). Gevotroline (Wy-47,384) (9), a
new atypical antipsychotic agent with D2 antagonist properties, was well tolerated and has
demonstrated some clinical efficacy in early Phase It studies (44). Gevotroline demonsirated
modest, but equal affinity for Do and 5-HT2 receptors and potent activity at sigma receptors, a
neurochemical profile predictive of antipsychotic activity and low potential for EPS liability (45).
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D1_Receptor Antagonists -The benzazepines are the only class of compounds providing both D1
agonists and antagonists. SKF 38393 and SKF 77434 were among the first D1 agonists
discovered (46-51) with SKF 77434 being the most potent and selective central D4 agonist
known to date (52). Extensive SAR studies have led to the discovery of several D4 antagonists
(53, 54) such as SKF 8366 and SCH 23390 (10). SCH 23390 is currently the prototype D1
receptor antagonist and its pharmacological profile has been fully characterized (55-59).

Injection of 10 into the nucleus accumbens inhibited methamphetamine-induced
hyperlocomotion markedly (60), while its injection into the dorsal striatum was less effective.
Administration of 10 into the dorsal striatum did not alter the gnawing induced by either
methamphetamine or apomorphine. However, its injection into the nucleus accumbens
significantly reduced methamphetamine-induced gnawing without altering the effects of
apomorphine. Compound 10 decreased striatal neuronal activity by more than 50% and



Chap. 1 Antipsychotic Agents Abou-Gharbia, Moyer 3

effectively blocked the effect of dextroamphetamine. These studies suggest that 10
preferentially affects D1 as opposed to Dz mediated behaviors (61).

Compound 10 also blocked conditioned avoidance responding (CAR) in rats at low doses.
This blockade was similar to that produced by Dy antagonists which might suggest the possible
existence of an interaction between Dy and D, receptors in CAR (62). Further studies have
indicated that CAR blockade by either 10 or haloperidol can also be differentiated by the
anticholinergics atropine and scopolamine. Low doses of atropine or scopolamine potentiated
CAR blockade produced by 10 and blocked CAR blockade produced by haloperidol. These
results suggest a possible involvement of reciprocal cholinergic/dopaminergic mechanisms in
modifying CAR. Like other atypical antipsychotic agents, subchronic administration of 10
produced a selective depolarization blockade of A10 neurons (40). Whether this blockade is
indicative of desirable antipsychotic action, or is associated with Dy or 5-HT2 antagonism, is not
known.

SAR studies with conformationally ring-contracted 1-phenyl, 4-phenyl and 1-benzyl
derivatives of SCH 23390 (11-13) showed that, unlike the active enantiomer of 10 which
possesses the (R) configuration, the most active enantiomer of 11 is the (S) enantiomer (64). In
vitro binding studies of the conformationally restricted analogs of 10 (65,66) having the B/C-trans
(14) and B/C-Cis (15) ring junctions showed that compound (-)14 has significantly greater D4
affinity and selectivity than 15 and was very potent in blocking CAR (MED of 0.1 mg/kg) (65,66).

(14}, B/C trans

NCH, (15), B/C cis

CH,

12) (13)

SCH-39166 (14), displayed high selectivity being 270 and 75 times more potent at Dy
receptors than at Do and 5-HTo receptors, respectively (44). This compound blocked CAR with a
long duration of action following p.o. administration in both rats and squirre! monkeys (65). The
relative lack of ability of SCH 39166 to modify acetylcholine release in the striatum (in comparison
with Do antagonists) could be interpreted as an indication of a lower potential for EPS (65).
Furthermore, it was reported that SCH 39166 did not produce catalepsy. Because of its favorable
profile, this compound is currently under development as a potential antipsychotic agent (67).

DA Autoreceptor Agonists - The development of drugs with greater autoreceptor specificity,
which will preferentially stimulate presynaptic autoreceptors and reduce dopaminergic
neurotransmission, has become a major challenge in recent years. PD 118,717 (16), a
pyrimidinylpiperazine, demonstrates a good separation in pre- versus postsynaptic dopaminergic
effects. Most notably, it did not antagonize apomorphine-induced climbing nor produce
significant apomorphine-like hyperactivity with large i.p. doses up to 300 mg/kg. Compound 16
had greater affinity for 5-HT 14 than D2 receptors, increased locomotion in rats with supersensitive
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DA receptors (6-OHDA lesions) and was more potent than (-)3PPP in reducing dopaminergic
neuronat firing in the substantia nigra (68-70).

U-66444B (17), a dihydrophenelene, has been identified as a DA autoreceptor agonist
based on neuropharmacological data. SAR studies in this series have shown that the (+)
enantiomer (U-68553B) is by far the most potent enantiomer. (+)17 was 10 times more potent
than (-)17 in inhibiting the release of dopamine and inhibiting amphetamine stimulated locomotor
activity. The differences in potency of enantiomers was not related to pharmacokinetics as both
produced comparable brain levels of 17 (71,72). CGS-15873A (18) is a benzopyranopiperidine
with DA autoreceptor activity. |t reversed y-butyrolactone (GBL)-induced DOPA accumulation
(EDsg = 0.52 mg/kg) and increased motor activity in reserpinized rats (73).

PD 125530 (19), a benzopyranoxazine derivative, closely related in structure to
CGS 15855A (20), has demonstrated DA autoreceptor activity (50), both racemic 19 and (+)18
(PD 128907; R,R) have modest affinity for Do receptors. (+)19 potently inhibited DOPA
accumulation and an oral dose of 5 mg/kg produced 100% reversal of GBL-induced DOPA
accumutation in rats. This compound was potent in inhibiting spontaneous locomotor activity in
naive rats, but also produced stereotyped behavior at low doses (74).

nPr nPr
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SDZ 208-912 (21), an ergoline derivative with partial Dy receptor agonist activity, is also
currently under development as an antipsychotic agent (75).

PD 118440 (22) and PD 120697 (23), are tetrahydropyridiny! derivatives of 3-PPP with an
aminothiazolyl moiety as a bioisosteric replacement for the m-hydroxyphenyl. Both 22 and 23
demonstrated DA agonist properties following oral administration. These compounds exhibited
selectivity for the DA autoreceptor at low doses; and at higher doses, they stimulated
postsynaptic DA receptors (76).

Many compounds with DA autoreceptor agonist activity also influence other
neurotransmitter systems. They may interact with the noradrenergic system and produce alpha-1
antagonist effects. The behavioral consequences of this mixed activity were determined by
examining the effect of the alpha-1 antagonist, prazosin on the stereotyped behavior of rats
induced by either the selective D2 agonist, quinpirole, or the combination of quinpirole and the
selective D1 agonist SKF 38393. Prazosin potentiated the locomotor suppression produced by
quinpirole in rats. However, sniffing and licking, which are produced by D1 (quinpirole) and D;
(SKF 38393) agonist effects were attenuated by prazosin without any effects on locomotor
activity. These data suggest that Dy and Dy agonist effects at postsynaptic receptors could be
masked by alpha-1 antagonist activity (77).
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NEW APP ES TO ANTIPSYCHOTIC DRUG DEVEL OPMENT

Sigma Receptor - The sigma binding site remains an active area of preclinical investigation in
identitying novel antipsychotics. Both typical and atypical antipsychotics bind to the sigma
receptor, including some agents that also bind to the Do receptor (78). Potential antispychotic
agents identified as having sigma activity are rimcazole, remoxipride, BMY-14802, tiosperone,
cinuperone and gevotroline (79). The rationale for this approach has been recently reviewed
(78). The sigma binding site is complex; however, there has been recent progress in the
characterization, localization and identification of ligands for this site (80-85). In addition,
experiments have been conducted to address the agonist/antagonist functionality of the sigma
receptor site (86, 87).

In rat spinal cord, receptor binding and autoradiographic techniques have shown that
phencyclidine (PCP) and sigma sites are two distinct populations which are differentially localized
(80). PCP and sigma sites have also been characterized in a cloned cell line (81). In irradiation
studies (82), a multiple-site model for the sigma receptor has been proposed. However, the
potential for multipie sigma receptor types remains a possibility. Additional autoradiographic
studies have localized haloperidol-displaceable 3H-DTG binding sites in the substantia nigra pars
compacta and this specificity was associated with an increase in D5, but not D,, related ligand
binding (83). This suggests an interaction between dopaminergic and sigma systems. This
interaction is supported by recent experiments which demonstrated that the sigma site is linked to
a guanine nucleotide regulatory (G) protein and that subchronic treatment with rimcazole
produced an up-regulation and decrease in affinity for the sigma site accompanied by an increase
in dopamine turnover (84). Chronic administration of haloperidol also reduced sigma receptors
and this was accompanied by an up-regulation of D, receptors {85). Neurophysiological studies
have also demonstrated a relationship between sigma receptors and the dopaminergic neuronal
system. These studies may serve to distinguish between sigma agonist and antagonist activity
(86), and suggest that sigma receptors may be localized on dopamine neurons in the substantia
nigra (87). These studies suggest the potential for modulation of dopaminergic systems by sigma
ligands. However, not all of these interactions may relate to antipsychotic activity as recent
behavioral experiments illustrate the possibility that sigma receptors may be associated with EPS
liability (88). Drug discrimination procedures have been used to further characterize the sigma
receptor and provide a behavioral correlate to sigma binding (89).

The identification of more specific and selective sigma ligands will aid in the characterization
of the sigma receptor and its possible role in antipsychotic drug action. Progress has recently
been described in this area. Dextropentazocine has been identified as a potent and selective
ligand for sigma receptors (90) and 3-PPPP(24), the N-phenylpropyl derivative of norpropyl-3-
PPP, shows potent sigma affinity in vitro and in vivo (91). It is interesting that sertraline, a 5-HT
uptake inhibitor antidepressant, displaces 3-PPP binding at sigma sites (92). Metaphit (25), an
isothiocyanate derivative of PCP, was found to be an irreversible, non-competitive inhibitor at
PCP receptors and an irreversible competitive inhibitor at sigma receptors (93). Lastly, synthetic
variations of the kappa agonist U50,488 (26) have resulted in a series of sigima ligands (34).
Further research in this area will help clarify the importance of sigma receptor activity in the
development of novel antipsychotics.
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Serotonergic Agents - There is a growing interest in novel antipsychotics which have non-
dopaminergic antipsychotic activity or agents which indirectly modulate dopaminergic neuronal
systems. Experimental efforts have recently focused on serotonergic agents (see Chapter 5) in
this regard. In addition to clozapine (7) and risperidone (8) discussed above, several other
compounds with effects on serotonergic neuronal systems are being investigated in clinical
studies as potential antipsychotic agents. These include amperozide and iCl 163,363 (27) which
are compounds with postulated 5-HT2 antagonist activity (95-97). These compounds may have
other pharmacological effects and their psychotropic action may extend beyond antipsychotic
activity. However, recent experimental results with (27), in neurophysiological tests following
acute and repeated administration, predict antipsychotic efficacy with a low EPS liability for this
compound (98). Serotonin-3 antagonists have also been proposed as nove! antipsychotic
agents. The rationale for this approach has been recently reviewed (99, 100) and ondansetron
and zacopride remain in clinical trials for this indication. These compounds are very potent in
reversing the behavioral effects resulting from excess mesolimbic dopamine (101). As such, they
should produce antipsychotic effects and have a low EPS liability (39, 100). However, 5-HT3
antagonists are not generally active in classical antipsychotic models and definitive efficacy in
clinical trials is needed to demonstrate their antipsychotic potential. 5-HT3 antagonists are also
characterized as having a wide spectum of psychotropic activity (99, 100).

Preclinical experiments have examined the potential interaction between serotonergic and
dopaminergic neuronal systems. Atypical antipsychotics such as clozapine, melperone, and
setoperone blocked the hyperthermic response to the 5-HT agonist MK 212, but not the
hypothermic response to 5-HT1A agonist 8-hydroxy-2-(di-n-propytamino)tetraline (8-OH-DPAT)
suggesting a relationship between 5-HT; activity and atypical antipsychotic effects (102). The 5-
HT, antagonist ritanserin increased the activity of midbrain dopamine neurons showing that 5-HT
exerts an inhibitory control of midbrain dopaminergic cell activity through a 5-HT2 mechanism
(103).

Interactions between 5-HTqa and dopaminergic function have also been reported.
The 5-HT A agonist 8-OH-DPAT selectively inhibits limbic forebrain dopamine synthesis and this
effect may be mediated through direct stimulation of dopamine autoreceptors (104). 8-OH-DPAT
also selectively decreases limbic versus striatal dopamine synthesis and suppresses conditioned
avoidance responding and rearing in the rat. This suggests the potential for antipsychotic activity
(105). In addition, phenylpiperazines, such as MCPP (m-chiorophenyl-piperazine), and the
antidepressants trazodone and etoperidone, have been reported to reduce conditioned
avoidance responding, while not blocking amphetamine-induced stereotypy or producing
catalepsy (106). The conditioned avoidance activity of these agents was blocked by metergoline
which suggests a serotonergic mechanism for novel antipsychotic activity with a low potential for
EPS side effects.

In spite of these positive results, others (107) have failed to demonstrate a consistent effect
of 8-OH-DPAT on reduction of conditioned avoidance responding. In addition, in a sensitive
primate model of antipsychotic-induced extrapyramidal symptoms, 5-HT2 antagonists and 5-HT1a
partial agonists induced, rather than reduced, dyskinesia (108). These later studies emphasize
the complexilies of cooperative or reciprocal interactions between serotonergic and
dopaminergic systems. Further research is needed to characterize the relationship ol
serotonergic systems to both antipsychotic effect and EPS symptomatology.

Recent synthetic efforts in this area have concentrated on the identification of novel
serotonergic agents with weak or no dopaminergic activity. A series of phenylipiperazines have
been described which are effective in attenuating conditioned avoidance responding, yet have
low affinity for both D4 and D> sites (107). In addition, two arylpiperazine derivatives, thieno- (28)
and furano[3,2-c]pyridine (29) have demonstrated preclinical antipsychotic potential by blocking
apomorphine-induced stereotyped and climbing behavior as well as reducing Sidman and
conditioned avoidance behavior (109). These derivatives have potent affinity for 5-HT¢ and 5-
HTo receptors with only weak affinity for Do sites. A series of N-(4-phenyl-and 4-pyridyl-1-
piperazinylethyl) and N-(4-phenyl-1-piperidinylethyl)-phthalimides were found to suppress
spontaneous and pergolide-induced locomotor activity and to antagonize apomorphine-induced
climbing behavior, while lacking cataleptogenic activity (110). The interesting pharmacological
profile of these compounds indicates that it may be possible to develop novel antipsychotic
agents which lack potent dopaminergic activity. Such compounds would likely lack or have a low
potential for EPS side effects.

Section I-CNS Agents MeCall, Ed.
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Qther_agents - Several novel compounds which cannot be easily categorized are in various
stages of development as novel antipsychotic agents. The most advanced of these compounds
is C1-943 (30), a novel antipsychotic agent whose preclinical pharmacology has recently been
described (111-113]. Compound 30 did not demonstrate affinity for dopamine receptors either

N
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(30)

in vitro or in vivo, yet it accelerated dopamine turnover. Following repeated treatment, 30 did not
atter the affinity or number of striatal Da receptors. A series of neurophysiological studies
supported a lack of dopamine antagonist activity. In behavioral tests, 30 reduced spontaneous
locomotor activity and antagonized apomorphine-induced climbing behavior. This compound
also reduced avoidance responding in rats and primates. This pharmacological profile predicts
antipsychotic activity with a low EPS liability. The results of on-going clinical tnals may shed light
on the mechanism of action of this compound.

Peptide modulation of dopaminergic activity remains an area of research in the search for
atypical antipsychotic agents. Cholecystokinin {CCK) modulates mesolimbic dopamine activity by
attenuating the postsynaptic effects of dopamine in the nucleus accumbens (114), while it also
inhibits dopamine release in the striatum (115). Neurotensin has been shown to potentiate the
stimulation-induced release of dopamine {116) and a series of hexapeptide neurotensin analogs
have been synthesized (117) which may have utility as antipsychotics agents.

This brief review points out the multiple biochemical substrates that may play a role in
antipsychotic drug action. The future holds promise for molecular biology to aid in the discovery
of unique, selective and effective antipsychotic compounds. The recent identification of a
second molecular form of the D2 receptor (118-121) should pave the way for exciting
developments in this area.
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Chapter 2. Anaigesics

Suzanne M. Evans, George R. Lenz and Ralph A. Lessor
The BOC Group, Inc. Technical Center, Murray Hill, NJ 07974

Introduction - In the interim since the last review, two new volumes covering the opiates, differing
somewhat in perspective, have appeared (1,2). A narrative of the discovery of the opiate receptor
and the enkephalins has been published (3), as well as a NIDA monograph on the problems of drug
dependence (4). Reviews have described the anatomy of CNS opioid receptors (5), methods used
in their study (6}, and opioids and sexual behavior (7). Among the most interesting findings is the
ability of buprenorphine to control cocaine addiction in monkeys (8), suggesting its use in treating
combined heroin-cocaine addicts.

QOpiates - A major metabolite of morphine, its 6-glucuronide (1), is a w-selective ligand and is twenty
fold more potent than morphine after i.c.v. administration (3). A recent clinical study has suggested
that 1 provides most of the analgesic effect of morphine in cancer patients (10). The nor-compound
(2) is also a more potent analgesic than its parent (11). The 5-methyl derivatives of codeine (3),
morphine (4) (12), and morphinone (8) (13) are less potent analgesics than morphine, but this
substitution usually confers an improved pharmacological profile. The 6B8-acetylthiomorphine (6),
epimeric at morphine's 6-hydroxyl group, is p-selective and surprisingly more potent than morphine
(14,15). A series of 6,14-dideoxynaltrexones containing different electrophiles at position 6 has
been prepared. These irreversible opiate antagonists possess profiles similar to the 148-hydroxy
compounds (16). The monofunctional derivative (7) of B-chlornaltrexamine has a qualitatively
similar antagonist profile (17). Replacement of the chloroethyl side chain in 7 with aspartyl (8)
provides a peripherally active full agonist equivalent to morphine and postulated to act at x—
receptors (18). A high level of interest continues in the hydrazones and azines of various opiates.
The 6-phenyihydrazone derivatives of oxymorphone bind in a non-equilibrium fashion to opiate
receptors and have analgesic potencies equivalent to their parent (13). The benzoylhydrazone
derivative of naloxone has been described as possessing reversible x and a slowly reversible p-
receptor affinity (20). The pharmacology of naloxonazine has been described (21). A series of 148-
cinnamoylaminomorphinones (e.g., 9) show potent, long acting, opiate antagonist activity after
parenteral administration and may prove useful for treatment of narcotic dependence (22). The
crystal structure of the clinical candidate, pentamorphone {RX 77989), has been described (23}.
Two studies on the conformational structure activity relationships for opiate agonists and
antagonists have appeared (24,25).

N-CHj
3 R'=CHj, R%=a-OH

e @Y 1R
2 R-H \
R'O 0" R2

/ 5 R'=HR= =0

HO o “O—p-glucuronide CH,

vV

NHCOCH=CHC4H,Cl-p
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An earlier series of 14-methoxy-N-alkylmorphinan-6-ones with combinations of hydrogen,
hydroxy, and methoxy substituents at C3 and C4 (e.g., 10) had previously shown increased
antinociceptive potency over morphine and increased opiate receptor affinity (26). Replacement of
methyl by cyclopropylmethyl results in cyprodime (11), which lacks agonist potency, but has
selective p-opioid antagonistic activity in vitro  and weak jn _vivg activity (27). N-allyl- and N-
cyclopropyimethyl-5-methylmorphinan-6-ones (12) and {13) lack any antagonistic activity and are
potent antinociceptive agents in the acetic acid writhing and guinea pig ileum assays, with
compound 13 showing a preference for x over p-opioid receptors (28). Xorphanol (14) is
undergoing clinical trials for post episiotomy pain (29).

N-R N-R NCW
OCH;

OCH, CH30" CH,0 CH,
10 R=CHjg 12R=CH,CH=CH,
11 R=CHy-c-CaHs 1 3R =CHyc-CsHg

Eptazocine (15), a homobenzomorphan, has been launched in Japan for the treatment of
postoperative pain. Chronic administration shows no cross-tolerance with pentazocine or morphine
(30). Tonazocine (16), a u-receptor agonist/antagonist and d—agonist, is in phase il evaluation for
the relief of postoperative pain (31). MR2033 (17) has been classified as a mixed p/x-agonist on
the basis of dependence and cross-tolerance studies (32).

;
NCH, N-R
HO HO R
CH, CHg

15 16 R'=CHg, Rp = (CH2)2CO(CH2)4CHa

J_ZR1= /\O ,R2=CH3
0]

Research interests in piperidine analgesics have focused on both experimental and theoretical
studies in the various alkyl, aryl and anilido structural classes. Energy conformational calculations
and X-ray crystallography on a series of flexible 4-alkyl-4-(3-hydroxyphenyl)piperidines have been
used to describe a “universal pheny! axial pharmacophore” which gives high affinity p-receptor
binding (33). NMR spectral studies have confirmed that 4-alkyl-4-(3-hydroxy- or 3-methoxy-
phenyl)piperidines preferring the axial 4-aryl chair conformation are opiate agonists, whereas an
antagonist was found to favor an equatorial 4-aryl chair (34), also preferred in C4-hydrogen and C4-
reversed ester analogs (33). Picenadol (18) a mixed opiate agonist/antagonist without
psychotomimetic effects, is being studied clinically for postoperative pain (35). Among constrained
4-phenylpiperidines, the benzofuropyridine (19) has potent antinociceptive activity in vivo with a
2000-fold wx-selectivity (36) and 3-hydroxyphenyl substituted diazabicyclanes (eg., 20) are
significantly more potent than morphine as analgesics in mice (37). Novel N-butyrophenone
prodine analogs have displayed both opiate analgesic and neuroleptic activity (38).

H

© CH, .

HO CH, N

[ CH, N—(CH,),CeHs M= CH

\CH T

w HO

O H

N OCH,

18 ¢y, 19 20
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In 3-(3-hydroxyphenyl)-piperidines, theoretical studies on 2-methyl analogs, which show
diminished p-receptor affinity and analgesic activity, have demonstrated stabilization of the
equatorial phenyl conformer (39). Several constrained 3-alkyl-3-(3-hydroxyphenyl)piperidines have
proved to be pharmacologically interesting: a racemic N-phenethy! {rans-4a-aryldecahydro-
isoquinoline (21) has 3-10 times the potency of morphine and high p-affinity, while the 4aR,8aR-N-
cyclopropylmethyl compound (22) has a mixed agonist/antagonist profile similar to pentazocine,
with both p and x-receptor affinity (40). Pyranopyridine analogs of 21 and 22 retain significant
analgesic activity and show varied receptor specificities (41,42).

HO@ )@Nj)\(/j

N—R 21 R =(CH,)>CgHsg 23 X=CH
22 R=CHyc-CsHs N 24 X=CCHs
(CH3)2CeHs 28 X=N

13C-NMR studies on substituted 4-anilidopiperidines, which have a common calculated minimum
energy conformation (43), have shown solution conformations similar to fentanyl (44). Para-
substitution on the anilino group of fentany! gives derivatives with potencies greater than morphine,
although less than fentanyl itself (45). Heterocyclic substitution for the phenyl ring has led to a
potent opiate agonist (23) and a novel antagonist (24), which reverses both morphine-induced
analgesia and respiratory depression (46). Notably, one 4-(heteroanilido)piperidine (253)
possesses a good analgesic profile in several animal models, with little cardiovascular and respiratory
depression compared to fentanyl. An anilidopiperidine 4-carbonate derivative (28) is potent and
long acting (47). Several 4-phenyl- and 4-heteroaryl-4-anilidopiperidines possess high analgesic
potency and favorable pharmacological profiles. For example, compound 27 has a short duration of
action, with a more rapid recovery and less cardiovascular and respiratory depression than the
clinically used fentanyl and alfentanil (48).

CeHs CeHs
I CHs_(/\S !
H5C,0C0,CH, N\n/CHZCHa N NYCHzCHs
o] o
N N
' 1 N
(CHy), _@ (CHy), —N\j
S =
26 27
Kappa Agonists - Research on k—opiate analgesics has been summarized (49). There is

serotonergic involvement, both 5-HTy and 5-HTp, in the nociceptive action of the x—agonist U-
50,488 and in the development of tolerance to it (50). The enantiomers of U-50,488 and its cis-
diastereomer have been prepared. The highest receptor affinity and antinociceptive activity reside
in the (-)-(1S,25)-U-50,488 enantiomer 28 (51). Further investigation using 28 indicates the
presence of multiple types of k—receptors in brain, a result confirmed using the site specific
acylating agent (29), which possesses the same absolute configuration as 28 (52). A variety of
new x-ligands primarily related o 28, have been reported, and an interesting SAR has emerged
concerning these analogs and their specificity for the various opiate receptor types. A series of k-
agonists, where the B-amino-amide of 28 is not constrained by a ring, possess high k-selectivity,
with the most potent, ICI-199441 (30), being 275 times more potent as an analgesic than 28 (53).
IC1-204448 (31) is a k—agonist with low CNS penetration (54). When the phenyl ring in 28 is
replaced by a benzofuran ring, an orally active k-analgesic (32) with very high selectivity (k/|1=780)
is obtained (55,56). However, when the pyrrolidine ring is constrained in a spirocycle, the resulting
compounds are potent -selective analgesics which have lost most of their x-affinity (57). In a similar
vein, the gis-diastereomer of 28, 33, has lost its affinity for the x-receptor, but is a potent, high
affinity o-ligand (58).
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Miscelianeous Opiates - Dezocine (34), awaiting final approval in the U.S., has been recommended

for Schedule V of the Controlled Substances Act as an injectable analgesic. Development of
ciramadol (35) has been terminated due to side effects (59). A series of 1.2-
diphenylethylpiperazine derivatives has displayed potent opiate agonist activity, with compound
(36) being the most potent (60). The hexahydrodibenzofuran derivative (37) represents the most
potent compound in its series (61).

OH NMe,
%/H@:( OH
35
—\ N(CHy),
HO N N
\—/
CeHs  cH,0 O
8 HO o o)
36 37
Opiate Receptor Probes - The selectivity of receptor ligands commonly used in opiate receptor

subtype studies has been summarized (61). The "message-address” concept and its application to
the design of subtype-selective ligands has been reviewed (63).

Binaltorphamine (38) and norbinaltorphamine (39) are k-selective antagonists (64,65).
Studies on analogs suggest that «-selectivity is dependent on both the N-substituent and the
presence of some element(s) of the second pharmacophore, since the N-methyl analog (40Q) and
the truncated analog (41) are p-selective agonist and antagonist respectively (66). However, the
entire second pharmacophore is not required, as shown by the x-selective antagonism and
enhanced potency shown by the meso analog of 39 (67). This is in contrast to p-selective ligand
(42), in which a sterecspecific interaction with the second pharmacophore has been demonstrated
(68). Naltrindole (43) is a potent monovalent opiate antagonist with an appended "address”
conferring §-selectivity, and is the first non-peptide ligand to display such attributes (69,70). A
hybrid oxymorphamine/enkephalin conjugate (44) has been shown to have enhanced potency
relative to either of its constituent substructures (71). B-Funaltrexamine has been shown to alter the
affinity of a subset of 8-receptors, in support of the existence of a w/é-receptor compiex (72). The
(+)-trans isomer of 3-methylfentany! isothiocyanate (45) has been shown to be a potent and
selective inactivator of 8-receptors (73).
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Enkephalinase Inhibitors - Reviews on the inhibition of proteases in general (74) and
enkephalinase, in particular (75), have appeared. A study of the effects of selective and complete
inhibitors of enkephalin-degrading enzymes on morphine withdrawal has demonstrated reduced
severity of the morphine abstinence syndrome (76). SCH-34826 (46), an orally active
enkephalinase inhibitor analgesic selected for clinical evaluation, is a prodrug of SCH-32615 (47),
the active species (77). It inhibits enkephalinase, but neither aminopeptidase nor diaminopeptidase
IIl, and lacks respiratory or gastrointestinal side effects, and neither tolerance nor dependence
develops (78). SAR optimization of kelatorphan has resulted in 48, which inhibits all three
enkephalin degrading proteases and is a more potent analgesic than kelatorphan by i.c.v. injection.
Without the phenyl ring, analogs of 48 selectively inhibit enkephalinase {(79). Newly reported
enkephalinase inhibitory analgesics are the 2,4-dibenzylglutaric amide (49), specific for
enkephalinase (80), and D-Phe-AHPA (50) (81). An actinomycete, kitasatosporia setae, has
produced two new, selective enkephalinase inhibitors, propioxatins A (51) and B (52), which
specifically inhibit the cleavage of the Gly-Gly bond in Met-enkephalin (74,82).

0
HONH flk/
CO,R o NH COH
X NH~" "2 o}
0

48
46 X=NH,R=CH,
47 X=NH,R=H 0O_. 0
49 X=CH,R=H
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Opioid Peptides - A recent monograph on opioid peptides (83) includes articles on the role of
various neuropeptides in nociception and analgesia, conformational analysis of opioid peptides,
and thermoregulatory and immunological effects of opioid peptides. Another review covers the
synthesis of neuropeptide precursors, metabolic activation, degradation, and interactions with
postsynaptic receptors (84). A review of endogenous opioids and receptors, and their role in
nociception has appeared (85). Studies of the uses of opioids in humans have been reviewed (86).
An in-depth review of the design of receptor-specific opioid peptides includes extensive
tabulations of peptide ligands, their potencies, and their receptor specificities (87).

Various opioid peptides, including novel C-terminal amides, isolated from a number of sources,
have served as starting points for the design of novel receptor-specific ligands. A number of D-
amino acid-containing opioids isolated from natural sources are interesting in that nature anticipated
this stabilizing modification long before medicinal chemists employed it. The deltorphins, isolated
from frog skin, having a D-Ala residue at the second position and a C-terminal amide, are the most
potent and selective §-receptor ligands from natural sources to date (88). Structure-activity studies
on dermorphin and dermenkephalin (also D-amino acid-containing peptide amides from frog skin)
have defined elements responsible for high - and 3-selectivity, respectively (89,90).

Analogs of the 8-selective cyclic peptide (D-Pen2, D-Pen®) enkephalin (DPDPE) have been
prepared, including derivatives containing a cyclic pentamethylene penicillamine analog (91) and a
p-chlorophenylalanine analog with enhanced affinity and selectivity for -receptors (92). A series of
conformationally restricted analogs of DSLET (Tyr-D-Ser-Gly-Phe-Leu-Thr) and DTLET (Tyr-D-Thr-
Gly-Phe-Leu-Thr) bearing bulky hydroxylic substitution on the amino acids at the 2- and/or 6-
positions have shown improved receptor selectivity relative to the parent systems (93).

A number of polar enkephalin analogs have shown analgesic activity in_vitro and in vivo which
appears to be mediated by peripheral opioid pathways, in light of demonstrated antagonism by the
peripherally-acting quaternary antagonist N-methylnalorphine (94,95). A series of N,N-dialkylated
Leu-enkephalin derivatives have shown activity as §-receptor antagonists (96); the corresponding
affinity ligands with a bis(2-chloroethyl)amino substituent show lower affinity and only weak
irreversible effects (97).

Among p-selective peptides, modified analogs of dermorphin[1-4] have dermorphin-like activity
in vitrg and produce analgesia upon subcutaneous administration (98). A series of cyclic peptides
based on somatostatin has shown very high selectivity for p-receptors over both & and somatostatin
receptors (99,100).

The pharmacology of dynorphin has been reviewed. Evidence suggests it acts as a modulator of
analgesia in the brain, with no intrinsic analgesic effects of its own (101). "DAKLI", a C-terminal
extended derivative of dynorphin, has been labeled with various reporter groups and used to label
x-receptors (102).

Other Neuropeptides - A general review of tachykinins has appeared (103). SAR of substance P
(SP) agonists and antagonists in a variety of systems has been reviewed (104), as have the various
biological approaches used to assess analgesic effects of SP antagonists (105). The rat SP
receptor has been cloned, and the deduced amino acid sequence shown to be similar to the bovine
substance K receptor (106). Nociceptive and antinociceptive effects of selective agonists for
neurokinin receptor subtypes have been characterized (107). The pharmacological effects and
potential therapeutic applications of bradykinin (BK) antagonists have been summarized (108). BK
antagonists have been shown to block BK-induced pain in vivo, and BK receptors are localized
primarily on sensory neurons (109).
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Proglumide (53), a cholecystokinin (CCK) antagonist, has been reported to potentiate morphine
analgesia, but a recent clinical study of 53 found no significant reduction in postoperative patient-
controlled morphine consumption (110). Another CCK antagonist, MK-329 (§4), has been
reported to enhance morphine analgesia (111). Intrathecal somatostatin is reported to produce
analgesia in cases of both acute and chronic pain (112).
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Biogenic amines in analgesia - Naloxone antagonism of the analgesic effects of clonidine suggest a

role for opioid receptors in ao-adrenergic analgesia (113). The ability of subanalgesic doses of
intrathecal clonidine to potentiate intrathecal morphine analgesia and the somewhat reduced
analgesic potency of intrathecal clonidine in morphine-tolerant mice further support interactions
between these systems (114), possibly at the level of common G-protein-mediated signal
transduction and activation of the same set of potassium channels (115}.

The complicated interactions of inhibitory GABAergic systems with other neurotransmitters and
neuromodulators has been reviewed (116), and evidence concerning interactions with opioid
systems has been summarized (117). Zopiclone, a benzodiazepine receptor agonist, potentiates
morphine analgesia by a spinal mechanism which does not involve brain benzodiazepine receptors
(118). Midazolam has been reported to produce hyperalgesia upon systemic administration, but to
be moderately analgesic intrathecally (119), suggesting opposing roles for brain and spinal GABA
receptors in nociception. Blockade of brain GABA receptors with bicuculline abolishes spinal dorsal
horn nociceptive responses, suggesting that brain GABAergic activation results in inhibition ot
descending antinociceptive pathways (120).

Interest continues in the involvement of serotonergic pathways in opiate and non-opiate
analgesia (121,122). In particular, 5-HTg receptor antagonists have shown efficacy in animal models
of visceral pain (123,124}, but have not been evaluated clinically.

Miscellaneous Analgesics - Ketorolac (35) has been approved by the FDA for short-term
management of pain. Fiupirtine (56) is under clinical evaluation for numerous types of pain (125).
Drug discrimination studies suggest that it acts primarily by a central ap-adrenergic mechanism
(126). Pemedolac (87) is a potent analgesic with a profile different from that of opiates and
nonsteroidal anti-inflammatories (127,128). SAR of pemedolac analogs for analgesic activity and
inhibition of cyclooxygenase has been explored (129). CY 208-243 (58) is a novel compound
which is thought to act by a combination of D1-dopaminergic and atypical opioid pathways (130).
Anpirtoline {59) is a potent non-narcotic analgesic with possible antidepressant effects (131).
Lobuprofen (6Q) is an ester derivative of ibuprofen which is reported to produce analgesia by both
central and peripheral mechanisms (132
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Introduction - Cognitive dysfunction is a prominent symptom accompanying aging, stroke, head
injury and neurodegenerative diseases including Alzheimer’s disease. Medical advances and
demographic changes have extended mean life expectancy and led to the aging of society.
Because of this, the incidence of cognitive dysfunction in the population is likely to increase. Without
adequate therapies for these disorders, society faces an increasingly difficult burden in the care and
maintenance of afflicted individuals. The research community has responded to the problem and
the development of compounds as potential palliative therapies for cognitive disorders has expanded
rapidly (1). More recently, strategies which go beyond pallative therapy to attack the potential
causes of these disorders have emerged. This chapter reviews progress in these areas occurring
since the last review from this series which appeared in 1988 (2).

CHOLINERGIC AGENTS

A deficit in central cholinergic function may contribute to the cognitive dysfunction in both aging and
Alzheimer's disease (3.4). Cholinergic agonists, acetylcholine releasing agents or
acetylcholinesterase inhibitors (AcChEl) may provide symptomatic therapies for cognitive disorders.

Muscarinic Agonists - Development of muscarinic receptor agonists which overcome the limited oral
activity, short duration of action, or lack of separation between central and peripheral effects of
classical agonists {e.g. arecoline, oxotremarine} is currently in progress and was reviewed {5).
Additional reviews on the design and evaluation of muscarinic agonists have appeared (8,7).

Recent advances in molecular biology have led to the discovery and expression, in transfected
cells, of five subtypes (m1-m5) of muscarinic receptors (8,9). Based on their receptor localization
in cortex and hippocampus, areas intimately involved in cognitive function, m1 and/or m3 subtype
selective agonists may be useful for the treatment of cognitive disorders (10).

The structure-activity relationships (SAR) and biological characterization of oxadiazoles, 1 and
2, related to arecoline has been reported (11). These compounds are among the most potent and
eflicacious muscarinic agonists disclosed to date (K, = 0.04 nM [3H]-oxotremorine—M binding; 170%
of the response to 1 nM carbachol in phosphatidyl inositol turnover). Prodrug forms, 3, of these
compounds are claimed (12). Structurally-related thiadiazoles (13) and tetrazoles (14), as well as
compounds with the substituent in the 4-position of the piperidine ring (15), have been described.

O-N

O-N
\ \
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N)\NHZ \N)\NHR 2 R=H
3 R=COCHis
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Oxime-containing derivatives of arecoline continue to generate interest. The pharmacological
profiles of CI-969 (4) and Cl-979 (5) have been described (16,17). Structurally-related compounds,
6 and 7, as well as the corresponding tetrahydropyridine carbamate, 8, have been claimed as
muscarinic agonists (18-20).

SAR studies have been reported with tetrahydropyridine-3-carboxylic acid propargylic esters,
9. with a range of activity from full agonists to antagonists (21,22). The seven-membered ring
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analog, 10, of the previously-described tetrahydropyridine isoxazole compounds (6) reportedly
possesses high affinity for the central M,-receptor with only limited toxicity (23) ( (M,, M,, etc. refers
to the pharmacologlcal charactenzatlon of muscarinic receptors, while m,-m; refers to the cloned
muscatrinic receptor subtypes). The AF-102B analog, 11 (AF-122B), the tetrahydrofuran derivative,

12, and the RS$-86 analog, 13 (YM954) have been described as possessing muscarinic agonist
activity {24-26),

§ &+ OCOCH,
X 4 R=CHy X= /lk
g . L~ OCH,
5 R=C""b X= I
€ R=H /k
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CHy O~n y o~ Ot
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Examination of a series of pilocarpine analogs resulted in the identification of 14, which is
equipotent to pilocarpine but more stable to hydrolysis (27). Among compounds related to
oxotremorine, an SAR study of McN-A-343 derivatives (15, a reported selective M, agonist)(1)
revealed that the corresponding sulfur-containing analogs, 16, were partial agonists whlle the 4-Br
analog of McN-A-343, 17, was three-fold more potent while retaining selectivity (28).
Conformationally-restricted analogs of BM-5 with weak partial agonist or antagonist activities have
been described {29). X

N
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N \ 7/ /\/ R
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Several structurally-unique agonists have been reported. SR 96095A (18) is claimed to be 162-
fold selective for the M, receptor (30). SR 95639A (19) and SR 95777A (20), semi-rigid analogs of
the antidepressant minaprine, have been described as selective M, agonists devoid of classical
muscarinic side effects (31,32).

CH,
/ \ N/\/X
= /N / N=N H
N =
CH,0 \N,N\}/\ \ R
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18 7/
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A pharmacophore which distinguishes high and low affinity state agonist binding has been
described. This model led to the suggestion that agonists and antagonists bind at two independent
sites on the receptor (11).

Several agents which enhance the release of acetylcholine in the brain have been discussed.
DUP-996 (21) has undergone Phase 1 clinical trials which demonstrated an increase in the alpha
and alpha-adjacent beta activity in the EEG suggesting vigilance-improving properties (33,34). The
SAR of a series of ureas such as 22, and a modified ACTH analog, 23 (HOE 427), which enhance
acetylcholine release have been described (35,36).

Met(Os)-Glu-His-Phe-D-Lys-PheNH(CHa)g-NH,
21 23

Acetylcholinesterase Inhibitors - Focus on the development of novel acetylcholinesterase inhibitors
intensified with the report of clinical improvements with tacrine (THA, 24) in Alzheimer's patients
(37). While several clinical reports on tacrine have appeared, a large multicenter trial currently in
progress will provide more definitive results on tacrine’s efficacy (38,39). Other AcChEls of the
aminoacridine class are also under investigatior. These include velnacrine (25, HP 029) and
suranacrine (26, HP 128)(40-42). The SAR leading to these two compounds has been described
(42). Additional derivatives of tacrine have been reported (43-47).

R X
24 R=NH,, X=H
AN 25 R=NH,, X=OH
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Physostigmine, 27, and its analogs continue to generate interest. A controlled release form of
physostigmine is being developed (48) and SAR studies of the carbamoyl group have resulted in
the identification of heptylstigmine, 28, as a longer acting derivative with a more favorable
therapeutic index than physostigmine (49-51). The 3-chlorophenyl carbamate has been reported
to be as potent as physostigmine but with improved selectivity for acetyicholinesterase over
butyrylcholinesterase (52). SAR studies of substituents at N-1 and the carbamoyl group have
revealed that the structure of physostigmine can be altered significantly while retaining AcChEI
activity (53).

0
R. J\ CH,
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Galanthamine, 29, has been reported to reverse cognitive deficits induced by ibotenic acid-
induced lesions and a limited SAR study of galanthamine has been conducted (54,55).

Several structurally-novel ACChEls have been reported including N-benzylpiperidines (56-59).
The N-benzylpiperidine benzamide 30, resulting from a QSAR study, possessed an in-vitro IC, of
0.6 nM (59,60). Huperzine A, 31, improved perfarmance on a discrimination test in aged rats with
experimental cognitive impairment and the structure of a novel AcChE!, anatoxin-a(s) (32}, has been
described (61-63). Onchidal, 33, a naturally-occurring irreversible AcChE! from molluscs has been
reported (64). Finally, the antimalarial, amodiaquine, 34, has been claimed as an AcChEI (65).

OH
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Recently, acetylcholinesterase (AcChE) has been described as a potential zymogen (precursor)
for neuropeptide processing enzymes, which might help explain the existence of AcChE in tissues
which do not contain cholinergic cell bodies or nerve terminals (66).

NON-CHOLINERGIC AGENTS

Biogenic amines - Modulation of brain catecholamines has been shown to affect cognitive
performance. In cognitively intact rodents, monkeys and humans, enhancement of brain
catecholamine activity leads to improvement (67,68) while reduction of brain catecholamine activity
leads to impairment in cognitive performance (69-71). Somewhat less consistent changes in brain
noradrenergic systems have been reported in normal aging and dementia. Decreases in brain
norepinephrine content and activity of catecholamine synthetic enzymes are associated with
cognitive decline in these conditions (72). In addition, there is a loss of norepinephrine-containing
cells in the locus coeruleus with age and in dementia (73).

In humans and animals, the alpha-2 noradrenergic agonist clonidine impairs cognitive
performance (70,74,75). However, in conditions where presynaptic elements have degenerated or
heen destroyed or an existing cholinergic dysfunction exists, clonidine and guanfacine, another
alpha-2 antagonist, improved cognitive performance (76-79). In other studies alpha-2 antagonists
such as PD 122655 (35) or L-654,284 (36) improve cognitive performance of mice (80).

H
Cli N[\
_N
35 36

Reductions in serotonin (5-HT) and serotonergic binding sites have been reported in Alzheimer's
disease and normal aging. Alaproclate, a serotonin uptake inhibitor, may improve the affect of
Alzheimer's patients. Others report little cognitive improvement with this agent in dementia (81,82),
however, the 5-HT reuptake blocker, zimeldine, had no effect on memory or reaction time in
Alzheimer's disease patients (83). Other agents influencing serotonergic systems have had limited
success in improving cognitive function in animals, but have not proved beneficial in treating human
cognitive dysfunction (1).

Nootropics - Recent developments in 2-pyrrolidinone-containing nootropics have been reviewed (84).
While clinical efficacy has not been proven, a hint of benefit has been seen. Preclinically, many
workers continue to demonstrate the protective effects of nootropics against various insults to the
central nervous system. The beneficial effects of idebenone (37), indeloxzine (38) and exifone (39)
on memory in rodents have been discussed (85-88). An indeloxazine analog, Y-88394 (40), has been
reported (89). Acetylcarnitine improved quality of life in 20 elderly subjects with no side effects
and its effects on aged rats have been described (90,91).
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Angiotensin Converting Enzyme (ACE} Inhibitors - A number of reports have appeared suggesting
that the angiotensin converting enzyme inhibitors, captopril and enalapril, improve the quality of life
of patients undergoing treatment for hypertension and elevate mood in normal and depressed
subjects (92-86). These actions may indirectly lead to improved cognitive performance. However,
captopril and SQ 29,852 (41), another ACE inhibitor, directly improved cognitive performance in
young and middle aged rodents and reversed scopolamine-induced cognitive impairments in young
animals, properties shared by the ACE inhibitor 42 (Hoe 288)(97-99). Interestingly, 43 (Hoe 065)
is structurally related to known ACE inhibitors and can enhance cognitive performance in rodents
but is devoid of significant effects on plasma ACE activity or blood pressure (100,101). Thus, it is
not known if the cognition enhancing effects of ACE inhibitors are mediated by inhibition of the
conversion of angiotensin | to angiotensin il in the brain or by a more general modulation of
protease function.

Miscellaneous Peptides - Prolyl endopeptidase inhibitors continue to generate interest (2). An SAR
study has been reported on prolinal containing peptides (102). Additional prolinal derivatives as well
as compounds such as SUAM 14496 (44) have been described (103,104). Several TRH (thyrotropin-
releasing factor) analogs have been reported (105-107). YM-14673 is ten times more potent than
TRH in reversing amnesia induced by anoxia or scopolamine (108). Other neuroactive peptides
including vasopressin, alpha-MSH analogs and the nonapeptide V-9-M have been described as
having positive effects onlearning and memory (109-111). L-Pyroglutamyi-L-alanine amide has been
reported to activate all phases of memory function (112).

L ]

CHy, ©GOH
N
H
0=P-OH ©

CH4CH,O.C
ScH,  COM 3CHz0; 42
41
O
CH3 CO,CH,CH,4 ”\
O :
CSHI7O2C b

44

Future Directions - The preceding sections have focused on compounds designed to treat the
memory deficits associated with aging and human neurological disorders. It is now possible to
propose treatment strategies designed to halt or retard the progressive neurodegenerative changes
mediating cognitive impairments in disorders like Alzheimer's disease. Endogenous trophic factors
have been described which define the form and function of neurons in the CNS (113). The best
characterized is nerve growth factor (NGF), but others with central activity have been described,
including brain derived neurotrophic factor (BDNF) and basic fibroblast growth factor (bFGF)(See
Chapter 26). Infusion of NGF, BDNF or bFGF into the lateral cerebral ventricles prevents
experimentally-induced or age-related degeneration of basal forebrain cholinergic cell bodies in adult
rats and monkeys (114-118). In the rat, NGF infusions can restore age-related or lesion-induced loss
of cognitive function (119,120). Itis not clear whether this latter effect reflects neurotrophic actions
or the ability of NGF to pharmacologically increase cholinergic neuronal transmission.

These endogenous trophic factors are large proteins which are susceptible to rapid enzymatic
degradation and inactivation and thus may not be suitable as drugs. Other agents which apparently
modulate the activity of endogenous trophic factors may hold more promise. These include
gangliosides (121,122), isaxonine (45) and a series of related pyrimidines, and 46 (123-125).
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Catechols have also been described which enhance the release of NGF from glial cells (126,127).
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Proteases and protease inhibitors appear to modulate neuronal growth and possibly CNS
plasticity. Human protease nexin-l, a serine protease inhibitor with neurotrophic activity, is reduced
in Alzheimer's disease (128). Alternative splicing of the gene encoding the amyloid precursor
protein (APP) of senile plaques in Alzheimer’s disease yields molecular forms with (APP 751 and
770) and without (APP 695) a Kunitz-type serine protease inhibitor domain (129). The deduced
amino acid sequence of the protease inhibitor coded by APP 751 and 770 transcripts is similar to
protease nexin-Il, a potent antichymotrypsin (130). The APP-695 transcript is selectively decreased
in cortex and hippocampus of Alzheimer’s diseased brains relative to the APP 751 transcript (131).
In addition, the serine protease inhibitor, alpha,-antichymotrypsin, is associated with amyloid
deposition in Alzheimer’s disease (132), and portions of the A4 amyloid protein have been shown
to be both neurotrophic and neurotoxic depending upon the fragment of the protein studied
(133,134). Thus, a dynamic balance between the activities of proteases and protease inhibitors may
be required for maintenance of normal neuronal connectivity. Disrupting this balance may lead to
formation of aberrant neuritic processes like those associated with some senile plaques, or
alternatively may lead to abnormal processing of multiple proteins in Alzheimer's disease (135).
Reinstating this balance may yield useful therapies for the pathologies mediating the cognitive
dysfunction that accompanies neurodegenerative diseases and aging.
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Chapter 4. Acute Ischemic and Traumatic Injury to the CNS

E. Jon Jacobsen and John M. McCall
The Upjohn Co., Kalamazoo, Ml 49007

Jill A. Panetta
The Eli Lilly Co., Indianapolis, IN 46285

Introduction - Ischemic and traumatic injuries 1o the central nervous system are unmet medical
needs. They include post-traumatic injury (head and spinal cord), focal ischemia, focal ischemia
with reperfusion (stroke), global ischemia (CPR), hemorrhagic injury (subarachnoid hemorrhage)
and radiation injuries. Although ischemia itself can cause irreversible injury, reperfusion of the
ischemic tissue is particularly damaging, perhaps because of iron release, mitochondrial leakage
with superoxide anion formation, and increases in xanthine oxidase or neutrophil infiltration.
Traumatic injury can lead to free radical damage because of local ischemia or iron release from
damaged cells or petechial hemorrhage.

Although the initial events vary, the secondary, progressive processes that lead eventually to
cell death and neurologic injury overlap for these diverse maladies. The mechanisms and agents
through which these injuries develop include lipid peroxidation, calcium influx, excitatory amino
acids and arachidonic acid metabolites. A variety of therapeutic interventions are being actively
investigated because of the desperate clinical need for new agents. For example, inhibitors of lipid
peroxidation, iron chelators, superoxide dismutase, calcium channel antagonists, magnesium,
excitatory amino acid antagonists, prostanoid modulators, adenosine agonists, opioids, diuretics,
mitochondrial stimulants, monogangliosides, anti-cholinergics and hypothermics have all been
evaluated in animal models of ischemia and trauma. These studies are described below.
Excitatory amino acid antagonists (1,2,3) and lytic therapy (4) have been reviewed recently and
are thus omitted from this chapter.

Lipid Peroxidation Overview - Lipid peroxidation at the cellular membrane level is a chain reaction
that alters or destroys the polyunsaturated chains of membrane phospholipids. Lipid peroxidation
occurs when a reactive oxygen species (superoxide anion, hydrogen peroxide with iron, hydroxyl
radical, peroxyl radical) or a carbon radical attacks the fatty acid chains of membrane
phospholipids. The unsaturated fatty acids of the phospholipids of the cell and organelle
membranes are particularly susceptible to radical attack because of their allylic hydrogens.
Hydrogen abstraction initiates a chain reaction; the allyl radical product of the initiation reaction can
abstract a hydrogen from adjacent chains, react with oxygen to form a lipid peroxyl radical, couple
with other radicals, or fragment. lron is intimately involved in the lipid peroxidation process. Initial
radical attack of unsaturated fatty acids may be catalyzed by iron near or within the cell membrane.
Iron can decompose lipid hydroperoxides to peroxyl and alkoxyl radicals that in turn may initiate
new lipid radical chain reactions. Iron can also interact with molecular oxygen or reduced oxygen
radical species and deliver them to the membrane. Radical mediated neurologic injury occurs
when the body’s natural defenses (SOD, catalase, vitamin E, glutathione) are overwhelmed.
Therefore, compounds which remove iron from the process (iron chelators) or eliminate the chain
initiating or propagating events (superoxide dismutase, radical quenchers) are potential therapeutic
agents (For a general discussion see ref 5). The structural integrity and the function of cell
membranes are irreversibly changed during membrane lipid peroxidation. Extracellular calciumcan
enter the cell and activate calcium dependent phospholipases and protein kinases.
Phospholipases, once activated, will cleave fatty acids from phospholipids and cause additional
changes in the chemical composition and physiologic state of the cell membrane. Free fatty acids
are converted to prostaglandins and thromboxanes. The sources and role of oxygen radicals in
CNS damage were recently reviewed (6).

Copyright ® 1989 by Academic Press, Inc.
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Lipid Peroxidation Inhibitors: Steroids - Large doses of either methylprednisolone or hydrocortisone
improve neurologic outcome after CNS injury (7,8,9,10,11). The effects were probably not
glucocorticoid related because of the high doses required and the need for maintenance dosing.
Rather, a weak inhibition of lipid peroxidation was implicated (12). The steroid-lipid peroxidation
hypothesis is supported by a series of non-glucocorticoids (1,2) which lack the 11-beta hydroxy
group. This hydroxy group is one of the structural requirements of glucocorticoids. These
compounds lack hormonal activities, weakly inhibit lipid peroxidation, and are active in models of
CNS injury (13). Recently, a series of 21-aminosteroids which are termed lazaroids have been
reported. Tirilazad (U74006F) and U74500A (3,4) are potent inhibitors of lipid peroxidation and
are exiremely effective in models of head and spinal cord injury, subarachnoid hemorrhage, and
temporary and permanent central occlusion (14,15,16).
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Lipid Peroxidation Inhibitors: Nonsteroids - Members of a series of 4-thiazolidinones {LY178002
and LY256548, 5,6) ameliorate neuronal necrosis in the hippocampal CA-1 region of rats and
gerbils in models of transient global cerebral ischemia (17). LY256548 has also been reported
to protect against ischemia-induced damage in the rat middle cerebral artery occlusion-reperfusion
model (18).

(CHg),C

HO
C(CH;),

Vitamin E is the most important endogenous membrane antioxidant. The benzopyran portion
of vitamin E has been included in several new lipid peroxidation inhibitors. 2-Methylamino analogs
of trolox which inhibit lipid peroxidation with IC50s in the micromolar range have been prepared.
Compounds U78517 and U78518 (7,8) are active in models of murine head injury at iv doses
betow 1.0 mg/kg (19).



Chap. 4 Ischemic/Traumatic Injury to the CNS Jacobson, et al 33

/\
o L./ (¢} \/

Other new antioxidants have been described. AVS (9) has shown utility in the suppression
of chronic vasospasm in dogs following subarachnoid hemorrhage (20). lonol displayed
protective effects in a cerebral ischemia/reperfusion model (21). AJ-3941 (10), which combines
anticonvulsant and antihypoxic properties with an antioxidant ability, protects against delayed
neuronal death following transient ischemia (22). Sodium ozagrel (11) and nizofenone fumarate
(12) are reported to be free radical scavengers; they are marketed in Japan for subarachnoid
hemorrhage. The role of nizofenone as a cerebral protectant was recently reviewed (23).
Nizofenone is effective in a cat model of subarachnoid hemorrhage (24). The effect of
nizofenone on delayed ischemic neurological deficits following subarachnoid hemorrhage due to
aneurysmal rupture was investigated by a cooperative double-blind clinical trial (25). Idebenone
(13) is an inhibitor of lipid peroxidation (26) which is marketed in Japan for improving cerebral
metabolism and improving performance after stroke. {n a rat bilateral carotid occlusion model,
pretreatment with idebenone prolonged survival time and delayed the onset of ischemic seizures
(27). 1t also partially reversed ischemia-induced amnesia in one-trial passive avoidance in a rat
mode! (28).
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Mannitol, which is a scavenger of hydroxy radicals, displayed cerebral protective effects in
dogs and rabbits after ischemic insults. In human studies, it lowered intracranial pressure while
increasing cerebral blood flow (29,30).

Superoxide Dismutase/SOD and Catalase - Endogenous superoxide dismutase (SODj and
glutathione peroxidase were measured in male Wistar rats after right middle cerebral artery
occlusion with temporary bilateral carotid artery occlusion. Cystolic CuZn-SOD decreased in the
infarcted focus after cerebral ischemia, but glutathione peroxidase did not. This suggests a
protectant role of SOD as a result of ischemia (31). Superoxide dismutase is being evaluated
in many ischemic injuries. [n a rabbit model of spinal cord ischemic injury, SOD given during
reperfusion of the cord decreased paralysis and motor nerve damage (32). Recently, conjugates
of SOD which extend its half-life have been developed. SOD and catalase that have been coupled
to polyethyleneglycol are called PEG-SOD and PEG-CAT, while a pyran (divinylether maleic acid)
copolymer with SOD is called Pyran-SOD. PEG-SOD and Pyran-SOD (33,34) both prolong
measurable plasma half life of SOD. SOD and catalase may complement each other in ischemia.
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In a rat model! of focal cerebral ischemia, co-administration of PEG-SOD and PEG-CAT prior to
the ischemic insult significantly reduced the infarct volume as compared to vehicle (35).

Xanthine oxidase inhibitors blunt superoxide anion 0 0 r/
production. Propentofylline (HWA-285, 14) is undergoing )J\/\/\N N
Phase Il clinical trials for cerebrovascular disorders. This | ,>
xanthine derivative reduced infarct size by 27% in a gerbil OA\ N N

model of focal cerebral ischemia and significantly |

protected the hippocampal CA1 neurons, even when drug

was administered 1 hour after injury (36). 14

Iron Chelators - Iron chelators can impede iron-catalyzed lipid peroxidation (37). Deferoxamine,
an iron chelator, has been attached to large biocompatible polymers such as hydroxyethy! starch.
These derivatives have increased plasma retention and decreased toxicity {38). They are active
in a murine model of head trauma and in a rat model of cerebral ischemia (39). However, the
use of deferoxamine alone or in combination with lidoflazine (a calcium antagonist) did not show
any cerebral or neuronal protection in two models of global brain ischemia in dogs (40).

Divalent Cation Modulation - Calcium’s role in neuronal hyperexcitability and ischemic injury was
recently reviewed in the context of seizures (41), and brain ischemia (42). The
neuroprotective activity of the long acting calcium-entry blocker flunarizine was described (43).
The radical scavenging action of the dihydropyridine calcium antagonists (44) suggests the
possibility of multiple mechanisms for this class of calcium channel antagonist.

Nimodipine is a calcium antagonist which has been approved by the FDA for subarachnoid
hemorrhage. It is being evaluated for stroke in the US and has been launched in Germany,
Denmark, and S. Korea for the treatment and the prophylaxis of stroke (45). The cerebrovascular
applications of nimodipine were recently reviewed (46). Nicardipine (15), another calcium entry
blocker, is an antagonist of voltage sensitive L-type calcium channels. It reportedly reduced
ischemic injury in the CA1 hippocampus of the gerbil (47). Nicardipine showed promise in an
open-label stroke trial and is now being tested for reduced disability in a blinded, 3-month study
in patients after an aneurysmal subarachnoid hemorrhage (48). A recent trial with the calcium
antagonist PY108-068 (16) for the treatment of acute ischemic cerebral infarction showed no
significant improvement (49).
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Several calcium antagonists that are in early stages of development have shown useful activity
in animal models of stroke and trauma. Emopamil (17) is a calcium channel blocker/SHT2
antagonist which increased cerebral cortical blood flow. In a middle cerebral artery occiusion
(MCAO) model in rats, emopamil when given after the insult significantly reduced the infarct size
(50). It was also cerebroprotective in models of acute hypoxia and ischemia (51). Another
calcium entry blocker, flunarizine (18), reduced neuronal necrosis in the hippocampus after
forebrain ischemia (52) or global ischemia (53) caused by cardiac amest. PN200-110 (19)
prevented the formation of brain edema in an ischemic-reperfusion middie cerebral artery occlusion
model (54). E-2001 (20) is a novel antioxidant/calcium antagonist. It inhibited lipid peroxidation
and scavenged oxygen and nitrogen radicals. In animal models E-2001 protected hippocampal
neurons following transient ischemia, prolonged survival following KCN injection or bilateral carotid
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artery ligation in mice, and improved the symploms of stroke produced by unilateral carotid artery
ligation in gerbils (55).
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Arachidonic Acid Cascade Related - Arachidonic acid metabolites may contribute to brain edema,
post ischemic hypoperfusion, and neuronal cell injury in cerebral ischemia (56). OP-2507 (21)
is a PGl analog which increases survival time in animal models of cerebral anoxia produced by
various insults. At very low subcutaneous doses, it also prevents edema and biochemical changes
after bilateral carotid occlusion by an unknown mechanism (57). Thromboxanes have been
proposed as being important in ischemia-induced damage (58). The thromboxane synthetase
inhibitor OKY-046 (22) increases cerebral blood flow after bilateral carotid artery ligation in
spontaneously hypertensive rats (59). Treatment with the selective thromboxane synthetase
inhibitor 1-benzylimidazole increased cerebral blood flow and reduced thromboxane B2 levels after
thirty minutes of transient forebrain ischemia in rats (60).

N

&

W

OMe

‘\\Pr
CH;

-
: CO,H

21 22

Opioids and Opioid Related Compounds - Traumatic brain injury increases endogenous opioids.
In the past, naloxone has given mixed results in models of brain and spinal cord trauma (61). in
an open iabel, 38-patient stroke trial, naloxone showed no improvement in neurological outcome
scales or CT lesion volumes (49). Naloxone had some benefit in a rat spinal cord injury model
(62); however, it had no detectable effect on stroke course or severity in an NINDS-sponsored
trial in which patients received up to 5 g of drug. The average time to treatment was 14 hours
(63). Naloxone is reportedly an inhibitor of lipid peroxidation (64). This complicates
interpretation of the mechanism of action. Recently, kappa agonists and antagonists have been
studied in ischemia and traurna. Kappa agonists US50488E (23) and U62066E (24) protected
hippocampal CA1 neurons during temporary bilateral carotid occlusion in gerbils (65). The
kappa agonist U50488H was effective in a feline middle cerebral artery occlusion model. It also
reportedly worsened neurological outcome in a rat model of traumatic brain injury (66).
Dynorphin also displayed neuroprotective ability in models of cerebral ischemia (67). In seeming
contrast to the kappa agonist effect, the kappa antagonist WIN 44,441-3 (25) improved survival and
cerebral blood flow in cats after a traumatic spinal brain injury (68). WIN 44,441-3 reduced
motor dysfunction after ischemic spinal cord injury (69) and improved neurological function after
a middle cerebral artery occlusion (70). Nor-binaltorphimine in a similar fashion significantly
improved neurological recovery after spinal trauma in rats (71). Thyrotropin releasing hormone
{TRH) has shown useful activity in animal models of CNS ischemia and in CNS and spinal trauma
(72,73). The ettects of TRH on blood flow and the microcirculation was recently reviewed (74).
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Dextromethorphan is a non-opioid cough suppressant which is enantiomerically related to an
opioid. High affinity sites were identified for dextromethorphan in 1981. In addition to binding at
its own site, it may also be a sigma antagonist (75). Dextromethorphan was neuroprotective in
glutamate-induced neurotoxicity in murine neocortical cell cultures (76). It reduced neuronal
damage in a rabbit jn vivo mode! of acute focal cerebral ischemia (77,78). Finally, it reduced
post-ischemia hypoperfusion in a rat global ischemia four vessel occlusion model (34). The
mechanism of action is unclear.
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PAF Antagonists - Central production of PAF, PAF central binding sites and the effects of PAF on
cerebral ischemia have been reviewed (79). Kadsurenone (26) reduced multifocal cerebrai
ischemia induced by air embolism in dogs and enhanced neuronal recovery (80). BN-52021
(27), a terpene isolated from Ginkgo biloba extract (GBE 761), improves regional cerebral biood
flow and prevents the generation of free fatty acids following 10 minutes of transient global
ischemia and 60 to 90 minutes of reperfusion in the gerbil when administered therapeutically
(81). Recently, the PAF antagonists WEB 2086 (28) and Ginkgolide B were studied after
permanent middle cerebral artery occlusion in the rat. Significant reduction in cortical infarct size
was seen with both pre- and post-ischemic drug delivery (82).
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Neurotransmitter Related Therapy - in vivo microdialysis studies with probes in the corpus striatum
of rats or gerbils that had been subjected to either global cerebral ischemia or focal cerebral
ischemia showed that massive amounts of dopamine were released into the extracelluiar fluid
compartment (83,84,85,86,87). Further evidence that endogenous dopamine has an
important role in causing selective neuronai necrosis in the striatum was obtained when substantia
nigra lesions that destroy the nigrostriatal dopaminergic neurons protected against ischemic
damage in the striatum (88,89). Dopamine, serotonin, and giutamate nerve terminals suffer
less damage from ischemia when catecholamines are depleted using the methyl ester of alpha-
methyl-p-tyrosine (S0).

The injury-related release of dopamine can contribute to ischemic cell death by spawning toxic
oxygen radicals when undergoing oxidation during reperfusion (91). It has also been suggested
that dopamine may act as an excitotoxin or may potentiate glutamate's excitotoxic effects (92).

Recently, the dopamine D1 antagonist SCH 23330 (29), in combination with a NMDA receptor
blocker (MK 801) had a protective effect in the hippocampai CA1 region following 10 minutes of
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global ischemia in rats. However, neither SCH 23330 nor MK 801 had any effect when given alone
(93).

ldazoxan (30) is an alpha-2 antagonist which enhances activity of locus coeruleus neurons,
increases release of noradrenaline, and reduces damage assessed at one week after injury in the
CA1 region of the hippocampus in gerbils which had been subjected to 10 minutes of transient
cerebral ischemia combined with hypotension. Drug is given by constant infusion for 6 hours
(94).

RS-8359 (31) is a reversible and selective inhibitor of MAO-A which ameliorates ischemia-
induced brain damage in a 4-vessel occiusion model (rat) or a bilateral common carotid artery
occlusion temporary occlusion mode! (gerbil). Hypoperfusion of the ischemic area was reduced
and the CA-1 region of the hippocampus was somewhat protected. Blood flow and monoamine
restoration are the reported mechanisms (95).

Mianserin and cyproheptadiene improve functional outcome after moderate, but not severe,
experimental spinal cord injury in the rat. Drug was given at 15 minutes after injury by iv bolus.
Postmortem 5HT and 5-HIAA levels were maintained below the lesion site. The authors argue that
spinal 5HT elevation is part of the secondary injury mechanism (96). The serotonin S2
antagonist, naftidrofuryl (LS 121, 32), was markedly protective on CA1 pyramidal cells in a gerbil
ischemic brain damage mode! (37).
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Adenosine - Adenosine is an endogenous purine which has profound neuromodulatory infiuences
on central nervous system function (98, 99). Adenosine and its agonists are powerful
inhibitors of excitatory neurotransmitter release (100). They also inhibit superoxide anion and
hydrogen peroxide release from stimulated neutrophils, which is suggestive of a role in the
protection of vascular endothelium from damage by neutrophils (101). Recently, the effect of
cyclohexyl adenosine (CHA) was studied in gerbils subjected to 30 minutes of bilateral carotid
occlusion. Post ischemia treatment with CHA significantly protected the pyramidal cells in the CA-1
region of the hippocampus (102) and improved survival {103). 2-Chloroadenosine, a stable
analog of adenosine, protected the CA-1 region in the rat hippocampus following 10 minutes of
transient forebrain ischemia (104). The adenosine A1 agonist, (R)-phenylisopropyladenosine
{RPIA), showed a significant reduction in cortical infarct volume after permanent middie cerebral
artery occlusion in the rat (105).

Gangliosides - Gangliosides are a class of sialic acids that contain glycosphingolipids. They are
natural components of cellular membranes and are particularly abundant in neural tissue
(106,107). GM, ganglioside or AGF, (an internal ester of GM, ganglioside) treatment has
been shown to decrease mortality 52% and protect against loss of Na*'/K*-ATPase in total plasma
membrane fractions 48 hours after the induction of ischemia in gerbils by permanent unilateral
ligation of the common carotid artery (108). In a middle cerebral artery occlusion/reperfusion
model in cats, post-ischemic administration of ganglioside GM, resulted in significant recovery of
neurologic deficits and less histologic damage than untreated cats (109). Recently, AGF, was
studied in a transient global cerebral ischemia model in monkeys. The rate of neurologic recovery
was accelerated by treatment with AGF, after ischemia (110). GM, and AGF, have been
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shown to reduce Ca** overload and K" efflux from cells and improve cerebral blood flow following
transient global ischemia in the rat (111). GM, was studied clinically for acute stroke.
Treatment was started <12 hours after onset of a hemispheric cerebral infarct. Qutcome measures
were mortality and neurologica!l deficits. Ischemic stroke patients showed a significantly greater
degree of neurologic improvement over the 15 days of drug administration than placebo-treated
patients. At day 120 these improvements were no longer statistically significant. GM, ganglioside

is currently being evaluated in studies where it is given for a longer period of time (112).

Gangliosides may play a role as endogenous modulators of CO,CH,
protein kinase C translocation from the cytosol to the plasma
membrane (113). This process involves the activation of
calcium influx with the increase of phosphorylation of specific
membrane proteins. This translocation involves glutamate or
other excitatory neurotransmitter receptor operated cationic
channels, which, with persistent stimulation, can result in
activation of protein kinase C (114). Gangliosides have also
been shown to be inhibitors of protein kinase C activity in vitro
(115,116).  Recently, the protein kinase C inhibitor K-
2523 {33) was studied in a global cerebral ischemia model in

gerbils.
neurons in the CA1 sector of the hippocampus (117).

Pretreatment with K-252a significantly protected
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Chapter 5. Advances In Central Serotonergics

Hakan Wikstrém and Kjell Svensson
Department of Pharmacology, University of Géteborg, S-400 33 Géteborg, Sweden

introduction - Research on serotonin (5-hydroxytryptamine; 5-HT (1)) has been intensified during
the last decade, mainly due to the development of new, selective compounds, both agonists and
antagonists, which bind to different subtypes of 5-HT receptors. Most of this development has
been focused on the central nervous system (CNS). The receptor types discussed are 5-HT1, 5-
HT2 and 5-HT3, where the 5-HT1 receptors have been further subclassified into 5-HT1A, B, C and
D (1-5). This subclassification is not unambiguous, and it was recently suggested that the 5-HT1C
receptor subtype should more appropriately be placed in the 5-HT2 receptor family {4). This
chapter will focus on compounds acting at the 5-HT receptors and will not consider agents, e.g.
classical antidepressants acting via inhibition of 5-HT reuptake.

5-HT1 RECEPTORS

General background - 5-HT1A agonists with a high degree of intrinsic efficacy induce the so called
5-HT behavioral syndrome in the rat. The syndrome consists of a flat body posture, abducted hind-
and forelegs, reciprocal forepaw treading, head weaving and tremor (6-8). However, interesting
species differences exist with regard to this syndrome. Fer example, 8-hydroxy-2-(di-n-
propylaminojtetralin (8-OH-DPAT; 2) does not induce the 5-HT syndrome in mice after s.c.
administration (8) but only after i.v. administration (9). In addition, no syndrome was seen after a
high i.p. dose of 8-OH-DPAT to wild rats (10). Among several biological effects, 5-HT1A receptor
agonists stimulate male rat sexual behavior and produce hypotension and hypothermia in various
animal models (3). Interestingly, 8-OH-DPAT does reduce blood pressure in the normotensive rat.
However, its effect is pronounced in the SHR, in the anesthetized cat and in the dog (11).
Intracarotid infusions of 8-OH-DPAT did not affect arterial blood pressure in pigs (12). Although
controversial, some reports suggest that the brain 5-HT1A receptors may be invoived in the
regulation of alcohol intake (13). A new, interesting and potentially useful clinical application of 5-
HT receptor agonists is their involvement in the stimulation of natural killer cell activity. Recent in
vitro studies showed that both 5-HT and 8-OH-DPAT possess such effects (14). However, most of
the recent clinical interest in 5-HT1A receptor agonists is related to their putative involvement in
depression, anxiety and obsessive compulsive behavior (15,16).
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New 2-aminotetralins and analogs of 8-QH-DPAT - The reference 5-HT1A agonist is 8-OH-DPAT,
and several analogs of this compound have appeared in recent years (17-19). For instance, both 3
and 4 have been resolved (20). {-)-cis-{2R,3S)-3 and {+}-{1ans-{25,3S)-4 were both about 100
times less potent than 8-OH-DPAT in the 5-HTP accumulation assay. Both of these active
enantiomers also induced the 5-HT behavioral syndrome while their optical antipodes were
inactive. Interestingly, the stereochemistry at C2 in compound (-)-Cis-(2R,3S)-3 is opposite to that
of the more active enantiomer (R-form) of 8-OH-DPAT (17). The same research group also reported
the central effects of the enantiomers of §, where the activity resided in the R enantiomer (21). It is
homochiral to (+)-R-8-OH-DPAT and is active in the biochemical assay in reducing brain 5-HTP-
accumulation and in producing a clear 5-HT behavioral syndrome in reserpinized rats.

Copyright ® 1989 by Academic Press, Inc.
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The ortho-fluorinated 8-OH-DPAT analog 6 has the same potency and selectivity at 5-
HT1A receptors as 8-OH-DPAT itself (22). The internal H-bond between the 7-F and the 8-OH
substituents is probably present also at the drug receptor interaction, providing indirect evidence
for the suggestion that H-bond acceptance (oxygen lone pairs interacting instead of O-H) is
sufficient for inducing 5-HT1A receptor interaction (22).

The aporphine Z is not a dopamine (DA) receptor agonist; instead, it has the
pharmacological profile of a selective 5-HT1A agonist (23). From NMR and molecular mechanics
calculations it was suggested that, due to steric hindrance, the 11-OH group would not be

coplanar with the A-ring of the aporphine nucleus, providing a tentative explanation for the lack of
dopaminergic effects of 7 (23). U-67413B (8) is a new 5-HT1A agonist (24). It binds to 5-HT1A
receptors with an IC50 of 22 nM and induces the 5-HT behavioral syndrome. In biochemical and
electrophysiological assays 8 is also a partial DA receptor agonist. A series of hydroxylated or
methoxylated 3-aminochromane analogs of 8-OH-DPAT (e.g. 9) have been described, and striking
similarities in the SAR of the two structural classes were noted (25,26).
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Potent and selective ligands for D2, o2, SHT1A and 5HT2 receptors may be
obtained, by appropriate pharmacophoric modification, from compounds related to the 3-
aminochromanes, namely 10-12 (27). Compound 10 (CGS18102A) is relatively selective for
central 5-HT receptors, showing high affinity for centrat 5-HT1A and 5-HT2 receptors (28).
Compound 10 also decreased 5-HTP accumulation in rat brain, however, the compound did not
induce the 5-HT behavioral syndrome in doses up to 30 mg/kg (p.o.) in the rat. It blocked 5-HTP-
induced head twitches in mice, a typical behavior elicited by 5-HT2 receptor agonists (28).
Interestingly, the non-substituted analog 13 has a higher 5-HT1A affinity (IC50 = 74 nM) than 12
(IC50 = 219 nM) (27). Quite analogously, chemical manipulation of the ergolines can lead to
compounds with increased potency and selectivity for 5-HT1A receptor sites as compared to 5-
HT2 receptor sites (29). Thus, the 9-10 double bond was shown o be essential for high affinity at
the 5-HT1A receptor, which can be seen when comparing compound 14 (IC50 = 17 nM in (3H)-5-
HT binding) with its saturated analog 1§ (IC50 = 390 nM in [3H]-5—HT binding).
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New octahydrobenzo{glisoquinolines with 5-HT1A receptor affinity have
recently been described (30). Compound 16 (IC50 = 18 nM) was the most potent analog but, in
addition to its 5-HT1A affinity, 16 is non-selective and has high affinity for a1 and o2 as well as D2
receptors. Compounds 17-19 showed high 5-HT1A receptor binding affinity, indicating that 8-
methoxy or 8-hydroxy substituents are not necessary for efficient binding to 5-HT1A receptors
(31). A series of 8-methoxylated analogs of 8-OH-DPAT was described (e.g. the N,N-di-
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8-methoxylated analogs of 8-OH-DPAT was described (e.g. the N,N-di-cyclopropylmethy! analog
2Q) (32). Compound 20 was resolved and the R enantiomer is a selective 5-HT1A agonist with
high intrinsic efficacy, although its potency is 20-30 times lower than that of 8-OH-DPAT (32). S-20
is equipotent and equieffective to R-2Q in the binding, biochemical (brain 5-HTP and 5-HIAA
suppression) and rectal temperature assays. However, S-20 produces only weak signs of the 5-
HT behavioral syndrome, even at comparatively high doses in both normal and reserpinized rats.
Thus, R-20 is an agonist with high intrinsic efficacy, while S-20 seems to be a partial agonist at
postsynaptic 5-HT1A receptors (32).
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The new 5-HT1A agonist 21 (about 20 fimes less potent than 8-OH-DPAT in reducing
brain 5-HTP accumulation) (33), can be viewed, due to its symmetry, as an analog of both the
potent DA receptor agonist 5-hydroxy-2-(di-n-propylamino)tetralin (5-OH-DPAT; 22) and the 5-
HT1A agonist 8-OH-DPAT. Compound 23 and its N,N-di-n-propy! analog (24) were shown io be
orally active dopamine receptor agonists in rats and mice (34). Interestingly, 23 is non-selective
and equipotent at DA and 5-HT1A receptors (35). Resolution and testing in vivo and in vitro
indicated that 23 is active per se and that the active enantiomer is (+)-R-23 (35).
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Arylpiperazines - Several research groups are working on new compounds closely related to the
arylpiperazines buspirone (Buspar®; 25), ipsapirone (26) and gepirone (27) (16). The stimulation
for these efforts is the growing evidence for anxiolytic and also antidepressant properties of these
compounds in man (36-39). The new arylpiperazines are generally more selective (as compared to
e.g. 25) for the 5-HT1A receptors. The efficacies of the new analogs differ. Some appear to be
agonists with a high intrinsic efficacy (e.g. flesinoxan (28)), while others have a low intrinsic efficacy
and have been classified as potential antagonists (e.g. NAN-190, 29) (40). Flesinoxan (DU 29373;
28) is a potent and long-acting 5-HT1A ligand with antihypertensive etfects in the SHR (41). No
active metabolites are produced from flesinoxan in the species studied (42). Notably, flesinoxan
displayed only weak and short-lasting hypotensive effects in healthy volunteers (43) and, likewise,
ipsapirone seems to be devoid of cardiovascular effects in normotensive patients too (44).
Befiperide (30) has been reported to be a partial 5-HT1A receptor agonist (45). However, the
compound has antidopaminergic (and thus potential antipsychotic) properties in some animal
models. Thus, befiperide blocks apomorphine-induced stereotypies and inhibits the conditioned
avoidance response in rats (45). The arylpiperazine spiroxatrine (31) was developed from
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spiperone. On the basis of the [ vitro binding data and effects on the activity in a canine

basilar artery preparation it was suggested that spiroxatrine is an antagenist at 5-HT1A-like
receptors (46). However, a recent study clearly shows that spiroxatrine is a 5-HT1A receptor
agonist and a DA receptor antagonist (like buspirone) in the CNS (47). This study was based on
behavioral (conflict behavior) and biochemical (monoamine metabolite levels in the CSF and jn vitro
binding) experiments in the pigeon. Several other arylpiperazines with different intrinsic efficacies
have been presented recently, e.g. SM-3997 (32) (48), WY-47846 (33) (49), and BMY7378 (34)

(50).
O
Q. oL
0 K/ N P N N o

30 CH, CHy a1

SN NH
E\ CH3 ,N\/
BIPN ; .

R=—N

0]

CHBO Q\/\N 0 3
34 R= —N;:@_J
(e}
O 33

5-HT1B receptors - in the rat, 5-HT1B receptors are mostly concentrated in the basal ganglia and
the substantia nigra (51). In cow, pig and human tissue these brain areas contain almost exclusively
5-HT1D receptor binding sites {52,53). A 5-HT1B ligand, eltoprazine (35), is in early clinical
development for its potential use in disorders where aggression is a symptom, e.g. in
schizophrenia (54). Eltoprazine is structurally similar to quipazine (36), mCPP (37) and TFMPP
(38), and it possesses affinity for the different subtypes of the 5-HT1 receptor (54). The behavioral
effects of activation of 5-HT1B sites are less well defined, and more selective agonists and
antagonists are needed (7). The selectivity of the different ligands for the 5-HT1 receptor subtypes
has been challenged (55). In particular, the previous classification of mCPP and TFMPP as being
reiatively selective for the 5-HT1B binding sites in rat frontal cortex was discussed (56). TFMPP has
a very specific anti-aggressive profile in several animal models and may beiong to a new class of
compounds, the serenics (57,58).
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S:-HT1C receptors - In most species studied, the 5-HT1C binding sites are found in the choroid
plexus and cortex (59). No compound seems to possess selectivity for this receptor subtype,
though mCPP has previously been classified as such a candidate. However, the affinity of mCPP
for 11 neurotransmitter receptor binding sites was determined in human brain membranes (60).
The results showed that mCPP has no selectivity, but is essentially equipotent at all 5-HT receptor
subtypes (IC50 = 360-1300 nM). More interestingly, mCPP displays a very high affinity (IC50 = 15
nM) for central [3H—]-quipazine labeled 5-HT3 sites (61). Based on similarities between the 5-HT1C
and 5-HT2 receptor types with regard to their molecular biological, pharmacological and
biochemical properties, the 5-HT1C receptor has recently been suggested to belong to the 5-HT2
receptor family (4).

2-HT1D receptors - The majority of [3H]—5—HT~|abe|ed recognition sites in the human cortex,
caudate, and globus pallidus represent 5-HT1D binding sites (52). Sumatriptan (39) was shown to
have high affinity for 5-HT1D (Ki = 17 nM) and 5-HT1B (Ki = 27 nM) binding sites in animals (62). It
was slightly less potent at 5-HT1A binding sites (Ki = 100 nM) and was essentially inactive at ten
other binding sites, suggesting that the interactions with 5-HT1B and D sites may be the reason for
its apparent efficacy in the acute treatment of migraine (63).

S:HT2 RECEPTORS
S5-HT2 receptor agonists - The induction of head twitches in mice by 5-HT2 receptor agonists and

its blockade by selective 5-HT2 receptor antagonists represents an easily quantifiable model of 5-
HT2 receptor activation in vivQ (7,64). Analogs of the classical human hallucinogens d-LSD (40)
and DOM (41) are potent 5-HT2 receptor agonists (64-68).

5-HT2 receptor antagonists - Selective antagonists for the 5-HT2 receptor are available, e.g.
ritanserin (42). However, this compound produces only weak behavioral and biochemical effects in
various species. Beceause of this, it has been suggested that the 5-HT2 receptor might be a
binding site without an important physiological function, or a redundant receptor (63). In man, the
best documented clinical effect of ritanserin appears to be an increase in slow-wave sleep,
improving the overall sleep quality (70,71). A mixed D2/5-HT2 blocking effect has been suggested
to contribute to the beneficial clinical profile of atypical antipsychotics (72).

Amperozide (43) is a 5-HT2 receptor antagonist with strong anti-aggressive properties in
animals (73). Electrophysiological studies of amperozide have been performed in rats and it
increased the firing rate of noradrenergic neurons of the locus coeruieus {74). it has aiso been
shown that amperozide is able to regularize the firing pattern of midbrain DA neurons (75).
Preliminary, open clinical studies have shown that amperozide is effective against both positive and
negative symptoms in schizophrenia with only few side effects (76,77). 5-HT2 receptor antagonists
block the discrimination stimulus properties of the known hallucinogens (65,67,68). Although no
human data have been reporied, these sludies strongly indicate that centrally acting 5-HT2
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antagonists tike ntansenn would be able to block human hallucinations elicited by 5-HT2 agonists
like the street drugs d-LSD, DOM and analegs (78,79).

A series of arylpiperazines was studied in [*H]-5-HT (5-HT1) and [*H]-ketanserin (5-HT2)
binding. The most potent compound in this study was 1-[a-naphthyllpiperazine (1-NP, 44) displaying
Ki values (nM) of 5 and 18 for 5-HT1 and 5-HT2 sites, respectively. 1-NP produces stimulus
generalization effects similar to those of TFMPP and can antagonize the stimulus effects of the
5-HT2 receptor agonist DOM, indicating that 1-NP has 5-HT2 receptor antagonist properties (80).
Interestingly, 1-NP has a lower affinity (iC50 = 110 nM) for 5-HT3 sites in [*H]-quipazine binding (81).

5-HT3 BECEPTORS

Due 1o the development of new ligands, mainly antagonists, for the 5-HT3 receptor type,
this research area has expanded enormously lately (82).

Peripherai 5-HT3 receptors - The peripheral 5-HT3 receptor has been suggested to be identical
with the M-receptor (1,83).The prototypical 5-HT3 agonist is 2-methyl-5-hydroxytryptamine (2-Me-
5-HT; 45), which binds with an IC50 of 430 nM in [3H]-zacopride (46) binding (84). It has been
shown that 5-HT3 antagonists reduce cisplatin-induced emesis in both animals and man (85,86).
Interestingly, BRL43694 (47) does block cisplatin-induced emesis, but not apomorphine induced
emesis in dogs, indicating that its anti-emetic effect is not due to a blockade of the motor
component of the emetic reflex. Neither the mechanism of cisplatin-induced emesis nor the site of
action of the 5-HT3 antagonists are clearty understood (87).
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Central 5-HT3 receptors - The first direct evidence that 5-HT3 receptor sites exist in the post-
montem human brain has been described (88). The receptors were labeled with [3H]<zacopn'de and
dispiaced with several agents known to be potent 5-HT3 antagonists, e.g. BRL43634,
ondansetron (GR38032F; ( 48)), and 1C$205-930 (49). The effects of three of the these 5-HT3
receptor antagonists (BRL43694, ondansetron and zacopride) were examined for anxiolytic
effects in low and high light social interaction tests and in the elevated plus-maze test with negative
results (89). This would indicate caution when considering 5-HT3 receptor antagonists as potential
anxiolytics; however, preclinical data on the 5-HT3 antagonists reports activity in several animal
models of anxiety and in one mode! of psychosis (82,90). in these studies zacopride,
ondansetron, granisetron (50), MDL72222 (51) and ICS205-930 show very potent anxiolytic
activity. They appear to display an inverted U-shaped dose-activity relationship. Interestingly, a
similar dose-effect relationship was found for the anxiolytic effects of some 5-HT1A receptor
agonists in the elevated plus-maze model (31).

i ‘&
NCH,
| @%\
N N
h
/3:1«:%
CH3

As mentioned above, it has been shown that [3H]-quipazine can be used to

label binding sites in rat brain membranes that display 5-HT3 receptor characteristics. The
pharmacological profile of the binding site studied was in excellent agreement with that of 5-HT3
receptors characterized in other models (61,81,92). A series of 21 compounds related to the
arylpiperazines were investigated in a structure-affinity study ( [3H]-quipazine labeled centrai 5-HT3
sites) (81). It was shown that these simpte analogs can bind with high affinity, provided they carry a
metg-chloro substituent on the aromatic ring. N4 alkylation of quipazine with methyl yields a
derivative (§2) with somewnhat reduced 5-HT3 affinity, as compared to quipazine itself, but with
greatly improved selectivity. In panicular, the 5-HT2 and 5-HT1B binding affinities are reduced by a
factor of 3 and more than 50, respectively. The N-n-propy! analog of quipazine (§3) also has lower
5-HT3 affinity (by a factor of 10, as compared to quipazine).
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A computer generated model for the 5-HT3 receptor was recently
described (93). Nineteen compounds from 7 different chemical classes (IC50<10 nM) were
selected and manipuiated to place the outmost basic nitrogen atom in a position where it is in the
same plane as the aromatic ring system of the molecule studied. No energy minimizations were
performed, which the authors concede makes it virtually impossible to judge if the conformations
selected for fit may exist at all. A novel class of 5-HT3 ligands (aromatic thiazole derivatives) has
been reported (94). This SAR study resuited in compound §4, which possesses potent 5-HT3
receptor antagonist properties. In this series, an aromatic portion consisting of a phenyl group as in
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series, an aromatic portion consisting of a phenyl group as in 94, instead of the usual 3-indolyl
group (c.t. §5), yielded a more potent compound (by a factor of about 7).

SUMMARY

Research in the 5-HT field, in particular in the CNS, is under active investigation. The clinical

trials with 5-HT1A receptor agonists with different degrees of intrinsic efficacies and with 5-HT3
antagonists will give useful feedback to the medicinal chemists and pharmacologists for further
improvements, and for the development of selective and more potent ligands. In particular, clinical
results in depression and anxiety are crucial, since the predictive value of animal behavioral models
seems to be very low in that area.
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Introduction - Pharmacologic therapy of hypertension decreases overall cardiovascular morbidity
and mortality, but fails to show a clear reduction in the risk of coronary heart disease (CHD) (1-4).
Although many explanations have been offered for the lack of demonstrated benefit for CHD, one
hypothesis in continued focus involves the unfavorable metabolic and biochemical changes
caused by diuretics or B-adrenoceptor antagonists devoid of intrinsic sympathomimetic activity (5).
These drugs were used in the majority of the hypertensive clinical trials completed to date and
adversely affect many of the known risk factors for CHD, including hyperlipidemia, hyperglycemia
and elevated plasma catecholamine levels. These potentially deleterious changes might have
offset expected benefits of blood pressure reduction.

Since CHD is still the primary cause of death in the United States, long-acting calcium
entry blockers, angiotensin converting enzyme {ACE) inhibitors, «q-adrenoceptor antagonists and
centrally acting ap-adrenoceptor agonists, which have less negative impact on risk factors,
continue to gain suppont as alternate choices for first-line therapy (4,6). Proponents of the
traditional drugs argue that diuretics and beta-blockers have been shown to reduce cardiovascular
morbidity and mortality in long-term clinical trials and that the lower doses of diuretics now used
may not have persistent adverse effects on serum lipids (7). Recognizing the potential drawbacks
of the traditional drugs, yet acknowledging the lack of long-term clinical trials demonstrating a
protective effect of the newer agents, the 1988 report of the Joint National Committee on
Detection, Evaluation, and Treatment of High Blood Pressure retained its previous endorsement of
diuretics and B-adrenergic blockers, but now includes ACE inhibitors and calcium entry blockers
as recommendations for initial pharmacologic therapy of hypertension (1,8). Thus, an ideal
regimen for treating mild to moderate essential hypertension has yet to be established.

An important milestone of the past year was the introduction of orally active nonpeptidic
angiotensin |l (A-1§) receptor antagonists. Besides offering the promise of a new approach to
antihypertensive therapy, these compounds allow study of the renin-angiotensin system via
blockade of the effector hormone rather than inhibition of its production. Progress in the area of
renin inhibitors was marked by reports showing the first clinical evidence of efficacy of this class of
compounds, although oral bioavailability was low for most of these agents. Research in the area
of calcium channel antagonists was highlighted with the disclosure of a number of compounds
having a long duration of action.

Angiotensin Il Receptor Antagonists— New benzylimidazole A-1l antagonists include EXP 6803 (1),
a specific competitive antagonist of A-ll in vascular smooth muscle (9-12). It blocks A-ll-induced
pressor responses without the agonist activity typically shown by peptide antagonists, and causes
a hypotensive response in renal-artery ligated rats (RALR) after i.v. but not oral administration.
Despite its nonpeptidic nature, 1 is poorly absorbed and rapidly metabolized and secreted in bile.
EXP 7711 (2), EXP 9020 (3), and DuP 753 (4) are orally active in RALR and sodium-depleted
dogs (12, 13). Removal of the amide linkage between the phenyl rings appears to be the critical
factor which leads to oral activity for 2, 3, and 4 relative to 1.
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Two A-ll receptor subtypes have been characterized by their differing sensitivity to
dithiothreitol and their distinct structure-activity requirements for binding of nonpeptide antagonists
(13, 14). In rat adrenal cortex, 80% of the binding of 1251-A-Il is inhibited by 4 and 20% by EXP
655 (§), an agent which does not lower blood pressure. The 4-insensitive binding is also inhibited
by CGP 42112A {8), and this ligand has been used to detect similar binding sites in human uterus,
where only one receptor subtype is apparently present, as well as in other tissues where both
receptors are present (15). These receptor subtypes are not distinguishable by profiling with
angiotensin peptides. The receptor which shows high affinity for 4 is probably responsible for the

stimulation of aldosterone biosynthesis by A-ll in the adrenal cortex, while the function of the other
receptor is unknown at this time.
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ACE Inhibition — A review of the biological role of ACE in the circulating and tissue renin-

angiotensin systems, the immune system, and in neurotransmission concludes that only
bradykinin and substance P are plausible alternative substrates (16}. While the physiological
relevance of bradykinin potentiation remains debatable, ACE may play a role in neurotransmission
due to its ability to inactivate substance P. Pretreatment of RALR with the A-ll antagonist 1 or a
monoclonal antibody to A-I! eliminates any further hypotensive response to captopril, suggesting
that blockade of the circutating renin-angiotensin system, but not that found in tissue, is more
important in shori-term control of blood pressure in this model (17). The involvement of kinins,
prostanoids, and other factors in the action of ACE inhibitors has been reviewed (18). Beneficial

effects on coronary hemodynamics in myocardial ischemia may offer new therapeutic gains for
both sulthydryl- and non-sulthydryl inhibitors.
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The prolonged duration of activity found preclinically for fosinopril (Z) was reflected in initial
clinical results (19, 20). Spirapril (8) is an analog of enalapril in which lipophilic substitution in the
proline 4-position leads to enhanced activity in vitro and in vivg (21). Compound 9 incorporates an
oxoimidazolidine ring in ptace of the proline ring of enalapril which leads to slightly lower potency
in vivo (22). MDL 27,088 (10) and MDL 27,788 (11) exhibit extremely high affinity for ACE,
probably due to optimum fit of the conformationally-constrained dipeptide surrogate (23). The
potent inhibitor CS-622 (12) decreases calcium ion~dependent aortic tone in spontaneously
hypertensive rats (SHR), a mechanism that may contribute to long-term efficacy ot ACE inhibitors
{24). The S-nitroso derivative (13) of captopril (14) retains ACE-inhibitory activily in vitro and in
vivo and exhibits the direct vasodilator activity associated with organic nitrates (25-27).

Renin Inhibition — The crystal structure of recombinant human renin has been refined to 2.5 A
resolution (28). Comparison of renin to pepsinogen and three fungal aspartic proteases shows
that renin has the same relatively hydrophobic core as the other enzymes with substantial
similarity in the region of the active site. However, surface residues which are critical for renin's
extreme substrate speciticity vary greatly from corresponding regions of the other proteases. Most
renin inhibitors contain an alcohol function in the configuration found in the prototype inhibitor
pepstatin which binds to the catalytic aspartate carboxyls of renin (29). Compound 18, which
incorporates a hydroxyphosphinyl function in place of the statine alcohol, shows inhibitory potency
comparable to corresponding statine-containing peptides, but analogs with shorter peptide
sequences showed substantially reduced activity (30). The main barrier to clinical utility of renin
inhibitors has been poor oral bioavailability. Therefore, most recent reports of new renin inhibitors
describe molecular modifications designed to improve oral activity. BW-175 (16) shows 2.8-9.7%
oral bioavailability in rats (31). Incorporation of the morpholino urea in 17 enhanced its aqueous
solubility and improved intestinal permeability, but biliary excretion still limited oral bioavaitability
(32). The morpholino carbamate in SC-46944 (18) also increased oral activity relative to the Boc-
NH compound (33).
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Initial clinical trials of four new renin inhibitors have been reported. ES 8891 (19) at 60 mg
orally reduced plasma renin activity (PRA) 75% without further indication of efficacy in normat
volunteers (34). Ro-425892 (structure not disclosed) caused a 47% reduction in plasma A-ll
concentration after 600 mg orally (35). Administration of CGP 38560A (20) (up to 0.25 mg/kg i.v.)
to normal volunteers led to inhibition of PRA which lasted longer than reductions (ca. 80%), in
plasma A-ll concentration (36). Oral administration of 200 mg 20 to volunteers caused inhibition of
PRA; plasma A-Il concentration was not measured but lack of an increase in plasma active renin
indicated little oral efficacy. Plasma drug levels were 25-fold lower after oral administration of 20,
indicating <1% oral bioavailability; the elimination half life for 20 was about 1 hr (36-38). Enalkiren
(A-64662, 21) displayed a similar ability to inhibit PRA and reduce plasma A-ll concentration at i. v.
doses up to 0.1 mg/kg in volunteers; elimination half life was about 2 hr (39). Oral doses of 10 to
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40 mg inhibited PRA for up to 12 hr but plasma A-ll concentration and oral bioavailability were not
determined (40). In salt-depleted hypertensive patients, an ascending-dose i. v. bolus study
showed 21 to have slightly greater effect than enalaprilat (41). In another i.v. bolus study,
hydrochlorothiazide increased the maximum antihypertensive effect of 1 mg/kg 21 from 15 to 27
mm Hg (42). Once-daily i.v. administration of 1.2 mg/kg 21 for 7 days caused progressively
greater effect with diastolic blood pressure reduced 24 mm Hg 24 hr after the last dose (43). The
duration of effect of 21 appears to be longer than indicated by its plasma half life. However, i.v.
administration of 21 to heart failure patients caused favorable vasodilator and hemodynamic
effects which were of substantially shorter duration than the prolonged inhibition of PRA (44).
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The substrate analog inhibitor U-71038 (22) was found to be resistant to biotransformation
but rapidly cleared from plasma via biliary clearance after i. v. administration (45). Surprisingly, the
primate renin-specific inhibitor L-157,119 (23) caused a greater hypotensive response than did
ACE inhibitors in rats (46). This result may indicate a hypotensive mechanism for 23 which does
not involve the renin-angiotensin system.
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Calcium Channel Antagonists — New dihydropyridines have been found to have more potent and
specific vascular effects than prototypes in this class. Compounds related to nicardipine, i.e.
benidipine (24), manidipine (25), CV-159 (26), and P-0285 (27), have been reported to have a
slow onset of action and long duration of effect in animals without the cardiodepressant effects
characteristic of other dihydropyridines (47-55). Analogs of amiodipine (28), including NB-818
(29), UK 56,593 (30), and UK 52,871 (31), are more potent and have a slower onset of effect than
28, and have a longer duration of effect in vivg than agents such as nifedipine and nicardipine (56-
61). Compound 29 has also been reported to increase cerebral cortical blood flow (62) and to
improve memory in certain modetls. (63).

Two dihydropyridines were designed to have additional mechanisms of action. Compound
33 blocks calcium channels nearly as well as nicardipine and blocks a—adrenoceptors with 100-
fold lower potency than prazosin (65). This combination of activities might lead to antihypertensive
activity without activation of the sympathetic nervous system. Since an agent with antithrombotic
activity would be of potential benefit to hypertensive patients, Wy 27569 (34), which is 20 times
less potent than nifedipine as a calcium channel blocker, was designed to inhibit thromboxane
synthetase also (66). Another novel class of compounds structurally similar to the
dihydropyridines, the dihydropyrimidines, such as 32, have been reported to have a longer
duration of effect in SHR than either nifedipine or nicardipine (64).
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hypotensive effect in SHR (67-70).

Additionally, 35 increased vertebral blood flow

and protected against strokes in stroke prone SHR (71, 72). RO- 5967 (37) and KT-362 (38)
bind to the verapamil binding site, improve myocardial function and exhibit more cardioprotective
effects than verapamil in models of ischemia and arrhythmias (73-78). The indolizine sulfone SR
33557 (39), inhibits binding of dihydropyridines, benzothiazepines and phenylalkylamines to their
receptors (79).
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Potassium Channel QOpeners — Recent reviews describe the class of compounds which depolarize
vascular smooth muscle and cardiac myocytes by opening potassium channels (80-84). Most new
agents of this class have been analogs of cromakalim (40). The C-6 nitrile of 40 can be replaced
with phenylsulfonyl (41) without loss of potency; the methyl analog 42 is more potent than 40 and
possibly tissue-selective as well (85, 86). Various substitutions at C-4 of the benzopyran ring of 40
are tolerated as exemplified by compounds 43, 44, and 45 (87-91). Compound 46 shows that the
C-3 alcoho! can be replaced by a C-3-C-4 double bond (92). RP 49356 (47), like other potassium
channel openers, may interact with the ATP-sensitive channel! in cardiac tissues (94).
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aj-Adrengceptor Antagenists - The antihypertensive effects of the prazosin (48) analogs,

terazosin (49) and doxazosin (50), were associated with favorable changes in serum lipid profile
(95-96). The substitution of the C-2 side chain of 48 with components of tienilic acid (diuretic and
uricosuric), guanethidine (hypotensive), and lidoflazine (vasodilator, calcium-antagonist) yielded
51, 52 and 53, respectively (97). Compound 51 had the greatest and longest lasting depressor
effect following oral administration to SHR. The isoxazole 54 maintained good affinity and
selectivity toward a1-adrenergic receptors and exhibited antihypertensive activity in SHR similar to
48 but had lower bioavailability (38). SGB 1531 (55) and YM 12617 (§6) are undergoing clinical

evaluation, with 56 being studied for treatment of dysuria (99,100).
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a2-Adren r An nists — Theoretically, these agents could
cause adrenergic stimulation (resulting from reduced negative
autofeedback of norepinephrine (NE)) as well as postjunctional o-
adrenergic blockade. Hence, the net circulatory and endocrine
effects of different ap-adrenergic antagonists would be determined by
the magnitude of these opposing effects within various tissues. Oral
doses of SK&F 86466 (57) in normal subjects caused an increase in
stimulated (postural and cold challenge) and supine plasma NE
concentrations; these changes were associated with increased heart
rate and PRA but little increase in blood pressure (101). In conirast,
the new o.1- and ap-adrenoceptor antagonist, GYKI 12743 (58) which
does not block cardiac presynaptic ap-adrenoceptors, has
antihypertensive effects without tachycardia in animals (102).
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B-Adrenoceptor Antagonists — Third-generation B-adrenoceptor antagonists, which combine 81-
selective antagonism with peripheral vasodilatory activity, may cause less cardiodepression, have
less negative impact on exercise tolerance and lipid protile, and have reduced incidence ot
bronchospasm compared with older B-blockers. Celiprolol (§9), a B1-antagonist/B2-agonist
exhibited a favorable side-effect profile in the clinic (103). In other clinical studies, the effects of the
nonselective B-antagonist/B2 agonist, dilevalol (6Q), on arterial compliance, renal function, and
usefutness in severe hypertension were reported (104-106). At high concentration, the B-
adrenoceptor antagonist/vasodilator, carvedilol (61) inhibited calcium influx through potential-
operated channels in isolated canine coronary arteries (107). Cicloprolol (62), which has intrinsic
sympathomimetic activity, showed less evidence of reduced cardiac performance in ischemic
patients as compared with atenolol (108).
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ag-Adrenoceptor Agonists — The clinical pharmacology of >,N
centrally acting antihypertensives was reviewed with attention H
placed on sustained efficacy, regression of left ventricutar o
hypertrophy and lack of adverse effects on sodium retention, 63
glucose metabolism and lipid profile (109). These advantageous
attributes, coupled with physicians' concern over treatment- H, €Oy N
induced metabolic effects, have rekindled interest in these N /—>
agents. Rilmenidine (63) effectively lowered blood pressure in N N
several clinical evaluations (110). The oo—agonist, monoxidine JI\N/ H
(64), caused no deterioration in renal function in 24 hypertensive HC Cl
patients (111). 64

Miscellaneous Agents — Multiple receptor subtypes partially account for the mixed depressor and
pressor actions of serotonin (5-HT) and the vasodilator and cardiac conduction effects of
adenosine. Therefore, selective inhibition or stimulation of specific 5-HT and adenosine receptor
subtypes may lead to novel antihypertensives. 1CI 169,369 (63), a serotonin antagonist with
selectivity for the 5-HT2 and 5-HT{¢ receptor subtypes, had no consistent effects on blood
pressure in hypertensive patients (112). Preclinical studies showed the 5-HT{A-receptor agonist
flesinoxan (66) to be hypotensive and sympatholytic (113). The selective Ap-adenosine receptor
agonist, CGS 21680C (67), increased coronary flow in the isolated perfused working rat heart
model and lowered blood pressure after oral dosing in SHR (114). Cicletanine (68), a furopyridine
derivative with undefined mechanism of action, attenuated the hypertension and cardiac
hypertrophy in DOCA-salt rats, reduced the incidence of cerebral damage and increased the
survival rate in stroke-prone SHR, and had a gradual antihypertensive etfect in patients {115-117}.
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Antihypertensive agents with novel mechanisms
include inhibitors of neutral endopeptidase 24.11, which
degrades atrial natriuretic peptide (Chapter 10) and
staurosporine {69} which inhibits various protein kinases
(118, 119). Staurosporine-related compounds had long-  CHsNH
lasting oral antihypertensive activity in SHR and relaxed 4
isolated aortic preparations. CH,0 C:Hs

Future Direclions — Cardiovascular disease accounts for more expenditures on health care in the
United States than any other diagnostic category, and hypertension is the most prevalent
cardiovascular condition. While unit costs for hypertension treatment are low, aggregate costs are
enormous due to the large and growing population of patients who are treated. Thus, economic
considerations will have increasing impact on all future aspects of hypertension research (120).
Greater efficiency in the application of antihypertensive therapy to the goals of reduction of
cardiovascular morbidity and mortality will require research in a number of areas, including
determination of pathophysiological mechanisms which define subsets of the hypertensive
population, and development of highly specific drugs aimed at these patient groups (121). Specific
gene markers may be identified that would be more useful than currently identified risk factors for
indication of a predisposition to hypertension (122). Development of transgenic animal models
may aid in this approach (123). Initial characterization of rats made hypertensive by transfer of the
mouse renin gene represents an important early milestone in this exciting field (124).
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Chapter 7. Pulmonary and Antiallergy Agents

Andrew Shaw
ICI Americas, Inc.
Vilmington, Delaware 19897

Introduction - Drug discovery efforts in the pulmonary area were
predominantly aimed at the asthma/allergy market, with some activity
evident against the adult respiratory distress syndrome (ARDS), chronic
obstructive pulmonary disease (COPD), pulmonary hypertension (PH) and
cystic fibrosis (CF). Asthma remains an attractive area for the intro-
duction of new therapy as there is a growing sense that current treatment
is 1inadequate and that the incidence is growing (1,2). A useful recent
reviev of current therapy emphasized the need for new prophylactic, anti-
inflammatory medications (3) and a provocative population analysis
questioned the validity of the '"extrinsic" and "intrinsic" division of
asthma, suggesting that all asthmatic symptoms are associated with serum
IgE levels (4). Atopy, as defined by specific IgE-mediated responsive-
ness, was shown to be linked to a marker on human chromosome 11 and to be
inherited in an autosomal dominant manner (5). New directions for asthma
research could be indicated by recent novel observations. Human
asthmatic lung tissue obtained at autopsy or lobectomy was shown to be
devoid of the bronchodilatory neuropeptide VIP (6), monoclonal antibodies
to IL-5 were shown to block antigen-induced lung eosinophilia in mice
(7), the rat basophil high affinity IgE receptor complex was expressed in
CO0S-7 cells and a structure proposed (8), while a model of the attachment
site on IgE itself was presented (9). Endothelin (10) and IL-8 (11)
joined the ranks of putative pathological bronchoconstrictors, and ANP
was shown to be a bronchodilator in asthmatics (12).

REGULATORS OF LIPID MEDIATORS

LTD, Antagonists - While definitive clinical evidence of a major role for
the peptide leukotrienes in asthma/allergy was not presented this year,
many antagonists are in the «clinic and expectations remain high. A
perceptive overview of the area appeared recently (13). The orally
active LTD,/LTE, antagonist LY171883 (1) showed small beneficial effects
on pulmonary function (increase in FEV,, decrease 1in use of broncho-
dilators) in mild asthmatics given 600 mg. b.i.d. for six weeks (14).
SKF 104353-22 (2) bhas been shown to block LTD,~ and antigen-induced
bronchoconstriction in asthmatics upon aerosol administration (15,16).
Early clinical data for ICI 204219 (3) and MK-571 (4), previously known
as L-660711, are now available; after oral administration of 3 or i.v.
infusion of 4, both drugs were effective blockers of aerosol LTD,
challenges (17, 18). The chemistry leading to the novel unsymmetrical
dithioacetal unit present in 4 was described (19). Chemistry (20) and
pharmacology (21,22) of Wy-48,252 (5) has nowv appeared, with an emphasis
on oral potency: S has an IDs, of 0.6 mg/kg against antigen-induced
bronchoconstriction when given intragastrically to guinea pigs. RG12525
(6) 1is another new LTD, antagonist showing good oral activity in animal
models (23). The discovery and initial clinical results of RO 23-3544
(7) wvas described (24,25). LY170680 (8) is in Phase II evaluation, and
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the preclinical pharmacology of this aerosol LTD, antagonist has appeared
(26). L1-648051 (9) is another aerosol-delivered antagonist in the clinic
and relatively large doses (12 wmg) were shown to inhibit LTD, broncho-
constriction in volunteers (27). A preliminary clinical report on
ONO-1078 (10) shows it to be effective orally (300,450 mg) in blocking
early and late responses to antigen challenge (28). The orally-active
compound YM-16638 (11) has been profiled in the allergic sheep model, and
shares with many other peptide LT antagonists the ability to block early
and late bronchoconstriction responses in this model (29).
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5-L0 Inhibitors - Clinical evaluation of 5-lipoxygenase (5-L0O) inhibitors
has generally lagged behind that of LTD, receptor antagonists, due to the
difficulty of finding appropriately safe and selective compounds. This
situation 1is changing, and the recent demonstration that human wurinary
LTE, levels rise upon antigen challenge should aid trials which probe the
importance of 5-L0 in human diseases (30). Chapter 7 in Volume 24
highlighted the ex vivo 5-LO inhibition shown by oral A64077 (12) in man;
preliminary pharmacological profiling has now appeared (31), showing 12
to inhibit 5-L0 in broken RBL-1 cells (ICs, 0.5uM) and to block
ionophore-stimulated LTB, production by whole human blood (ICse O.5uM).

L-663,536 (13), now known as MK-886, marks an intriguing and promising
new development in the area; it is a potent, orally-active inhibitor of
leukotriene biosynthesis in several inflammatory models and blocks
allergically-mediated bronchoconstriction in two species, whilst being
inactive against isolated 5-LO (32). The protein to which MK-886 binds,
and which is an accessory to 5-L0O activity, has been isolated and its
sequence deduced (33). Structure-activity relationships have been
revealed for the series containing the potent, orally-active 5-L0O
inhibitor L-656224 (14), which inhibits antigen-induced bronchocon-
striction in hyperreactive rats and shows extensive inhibition of
pulmonary responses to ascaris antigen in the squirrel monkey (34). Data
showing potent in vivo evidence of antiflammatory/antiallergic activity
have been published for several new 5-10 inhibitors, including RG 6866
(15), AHR-5333 (16), EG080 (17), Wy-49,232 (18) and A-65260 (19) (35-39).
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LTB, Antagonists - The role of LTB; in the inflammatory process of
asthma, and the putative extra benefit that a 5-LO inhibitor might have
over an LTD, antagonist, might be revealed by LTB, antagonists. U-73502
(20) given orally was shown to substantially inhibit the bronchoalveolar
eosinophilia caused by antigen inhalation in sensitized guinea pigs (40),
suggesting that the late-phase eosinophilia of human allergic asthma
could be LTB, mediated. SC-41930 (21) is a new, orally-active LTB,
antagonist whose synthesis and properties were described recently (41).

Thromboxane Antagonists - This general area is covered more fully in
Chapter 11. The role of prostanoid constrictors 1in asthma remains
uncertain, although thromboxane has been implicated 1in animal models of
bronchial hyperreactivity. GR32191 (22) 1is a leading clinical TX
antagonist, and was vrecently shown to be effective at 80 mg p.o. in
inhibiting the bronchoconstriction caused by inhaled PGD, in asthmatics
(42). However, its effect on the early constriction response to inhaled
allergen was not particularly marked, and the conclusion was reached that
histamine produces more of the early drop in FEV, than do prostanoid
constrictors. ICI 192605 (23) has reached human studies and in ex vivo
studies is a potent and orally-active inhibitor of U-46619 induced
platelet aggregation (43). AA-2414 (24) has a pA; of 8.29 against
U-46619 contractile responses of guinea pig parenchymal strips, and is
active at 0.3 mg/kg p.o. in blocking IgG,-induced bronchoconstriction in
guinea pigs (44). It 1is now in «clinical trial in asthma patients in
Japan, reportedly showing beneficial effects at 40 mg. p.o.
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PAF Antagonists - Platelet-activating factor (PAF) has attracted recent
attention as a possible mediator of asthma because of its unique ability
to  produce pulmonary  eosinophilia {guinea pigs) and bronchial
hyperreactivity (man). This latter finding has recently been questioned,
however (45). The PAF antagonist WEB 2086 (25) has been the best
characterized agent in this area for some time; it has been shown to be
well tolerated on semi~chronic oral dosing in man, and to show good ex
vive inhibition of PAF-induced platelet aggregation (46). A substantial
review of the hetrazepine PAF antagonist work related to WEB 2086 has
appeared (47). The identification was detailed of compound 26 as an
orally-active antagonist of PAF-induced bronchoconstriction 1in guinea
pigs (48). YM-461 (27) has a pA; of 7.29 against PAF-induced human

Ph
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platelet aggregation and potent effects against PAF- and antigen-induced
bronchoconstriction (49). SCH-37370 (28) is an intriguing new structural
class of PAF antagonist wvhich retains the H1 antagonism of its congeners,
azatidine and loratidine, at PAF-inhibitory concentrations (50). The
suggestion has been made that a number of prophylactic anti-asthma drugs
act by functional antagonism of PAF-induced hyperreactivity (51). The
PAF antagonist SDZ-64412 (29) was shown to block development of hyper-
reactivity in sensitized guinea pigs exposed to ovalbumin (52). The
chemistry and pharmacology of the series containing RP-59227 (30) wvas
concisely reviewed (53). T
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ANTIALLERGICS

Non-sedating Antihistamines - The traditional view that Hl antihistamines
do not work in asthma is being questioned as the second wave of non-
sedating compounds undergoes «clinical trial (54,55). Pharmacological
properties in addition to histamine antagonism are frequently invoked to
support possible added clinical effects of the newer agents. Cetirizine
(31) inhibited mediator release in a cutaneous late-phase response model
(56), and azelastine (32) blocked granulocyte superoxide production in
vitro at clinically relevant concentrations (57). Preclinical pharma-
cology on AHR-11325 (33) and PR1036-654 (34) has appeared (58,59); both
compounds profile as potent, long-acting Hl antagonists.

Mediator Release Inhibitors - Further preclinical data have appeared for
SCH-37224 (35), a potent antiallergic agent which prevents mediator
release from anaphylactic guinea pig lung (60), and blocks both early and
late responses to antigen challenge in allergic sheep after oral dosing
(61). When dosed 50 mg orally to asthmatics, 35 was effective in
blocking the bronchospasm of cold air isocapnic hyperventilation (62).
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{Bu 34

MDL-26024G0  (36) 1is another mediator vrelease inhibitor capable of
blocking constriction in the allergic sheep model (63). C€I-959 (37)
appears to block release of multiple mediators from human leukocytes and
mast cells, showing an ICs5~1uM for blockade of anti-IgE induced contrac-
tion of human bronchus (64). More complete chemical and pharmacological
details on the related agent CI-949 (38) are available (65). HSR-6071
(39) is a highly potent new antiallergic, blocking IgE-mediated histamine
release from rat peritoneal exudate cells with an ICss of 0.46nM and
showing potent activity in the rat PCA test (66). KP-136 (40, R=Et) is
in clinical trial, and its major metabolite (40, R=CO,H) retains activity
in PCA and allergic asthma models (67). o
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OTHER TOPICS

Nearly twenty-five years after the association of « j-antitrypsin
deficiency and genetic emphysema was noted, the American Thoracic Society
endorsed the use of Prolastin, natural human o ;-antitrypsin, for i.v.
augmentation therapy of genetic emphysema. Recombinant o ,-antitrypsin
is unsuitable for i.v. administration, but the feasibility of aerosol
delivery of sufficient material to the lower airways to restore protease-
antiprotease balance has been demonstrated (68,69). The serine protease
human neutrophil elastase (HNE) continues to be viewed as the prime



Chap. 7 Pulmonary and Antiallergy Agents Shaw 67

pathological agent in genetic emphysema, and its potential involvement in
the lung damage of ARDS (70) and COPD (71) make it a target for
intervention. One recent study evaluated drug effects on neutrophil
chemotaxis or degranulation as a means of reducing lung HNE burden (72),
whereas other work concentrated on active-site inhibitors of HNE. Intra-
tracheal (i.t.) recombinant secretory leukocyte protease inhibitor (SLPI)
inhibited HNE-induced damage to hamster lung (73). The modified B-lactam
HNE inhibitor L-659286 (41) selectively inhibits HNE in a slowly reversi-
ble manner, has good 1lung residency after i.t. administration, and by
this route blocks HNE damage to hamster lung (74). ICI 200,880 (42)
shows long 1lung residency and potent ability to protect against HNE
challenge after i.t. dosing (75). SC-39026 (43), a mixed non-competitive
HNE inhibitor showed effects in a sheep model of ARDS suggestive of a
protective action on elastase-mediated increases in microvascular
permeability (76). X-ray crystal structures of HNE-inhibitor complexes
and of inhibitor complexes with the related protease porcine pancreatic
elastase have been discussed (77-80), and some new chemical approaches to

serine protease inhibition were described (81,82). Almitrine (44)
represents an alternative approach to therapy in COPD, and 1is now
undergoing chronic studies in the U.S5. (83). Further evidence of its

ability to raise PaQ, in hypoxemic patients was presented (B4). 1In the
area of PH, ligustrazine (45) prevents and reverses the pulmonary
vascular changes caused by chronic hypoxia in rats (85) and an excellent
overview of strategies for defending the lung from oxidative damage
appeared (B6). The CF gene was identified during the year (87) and
further progress may be anticipated in understanding the epithelial ion
transport deficit and abnormal mucus production in the disease. It has
been known for some time that i.t. amiloride (46) can have a beneficial
effect on mucus clearance (88) and there are indications the drug may be
developed for use in CF (89).
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Chapter 8. Treatment of Acute Myocardial Ischemia

Meivin J. Yu and Paul J. Simpson
Lilly Research Laboratories, Eli Lilly and Company
Indianapolis, IN 46285

Introduction - Early reperfusion during acute myocardial infarction represents an effective means
to limit tissue necrosis and preserve myocardial function (1,2). Restoring blood flow to ischemic
tissue, however, may paradoxically have deleterious effects on reversibly injured cells within the
region of the myocardium at risk of infarction (3,4). Consequently, with the development of
thrombolytic agents and mechanical methods such as percutaneous transiuminal coronary
angioplasty (PTCA) for emergency revascularization, there is intense interest in identifying
potential adjunctive pharmacotherapies which could limit the progression of tissue injury during
reperfusion and enhance functional recovery of the postischemic myocardium.

A number of important advances have been made toward understanding the mechanisms
underlying ischemia-induced myocardial damage since the last review in this series on anti-
ischemic agents eight years ago (5). The primary focus of investigation in this area over the past
few years has been concerned with the importance of oxygen-derived free radicals, ion fluxes and
the inflammatory response, in particular the role of the neutrophil, in mediating ischemia-induced
cell injury and cardiac dysfunction. This chapter will summarize the important pharmacological
approaches and agents reported in the recent literature for limiting acute myocardial ischemia and
reperfusion injury.

Free Radicals - A brief period (< 20 min) of coronary artery occlusion followed by reperfusion
results in a prolonged and eventually reversible depression of contractile function (myocardial
stunning) (6). Although a number of causative mechanisms have been proposed, myocardial
stunning is generally believed to be mediated in part by reactive oxygen species (7,8). The
evidence for free radical involvement in postischemic contractile dysfunction and its clinical
implications have been reviewed (9). A longer period of ischemia (20 to 60 minutes or longer)
results in irreversible cell injury where the extent of tissue necrosis is related to the severity and
duration of the ischemic episode. There is ample evidence to suggest that reoxygenation of the
ischemic myocardium is accompanied by free radical generation from a variety of intracellular
and/or extraceliular sources, and that oxygen-derived free radicals may contribute to tissue injury.
The role of free radicals and their possible contribution to reperfusion injury was reviewed in this
series three years ago (10), and a number of reviews have since appeared in the literature (11-18).
A review on coenzyme Q as a possible therapeutic agent in myocardial ischemia has also
appeared (19).

Superoxide dismutase (SOD) was reported to reduce infarct size in an occlusion-
reperfusion model of myocardial damage in the anesthetized dog (20), and was the first
antioxidant or free radical scavenger 1o undergo clinical trials for treatment of acute myocardial
infarction {21). Significant controversy exists, however, regarding the efficacy ot SOD in
experimental models of myocardial infarction (22-24). Since there may be a time window during
which neutrophil-suppressive therapy must be administered for containment of ultimate infarct
size quantitated several days after reperfusion (25), a potential complication in these models may
be the relatively short pharmacologic half-lite of both human recombinant and bovine erythrocyte
SOD. Consequently, a short treatment period may not provide a sustained beneficial effect (26).
Conjugation of SOD to PEG, however, was demonstrated to prolong the pharmacologic half-life of
the enzyme from less than 10 minutes to greater than 30 hours, to provide sustained protection
after 4 days of reperfusion, and to prevent rather than simply delay irreversible myocardial damage
in canine models of myocardial infarction (27,28). Thus, effective therapy may be dependent on
assuring that an appropriate concentration of the pharmacological agent be present in the
circulation during the critical time period of reperfusion.

A number of agents have been described which exhibit beneficial effects in experimental
models of myocardial stunning. These include the antioxidant cyanidanol-3 (1) and the iron
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chelator 1,2-dimethyl-3-hydroxy-4-pyridone (2), both of which enhanced recovery of contractile
function in postischemic buffer-perfused isolated rat hearts (29). Hydroxyethy! starch conjugated
desteral also enhanced recovery of stunned myocardium in anesthetized dogs (30). tn addition,
captopril attenuated postischemic contractile dystunction perhaps through a sulthydryl-mediated
free radical scavenging mechanism that was independent of ACE inhibition (31,32). A series of
imidazol-2-thiones {e.g. 3) structurally related to the positive ionotropes enoximone and
piroximone reportedly improved contractility in stunned canine myocardium independent of
ionotropic activity (33).
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Since cell membrane phospholipids are particularly vulnerable to free radical mediated
damage which results in increased membrane fluidity and permeability, agents which protect cell
membrane structure and function during oxidative stress may limit ischemia-induced cellular injury
(34). The lipid peroxidation inhibitor U74006F (4) enhanced functional recovery of stunned
canine myocardium, without affecting systemic hemodynamics or myocardial blood flow (35).
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Other lipid peroxidation inhibitors recently described include a series of 2-O-alkylascorbic
acids {36). A free 3-hydroxy! group and a straight alkyl chain consisting of 11-20 methylene units
on the 2-hydroxy! moiety were optimal for inhibiting lipid peroxidation in vitro. One of the most
potent representatives from this series, 2-O-octadecylascorbic acid (CV-3611, 5), decreased the
incidence and duration of ventricular fibrillation following oral administration to a rat mode! of
myocardial ischemia and reperfusion. This agent also reduced ultimate infarct size orally in dogs
subjected to 60 minutes of coronary artery occlusion followed by 14 days of reperfusion (37).
When administered intravenously just prior to reperfusion, CV-3611 also reduced infarct size and
neutrophil infiltration in the area of myocardium at risk of infarction (38).

Gossypol (8), a polyphenolic component of cottonseed oil, was also recently reported to
inhibit peroxidation of myocardial membrane phospholipid (39,40).

Increasing endogenous myocardial defense mechanisms against oxidative stress has been
reported to reduce postischemic abnormalities in isolated rat hearts. For example, exposure to
elevated temperatures is known to induce both cultured cells and whole animals to synthesize a
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number of highly conserved proteins (heat-shock response) (41). Although the precise function
of these heat-shock proteins is not completely understood, cells that synthesize and accumulate
these substances are more resistant to oxidative stress. Heat-shocked isolated rat hearts
subjected 1o 30 minutes of low-flow ischemia possessed elevated catalase activity which, upon
reperfusion, exhibited enhanced recovery of function relative to control hearts (42). Endotoxin
pretreatment also resulted in elevated catalase activity in rat myocardium which was accompanied
by an increase in myocardial function after ischemia and reperfusion (43). These observations
suggest that endogenous catalase levels may influence susceptibility to ischemia-induced
myocardial injury.

Endogenous myocardial glutathione (GSH) may also play an important protective role in the
heart. Enhanced myocardial GSH content by continuous intravenous GSH infusion was
associated with a reduction in infarct size in pigs subjected to 45 minutes of coronary artery
occlusion and 2 hours of reperfusion (44). Treatment with N-acetylcysteine, on the other hand,
did not reduce infarct size in dogs subjected to 30 minutes of coronary artery occlusion and 24
hours of reperfusion (45), although an improvement in ventricular function was observed which
may have been due to direct free radical scavenging by this agent (46). A 65% depletion of GSH
with diethylmaleate impaired functional recovery of buffer-perfused isolated rat hearts subjected
to ischemia and reperfusion (47). However, a 70% GSH depletion with L -buthionine-S,R-
sulphoximine had no apparent adverse effect on cardiac energy metabolism during total global
ischemia followed by reperfusion {48}.

Neutrophils - Reviews on the role of infiltrating leukocytes and the inflammatory response
(24,49,50), as well as the relationship between neutrophils and platelets (51) in postischemic
myocardial injury have appeared. Activated neutrophils release a variety of mediators that may
contribute to ischemia-induced myocardial damage (52,53). Leukocyles may also exacerbate
ischemic injury through capillary plugging in the coronary microcirculation (no-retlow
phenomenon). Although neutrophil depletion by extracorporeal filtration initiated at the time of
reperfusion reduced canine infarct size (54), the role of the neutrophil in myocardial stunning is
presently unclear (55-58). A recent clinical study examined several aspects of neutrophil function
in patients with stable angina, unstable angina and acute myocardial infarction (59).
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Adenosine has been proposed to regulate the ischemia-induced inflammatory reaction in
the microcirculation by linking ATP catabolism with inhibition of granulocyte activation and
adherence (60). Intracoronary adenosine administration reduced infarct size (61) and attenuated
microvasculature abnormalities in canine models of regional myocardial ischemia and reperfusion
(62). In addition, augmenting the iocal concentration of adenosine with 5-amino-4-imidazole
carboxamide (AICA) riboside pretreatment decreased granulocyte accumulation and increased
collateral flow in the myocardium of dogs subjected to 60 minutes of coronary artery occlusion
(60). Enhanced adenosine release by o1-adrenoceptor stimulation also attenuated myocardial
stunning in dogs (63). Several agents which inhibit functional responses of neutrophils have
recently been reported to reduce infarct size in canine models of ischemia-induced myocardial
damage. These include azapropazone (Z), Fluosol-DA and C1-822 (64-66). The protective effect
of CI-922 (8) was attributed to suppressed neutrophil release of various mediators including
activated oxygen species, lysosomal enzymes and leukotrienes.

Lidocaine has been shown to inhibit neutrophil function in vitro (67,68) and more recently,
to decrease mitochondrial dysfunction and leakage of lysosomal enzymes in a canine modei of
permanent coronary artery occlusion (69). However, ilidocaine pretreatment (beginning 30
minutes before coronary occlusion) in dogs subjected to 2 hours of regional myocardial ischemia
and 6 hours of reperfusion, failed to reduce neutrophil accumulation or infarct size (70). in
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contrast, lidocaine pretreatment (beginning 90 minutes before coronary occlusion) in dogs
subjected to a shorter period (30 minutes) of regional myocardial ischemia and 5 hours of
reperfusion, limited infarct size without reducing neutrophil accumuiation in the area at risk (71).
Since lidocaine reduced coronary sinus levels of conjugated dienes, a potential marker of lipid
peroxidation, the protective effect by this drug was attributed to cell membrane stabilization.

The monoclonal antibody 904 which binds to and interferes with the function of the alpha
subunit of the leukocyte adhesion-promoting glycoprotein CD11b/CD18, reduced myocardial
infarct size when administered to dogs subjected to 90 minutes of coronary artery occlusion
followed by 6 hours of reperfusion (72). Circulating neutrophil count was not different from
controls, but neutrophil accumulation within the myocardium was significantly attenuated when
assessed histologically. In a subsequent study, myocardial infarct size was reduced in dogs
treated with the F(ab')o fragment of 904 after 30 minutes of coronary occlusion and 72 hours of
reperfusion (73). The F(ab')o fragment was ineffective for reducing the prolonged ventricular
dysfunction associated with a short period of regional ischemia in a canine model of myocardial
stunning (55).

The role of arachidonic acid metabolites in myocardial ischemia and reperfusion injury has
been reviewed (74,75). The nonsteroidal antiinflammatory drugs indomethacin and aspirin were
recently shown to have detrimental effects manifested by a further decrease in contractility and
increase in coronary pertusion pressure in isolated buffer-perfused rabbit hearts subjected to low-
flow ischemia and reperfusion (76). Stimulation of prostaglandin synthesis by defibrotide had a
beneficial effect, suggesting a protective role for PGl and PGE2. In a canine model of myocardial
stunning, iloprost improved postischemic contractile function (77). PGla (78), iloprost (79,25),
PGE+ {80) and defibrotide (81) have also been shown to reduce infarct size in animal models of
ischemia-induced myocardial damage, effects which may be related to reduced neutrophil
activation. Extended inhibition of neutrophil activation and accumulation (between 2 and 48
hours of continuous iloprost infusion), however, was necessary for a reduction in ultimate infarct
size quantitated 72 hours post-reperfusion (25).

Thromboxane - A number of thromboxane receptor antagonists and thromboxane synthetase
inhibitors have been recently reported to exhibit beneficial effects in experimental models of
myocardial ischemia (see Chapter 11). These include the thromboxane receptor antagonists BM-
13,505 (82-85), SQ-30,741 (86) and AH-23,848 (87) as well as the thromboxane synthetase
inhibitors OKY-046 (88), HOE-944 (89), CV-4151 (90) and RS-5186 (91). In particular, CGS-
13080 (a thromboxane synthetase inhibitor) in combination with streptokinase enhanced
reperiusion and prevented reocclusion in a canine model of coronary artery thrombolysis (92).
Moreover, CGS-13080 in combination with t-PA synergistically attenuated creatine kinase release
and reduced infarct size in cats subjected to 2 hours of coronary artery occlusion followed by 4
hours of reperfusion, whereas neither tPA nor CGS-13080 alone was effective for reducing tissue
damage (93). Dazmegrel (a thromboxane synthetase inhibitor) but not BM-13,505 (a
thromboxane receptor antagonist) enhanced postischemic recovery of canine myocardial
function (94). Thus, PGlz elevation through metabolic precursor shunting (endoperoxide
shunting) rather than thromboxane reduction per se may underly the beneficial effects of
thromboxane synthetase inhibitors in this model of myocardial stunning (95). In addition,
thromboxane synthetase inhibitors may reduce infarct size through a platelet-dependent, aspirin-
sensitive mechanism (96). Thromboxane receptor antagonists and thromboxane synihetase
inhibitors are reviewed in greater detail in Chapter 11 of this volume.

Leukotriengs - The peptidoleukotriene receptor antagonist SK&F-104,353 did not protect
against ischemia-induced myocardial damage or reduce infarct size in rat models of coronary artery
occlusion-reperfusion (37,88). However, in dogs subjected 1o 2 hours of coronary artery
occlusion and 5 hours of reperfusion, the peptidoleukotriene receptor antagonist ONO-1078 and
the lipoxygenase inhibitor AA-861 reduced myocardial infarct size (99).

Galcium_ - The role of calcium (100,101) and calcium antagonists as potential adjunctive agents
during reperfusion of ischemic myocardium have been reviewed (102). A discussion on the
therapeutic potential of cytoprotective calcium antagonists with little or no primary hemodynarmic
effects has also appeared (103). Studies with buffer-perfused isolated rat hearts suggest the
presence of contraction dependent and contraction independent routes of reperfusion-induced
calcium entry (104), and that interventions introduced at the time of reperfusion might only delay
rather than abolish reperfusion-induced calcium gain (105). Low concentration calcium
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reperfusion has been investigated but with variable results (106).

Pretreatment with diltiazem reduced infarct size in a canine model of myocardial occlusion
and reperfusion (107). More recently, intracoronary administration of diltiazem, but not verapamil
or nifedipine, at the moment of reperfusion reduced infarct size in pigs subjected to 45 minutes of
occlusion followed by 3 days of reperfusion (108). The salutary effects of diltiazem may be related
to reduced myocardial lipid peroxidation (109). Verapamil administered either before coronary
artery occlusion, at the moment of reperfusion or 30 minutes after reperfusion reduced myocardial
stunning in dogs (110). Low-dose intracoronary nifedipine administered after reperfusion also
enhanced postischemic contractile function in the absence of systemic hemodynamic effects
{111).

When infused 30 minutes after occlusion, nisoldipine reduced myocardial infarct size
independent of myocardial oxygen demand in cats subjected to 2 hours of coronary artery
occlusion and 4 hours of reperfusion (112). If administered 90 minutes after occlusion, no
protection was observed.

Pretreatment with the intracellular calcium antagonist KT-362 (9) reduced infarct size and
myocardial stunning in canine models of ischemia-reperfusion (113,114). The relevant beneficial
effects of this agent were attributed to a reduction in myocardial energy and oxygen demand.
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Platelets - Reviews on platelet-endothelium interactions in the pathophysiology of myocardial
ischemia (115) and the relationship between platelets and thrombolysis (116) have appeared.
Recent studies suggest that PAF is released during reperfusion of isolated ischemic rabbit hearts
(117), and may contribute to ischemia and reperfusion-induced arrythmias in anesthetized dogs
(118). In a preliminary repon, the PAF antagonists BN-52021 and CV-3988 reduced infarct size in
dogs subjected to 90 minutes of coronary artery occlusion followed by 3 hours of reperfusion
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- In a canine model of permanent coronary artery occlusion, the sodium channel
blocker SUN-1165 (1Q) reduced ischemia-induced myocardial damage assessed by
mitochondrial dysfunction and lysosomal enzyme leakage (120), while the PLAp inhibitor, 11,
limited canine infarct size when assessed 6 hours post-occlusion (121). The hemorrheological
agent pentoxifylline (12), however, was ineffective in reducing infarct size or enhancing collateral
blood flow in dogs following 6 hours of coronary artery occlusion (122). Nicorandil (13) exhibited
beneficial effects on metabolic and functional recovery of stunned canine myocardium (123)
without increasing PGl2 levels (124), and reduced infarct size in dogs subjected to 6 hours of
coronary artery occlusion (125). Pinacidil (14) and cromakalim (15), two agents that activate ATP-
dependent potassium channels, reduced myocardial infarct size when administered to dogs via
the intracoronary route before the induction of 90 minutes of regional ischemia and 5 hours of
reperfusion (126). The protective effects were not due to increasing collateral blood flow to the
ischemic myocardium.
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Conclusions - Many of the biochemical and functional abnormalities associated with myocardial

ischemia and reperfusion are actively being studied experimentally. A number of agents appear
to improve postischemic contractile function and/or reduce infarct size in experimental models.
These encouraging results suggest that ischemia-induced myocardial injury may be further
attenuated by appropriate pharmacological intervention in conjunction with early reperfusion. The
role of oxygen-derived free radicals and the efficacy of SOD in myocardial ischemia with evolving
infarction in humans may be clarified as clinical trials progress. Newer pharmacological
interventions aimed at inhibiting neutrophil functional responses during the process of myocardial
infarction may offer the most promise for the future pharmacotherapy of this disease.
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Chapter 9. Antiarrhythmic Agents

John E. Arrowsmith and Peter E. Cross
Pfizer Central Research, Sandwich, Kent, United Kingdom

Introduction - Class | and Class Il anti-arrhythmic drugs were last reviewed in this series 4 years
ago (1). Since that time other reviews on the use of these agents and their mechanism of action
have appeared (2, 3, 4). However, the recent results from the Cardiac Arrhythmia Suppression
Trial (CAST) have markedly affected the way some Class | compounds are now viewed. This
review therefore will focus on the CAST study and its implications, and will then give an update on
the Class | and Class Ill agents.

The CAST Study - After a myocardial infarction (MI), there is an increased risk of death from
arrhythmia. Although many factors contribute to this risk, suppression of spontaneous arrhythmias
after Mi was thought to reduce the incidence of sudden cardiac death (SCD). The CAST study (5)
was designed to test the hypothesis that suppressing asymptomatic premature ventricular beats
with Class | anti-arrhythmic drugs would prolong survival. The three drugs studied (encainide,
flecainide and moricizine} were chosen because they already had been shown to suppress
premature veniricular beats in post Ml patients. Other anti-arrhythmic drugs, such as quinidine,
procainamide, disopyramide mexilitene, and tocainide were not used because previous studies
suggested that they did not suppress arrhythmias as effectively, or that adverse effects precluded
their long-term use in most patients.

Patients were entered into the trial between six days and two years after MI, and 2309
people were recruited for the initial drug-titration phase. Of these 1727 (75%) had demonstrable
suppression of their arrhythmias through use of one of the three study drugs, and were then
randomly assigned to receive either active drug or placebo.

After an average of 10 months treatment, the patients receiving either encainide or
flecainide had a significantly higher mortality rate than patients assigned to placebo (7.7%
compared to 3.0%). The exact causes of the deaths associated with encainide and flecainide
treatment were not always known, but death from arrhythmia, as well as from non-arrhythmic
cardiac disease were more common in the treated group. Because of the