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I

Preface
The work was carried out in the Pharmacognosy group of Dr. Anna K. Jäger
over the years 2005-2008 at the Faculty of Pharmaceutical Sciences, University of
Copenhagen. The use of animal models for screening of South African medicinal
plants in the search for new antidepressants was conducted at the Polish Academy of
Science, Krakow, Poland in October 2007. The anticonvulsant testing of Searsia dentata was conducted at the VA Hospital, Los Angeles, USA in the spring of 2008. The

rg
je
ht b
ig ge
yr l E
op e
C ika
M

following papers are included describing parts of the work presented and will serve as
an integrated part of the thesis and referred to by their Roman numerals in bold:

Stafford, G.I., Pedersen, M.E., van Staden, J., Jäger, A.K. Review on plants with CNS-effects
used in traditional South African medicine against mental diseases. J Ethnopharmacol.
2008;119(3):513-537.

II

Pedersen, M.E., Szewczyk, B., Stachowicz, K., Wieronska, J., Andersen, J., Stafford, G.I.,
van Staden, J., Pilc, A., Jäger, A.K. Effects of South African traditional medicine in animal
models for depression. J Ethnopharmacol. 2008;119(3):542-548.

III

Pedersen, M.E., Vestergaard, H.T., Hansen, S.L., Bah, S., Diallo, D., Jäger, A.K. Screening
of Malian traditional medicine for treatment of epilepsy and convulsions. J Ethnopharmacol.
In press 2008.

IV

Pedersen, M.E., Vestergaard, H.T., Stafford, G.I., van Staden, J., Jäger, A.K. The effect of
extracts of Searsia species on epileptiform activity in slices of the mouse cerebral cortex J
Ethnopharmacol. 2008;119(3):538-541.

V

Pedersen, M.E., Baldwin, R.A., Niquet, J., Stafford, G.I., van Staden, J., Wasterlain, C.G.,
Jäger, A.K. Anticonvulsant effects of Searsia dentata (Anacardiaceae) leaf extract in rats. In
preparation 2008.

VI

Pedersen, M.E., Metzler, B., Stafford, G.I., van Staden, J., Jäger, A.K., Rasmussen, H.B.
Amides from Piper capense with affinity to the benzodiazepine site on the GABAA receptor. J
Nat Prod. In preparation 2008.

VII

Neergaard, J.S., Andersen, J., Pedersen, M.E., Stafford, G.I., van Staden, J., Jäger, A.K. Alkaloids from Buphane disticha with affinity to the serotonin transporter. S African J Bot.
Submitted 2008.

VIII

Hansen, S.L., Sterjev Z., Simonsen B.J., Werngren M., Knudsen K.E., Nielsen A. H., Pedersen M., Kristiansen U., Vestergaard H. Does Cerebral Cortical Brain Slices from PTZ-kindled
mice provide a more predictive screening model for antiepileptic drugs? The Effect of Anticonvulsants on Spontaneous Epileptiform Discharges in Cerebral Cortical Brain Slices obtained from PTZ-kindled Mice. In preparation 2008.

e
rs

de
Pe

I

n

II

Contents

Contents
PREFACE................................................................................................................................................. I
CONTENTS ........................................................................................................................................... II
ABBREVIATIONS ...............................................................................................................................III
ABSTRACTS ..........................................................................................................................................V
ABSTRACT IN ENGLISH .........................................................................................................................V
RESUME PÅ DANSK ............................................................................................................................ VII
1

INTRODUCTION............................................................................................................................ 1

2

AFRICAN HERBAL MEDICINE IN DRUG DISCOVERY TODAY....................................... 4

3

ANIMAL MODELS IN CNS DRUG DISCOVERY .................................................................. 13
3.1
3.2

4

de
Pe

INTRODUCTION ......................................................................................................................... 30
ANTICONVULSIVE PROPERTIES IN VITRO .................................................................................... 30
BEHAVIOURAL STUDIES ............................................................................................................ 33
CONCLUSIONS ........................................................................................................................... 35

ANTICONVULSANT PROPERTIES OF SEARSIA SPECIES ............................................... 37

e
rs

INTRODUCTION ......................................................................................................................... 37
INVOLVEMENT OF THE GLUTAMATE SYSTEM ............................................................................ 39
IN VIVO CHARACTERIZATION OF S. DENTATA .............................................................................. 41
CONCLUSIONS ........................................................................................................................... 45

n

6.1
6.2
6.3
6.4
7

INTRODUCTION ......................................................................................................................... 20
IN VITRO CHARACTERIZATION ................................................................................................... 20
IN VIVO CHARACTERIZATION ..................................................................................................... 23
CONCLUSIONS ........................................................................................................................... 26

SCREENING OF MALIAN ANTIEPILEPTIC PLANTS ........................................................ 30
5.1
5.2
5.3
5.4

6

ANTICONVULSANT SEIZURE MODELS ........................................................................................ 13
MODELS FOR DEPRESSION ......................................................................................................... 17

SOUTH AFRICAN PLANTS WITH ANTIDEPRESSANT EFFECTS................................... 20
4.1
4.2
4.3
4.4

5

CNS RELATED ILLNESSES IN AFRICA .......................................................................................... 4
DEPRESSION IN EPILEPSY ............................................................................................................ 6
SEROTONIN AND EPILEPSY .......................................................................................................... 6
BEYOND THE MAGIC BULLET ...................................................................................................... 7
A NEW SCREENING STRATEGY ..................................................................................................... 9

rg
je
ht b
ig ge
yr l E
op e
C ika
M

2.1
2.2
2.3
2.4
2.5

GABAERGIC AMIDES FROM PIPER CAPENSE................................................................... 48
7.1
7.2
7.3

INTRODUCTION ......................................................................................................................... 48
BIOASSAY-GUIDED FRACTIONATION AND STRUCTURE-AFFINITY RELATIONSHIP ...................... 48
CONCLUSIONS ........................................................................................................................... 52

8

CONCLUDING REMARKS ........................................................................................................ 55

9

ACKNOWLEDGEMENTS........................................................................................................... 56

10

REFERENCES............................................................................................................................. 58

11

APPENDIX ................................................................................................................................... 70
11.1

GENERAL EXPERIMENTAL PROCEDURES ................................................................................. 70

Abbreviations

III

Abbreviations

alpha-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid

BDNF

brain-derived neurotrophic factor

BIC

bicuculline

cAMP

cyclic AMP

CD97

convulsive dose97

CNS

central nervous system

CRH
DAT
DMCM
FST
GABA
GAD
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AMPA

corticotropin releasing hormone
dopamine transporter

methyl-6,7-dimethoxy-4-ethyl-β-carboline-3-carboxylate

forced swim test

γ-aminobutyric acid

glutamic acid decarboxylase
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gas chromatograph

GEPR

genetically epilepsy-prone rat

HIV

human immunodeficiency virus

hNAT

humane noradrenaline transporter

hDAT

humane dopamine transporter

hSERT

humane serotonin transporter

HPA

hypothalamic-pituitary adrenal

HPLC

high performance liquid chromatography

HTS

high-throughput screening

5-HT

5-hydroxytryptamine (= serotonin)

IC50

concentration at which 50% inhibition is obtained
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Abbreviations

IDO

indoleamine 2,3-dioxygenase

iGluRs

ionotropic glutamate receptors

KA

kainic acid

LogP

partition coefficient

MAO-I

monoamine oxidase inhibitors

MES

maximal electroshock

mGluRs

metabotropic glutamate receptors

MS

mass spectrometry

NMDA
NMR
PN18
PTZ
3Rs
SE
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NAT

noradrenaline transporter
N-methyl-D-aspartate

nuclear magnetic resonance
postnatal day 18

pentylenetetrazol

refinement, reduction and replacement
status epilepticus
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spontaneous epileptiform discharges

SSRI

selective serotonin reuptake inhibitors

SERT

serotonin transporter

SNRI

serotonin and noradrenaline reuptake inhibitors

TCA

tricyclic antidepressant

TST

tail suspension test

VLC

vacuum liquid chromatography
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Abstracts
Abstract in English
The subject of this PhD thesis is the investigation of African medicinal plants
for treatment of CNS related illnesses, with the focus on epilepsy and depression. The
aim was to establish an early in vivo pharmacological profile of the crude extracts of
African plants used in traditional medicine prior to the isolation process. By this approach, the risk of isolating compounds, which later turn out to be inactive in the liv-
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ing organism, would be minimized.

Four South African plants, Agapanthus campanulatus, Buphane disticha, Mondia whiteii and Xysmalobium undulatum were investigated for antidepressant properties. The four plants showed promising in vitro antidepressant properties: A. campanulatus, B. disticha and M. whiteii functionally inhibited the transporters of serotonin, noradrenaline and dopamine; with A. campanulatus and B. disticha showing a
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triple inhibition of the three transporters while M. whiteii only inhibited the serotonin
transporter. The crude extract of X. undulatum did not affect any of the transporters in
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the tested concentrations. All four plants showed affinity to the serotonin transporter

n

in the [3H]-citalopram binding assay. The extracts were subsequently screened in
widely used animal models for depression: the forced swim test and the tail suspension test. B disticha showed significant antidepressant-like effect in the tail suspension
test and in the forced swim test conducted in both rats and mice while A. campanulatus and X. undulatum showed significant effect in the mouse forced swim test and
M. whiteii showed significant effect in the rat forced swim test. The findings demonstrate the presence of potential antidepressant compounds in the four plants, which
might explain their traditional use.

VI

Abstracts
Eleven Malian medicinal plants were screened in vitro and in vivo for potential

antiepileptic properties. Crude extracts of seven of the plants inhibited the spontaneous epileptiform discharges in the mouse cortical wedge preparation. Ten of the
plants showed affinity to the benzodiazepine site on the GABAA receptor in the [3H]flumazenil binding assay. The two plants with the highest in vitro potencies were
tested for anticonvulsive effects in the pentylenetetrazol mouse-kindling model, but
failed to protect the animals against the chemical induced seizures.
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Two South African species of Searsia were investigated for in vitro antiepileptic
properties. The extracts of Searsia pyroides and Searsia dentata inhibited the spontaneous epileptiform discharges in the mouse cortical wedge preparation. Both extracts
displaced [3H]-CGP 39653 binding and significantly inhibited the NMDA-induced
response during co-administration in cortical slices, which indicates presence of
NMDA receptor antagonists in the crude extracts. The extract of S. dentata showed
promising in vivo anticonvulsive properties when tested against pentylenetetrazol-,
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kainic acid-, NMDA- and bicuculline-induced seizures in rats.
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Two cinnamamides from Piper capense with affinity to the benzodiazepine site
on the GABAA receptor were isolated using the [3H]-flumazenil binding assay in a
bioassay-guided fractionation. A preliminary structure-affinity relationship study was
conduced using a limited library of ten amide analogs. However, none of the synthesised analogs showed higher affinity to the binding site indicating very strict molecular rules for binding to the receptor.

Abstracts

VII

Resume på dansk
Denne ph.d. afhandling beskriver implementeringen af en ny screenings model
til undersøgelse af planter anvendt i den traditionelle medicin til behandling af epilepsi og depressive tilstande. Formålet var at etablere et hurtigt in vivo farmakologisk
billede af råekstraktet fra de enkelte planter forud for en isolering og strukturopklaring
af de aktive forbindelser. Herved ville risikoen for at isolere forbindelser, der senere
hen viser sig inaktive i den levende organisme, blive reduceret.
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Fire planter anvendt i den sydafrikanske traditionelle medicin, Agapanthus
campanulatus, Buphane disticha, Mondia whiteii og Xysmalobium undulatum, blev
undersøgt for mulige antidepressive egenskaber. Råekstraktet af disse planter udviste
in vitro antidepressive egenskaber i funktionelle hæmningsforsøg af monoamin transportere, hvor A. campanulatus og B. disticha funktionelt hæmmede serotonintransporteren, noradrenalintransporteren og dopamintransporteren, mens M. whiteii kun
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hæmmede serotonintransporteren. Råekstraktet af X. undulatum viste ingen funktionel
hæmning af transporterne. Alle fire planters råekstrakter havde affinitet til seroto-
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nintransporteren i [3H]-citralopram bindingsforsøget.

n

Ekstrakterne blev undersøgt i to meget udbredte dyremodeller for depression:
forced swim test og tail suspension test. Råekstraktet af B. disticha havde en signifikant antidepressiv lignende effekt i tail suspension testen i mus samt i forced swim
testen udført i både mus og rotter. A. campanulatus og X. undulatum udviste signifikant effekt i forced swim testen i mus, og M. whiteii havde en signifikant effekt i
forced swim testen udført i rotter. Disse resultater påviser en tilstedeværelse af mulige
antidepressive forbindelser i disse fire planter, hvilket muligvis kan forklare deres anvendelse i den traditionelle medicin.

VIII

Abstracts
Elleve medicinplanter fra Mali blev undersøgt for mulige antiepileptiske egen-

skaber ved screening in vitro og in vivo. Råekstrakter fra syv af disse planter hæmmede de spontane epileptiforme afladninger i cortical wedge opstillingen udført på mus.
Ti af ekstrakterne havde affinitet til benzodiazepin bindingsstedet på GABAA receptoren i [3H]-flumazenil bindingsforsøget. De to planter med højeste in vitro potens blev
testet i en dyremodel for epilepsi, den pentylentetrazol kindlede mus, men havde ingen beskyttende effekt mod de inducerede anfald.
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To sydafrikanske arter af Searsia blev undersøgt for in vitro antiepileptiske
egenskaber. Ekstrakter af Searsia pyroides og Searsia dentata hæmmede de spontane
epileptiforme afladninger i cortical wegde opstillingen udført på mus. Begge ekstrakter displacerede [3H]-CGP 39653 bindingen i bindingsforsøg og hæmmede det
NMDA-inducerede respons ved co-administration i de corticale slices. Ekstraktet af S.
dentata blev testet i dyremodeller for epilepsi og udviste lovende in vivo antikonvulsive egenskaber overfor pentylentetrazol, kainsyre, NMDA og bicuculline inducerede
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kramper i rotter.

n

To kanelsyreamider med affinitet til benzodiazepin bindingsstedet på GABAA
receptoren blev isoleret fra Piper capense ved en bioassay-guided isolering under anvendelse af [3H]-flumazenil bindingsforsøget. En præliminær struktur-affinitets analyse blev udført på et bibliotek af ti amidanaloger, men ingen af de syntetiserede amider
havde hørere affinitet til bindingsstedet end de to isolerede kanelamider. Dette indikerer strenge molekylære regler for binding til receptoren.

Introduction
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1 Introduction
Mother Nature has been a vital source of new therapeutic agents for decades. Of
the small molecule new chemical entities (974 in total) from 1981-2006, 34% were
either natural products or compounds derived from a natural product (1); 37% were
totally synthetic drugs, (often found by random screening of an existing agent); and
the remaining compounds were synthetic compounds mimicking natural products or
synthesized based on a pharmacophore from a natural product (Figure 1).
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The search for plant material with pharmacological properties can be performed
by different collection strategies, including the random collection, the chemotaxonomic and the ethnobotanical approaches (2). In the latter approach, the collection of
plants is based on the use in traditional medicine – a knowledge passed down from
generation to generation.
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Figure 1. All small molecule new chemical entities, 1981-2006. N/ND: natural products or natural derived products; S: totally synthetic compounds; S/NM: synthetic compounds mimicking natural products; S*: synthetic compounds based on a pharmacophore model from a natural product; S*/NM: synthetic compounds mimicking a natural product, which synthesis is based on a pharmacophore model
from a natural product.

2

Introduction
Traditionally, drug development from natural products has been based on time-

consuming methods of bioassay-guided fractionation and isolation of active compounds using in vitro assays. However, it happens that the isolated compounds turn
out to be inactive when tested in the living organism, either due to metabolism of the
compounds or failure to pass the biological membranes (e.g. the blood brain barrier).
The aim of the work described in this thesis was to obtain knowledge of the potential pharmacological properties of selected African herbal medicine by applying an
early in vivo behavioural testing of the crude plant extracts before initiating the isola-
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tion of active compounds. By this approach, the risk of isolating in vivo inactive compounds in the following bioassay-guided fractionation would be minimized. The work
was conducted on plants used in traditional medicine to treat CNS related illnesses
with the focus on epilepsy and depression.

The reader will find an introduction to the use of African herbal medicine in the

rg

search for new chemical entities in chapter 2, including a description of traditional
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beliefs and treatments of epilepsy and depression; the connection between the two
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diseases; a discussion of the consistent “magic bullet” approach in modern drug development; and a presentation of a new screening strategy of herbal medicine used
throughout the work of this thesis (with the exception of the work on Piper capense,
presented in chapter 7). The succeeding chapter 3 describes the most widely used in
vivo models in the search for new antiepileptic and antidepressant drugs, including the
underlying methods used in the present early in vivo pharmacological study of African
herbal medicine. In chapter 4, the pharmacological study of antidepressant herbal
medicine from South Africa is presented, which is the subject of paper II, whereas
chapter 5 and 6 describes the results of antiepileptic studies of Malian and South Afri-

Introduction

3

can plants, respectively, with the associated papers III, IV and V. Chapter 7 is dedicated to the isolation of GABAergic amides from the South African Piper capense
using a classical bioassay-guided fractionation, assisted with a preliminary structureaffinity relationship study, which is the subject of paper VI. Concluding remarks to
the work performed in this thesis are found in chapter 8, and the acknowledgements in
chapter 9. General experimental procedures are discussed in the appendix, whereas
extensive descriptions of the methods used are found in the papers I-VIII, also in the
appendix.
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African herbal medicine in CNS drug discovery

2 African herbal medicine in drug discovery today
2.1

CNS related illnesses in Africa
In Africa, the use of traditional medicine still remains the primary source of

health care to many people (paper I). An estimated 80% of the South African black
population consult the traditional healers for treatment of various illnesses (3). The
ailment of depression is not recognized in South African traditional practice, which
makes the search for new antidepressant drugs based on the traditional use very diffi-
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cult. However, a number of other states and conditions with symptoms similar to depression are known, for example the condition “being put down” by the ancestors.
Persons inflicted with curses and evil spirits have symptoms that often resemble a depressed state accompanied by lethargy. South Africa has a history of traumatized citizens and is a society in transition with a HIV epidemic out of control (4). An epide-
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miological study in a rural community in South Africa reported a prevalence of anxi-
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ety and depressive disorders as high as 23.9% (5). The African traditional treatment of
depression includes herbal medicine combined with meditation in order to relief the
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tension with the spiritual ancestors and/or to remove curses and evil spirits (Figure 2).

Figure 2. A South African traditional healer’s treatment of CNS related illnesses combines rituals and
meditation (picture to the left) with a mixture of herbal medicine (picture to the right). Pictures taken in
2005 in The Valley of the Thousand Hills, KwaZulu-Natal, South Africa by P.D. Pedersen.

African herbal medicine in drug discovery
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A major cause of depression is epilepsy. In Africa, epilepsy is often viewed with
a certain degree of fear and risk of contagious effect due to the cultural attitudes and
beliefs. Studies conducted in townships showed that the parents of epileptic children
believe that the disorder is caused by various parameters including bewitchment, fear
or evil spirits (6). It is viewed upon as a shameful disorder and has severe social implications in African communities as it carries a stigma. Sufferers are often shunned
and discriminated against with respect to education, employment and marriage (7, 8).
The prevalence of epilepsy in African developing countries is generally higher
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than in developed countries (9). In Mali, the incidence of epilepsy is almost five times
higher than in the West (15.6 cases per 1000 people) (10, 11), and a study of a large
rural community situated in the Northern Province in South Africa showed a lifetime
prevalence in children as high as 7.3/1000 (12). A recent study reports an increased
risk of dying and a greater proportion of deaths that are epilepsy-related in Africa – as
high as a six-fold increase in mortality in people with epilepsy. This is higher than the

rg

two- to threefold increase reported in developed countries (12, 13). The reasons for
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this gap between the developed and the developing countries are not entirely clear but
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suggestions have been made that it might be due to social deprivation (14). Interestingly, recent data suggest that people from socio-economically deprived backgrounds
in developed countries are more likely to develop epilepsy (15).
The traditional healers depend on herbal medicine for treatment of epilepsy. The
only cheap available Western antiepileptic drug is phenobarbital and the lack of efficient social and health services prevent its availability in the rural areas of the country
(16).

6
2.2

African herbal medicine in CNS drug discovery
Depression in epilepsy
Depressive disorders are the most common type of psychiatric co-morbidity in

patients with epilepsy (17, 18). People with epilepsy often consider the psychosocial
consequences of epilepsy to be a greater problem than the seizures. Epilepsy is unreasonably stigmatized, and people with epilepsy face hurdles in their workplace and can
have problems at school (19). Depression is more than a reactive process to epilepsy.
The relation between these two disorders is bidirectional and a history of depression
can often be identified before the first epileptic seizure has ever happened (18).
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The prevalence of depression in epilepsy is generally higher than in a matched
population of healthy control subjects, ranging from 20 to 55% in patients with recurrent seizures and from 3 to 9% in patients with well-controlled seizures (20, 21). Another issue of concern is that antiepileptic drugs (AEDs) themselves can cause depression: among the pivotal trials of the newer AEDs, nearly all were associated with depression more than placebo (22, 23). One large population-based study found that
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Serotonin and epilepsy
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25% of epilepsy patients considered that their AEDs made them depressed (24).

The function of the neurotransmitter serotonin in the CNS are numerous and
appear to involve control of appetite, sleep, memory and learning, temperature regulation, endocrine regulation, mood, behaviour, cardiovascular function, muscle contraction and epilepsy (25-27). Serotonin receptors are expressed in almost all networks
involved in epilepsies. Decreased serotonergic and noradrenergic functions have been
identified as pivotal pathogenesis of depression and have been the basis for antidepressant pharmacologic treatments (28, 29). By the same token, a decreased activity of
these neurotransmitters has been shown to facilitate the kindling process of seizure

African herbal medicine in drug discovery
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foci, to exacerbate seizure severity, and to intensify seizure predisposition in genetically epilepsy prone animals (30). Furthermore, mutant mice lacking the serotonin
receptors 5-HT1A or 5-HT2C show increased seizure activity and/or lower threshold
(31-35).
Selective serotonin reuptake inhibitors (SSRIs), the drugs of choice in medical
treatment of depressive disorders, affect serotonergic neurotransmission over a wide
range of both pre- and postsynaptic receptor subtypes (36). Increased serotonin release, reduced uptake or receptor activation is likely to affect other neurotransmitters,
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producing additional indirect effects from SSRI administration. It has been shown that
the SSRI fluoxetine enhances the anticonvulsant effects of conventional AEDs against
maximal electroshock (MES)-induced seizures in mice (37, 38). In the pentylenetetrazol (PTZ)-induced mouse epilepsy model, fluoxetine pre-treatment significantly increased the 60 min survival rate, survival duration and seizure latency (39), whereas
the SSRI citalopram had no effect on PTZ induced seizures in the kindled mouse or

rg

the cortical wedge preparation (paper VIII).
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The complex involvement of different neurotransmitters interacting with a wide
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variety of neurons demonstrates the need of multiple foci in drug development. It is
clear, that focusing on a single isolated neurotransmitter limits the screening of potential new drugs and would most likely miss potentially new therapeutic candidates.

2.4

Beyond the magic bullet
Before the 1980s, Western drug discovery began by using animal models to test

compounds created by medicinal chemists. Compounds were deemed successful by
virtue of their effect rather than the number of molecular targets to which they bound.
However, the undesirable side effects, arising from drug cross-reactivity and from the

8
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diverse roles of the target in different biological scenarios, have prompted researchers
to advocate for a ‘magic-bullet’ paradigm, epitomized by compounds with high binding specificity, which was made possible with the rise of biotechnology (40).
But 20 years later, it turns out that this target-based approach does not always
guarantee success. The number of new molecular entities has been declining despite
the emerge of combinatorial chemistry and high-throughput screenings (HTS) (41,
42) and some of the selective drugs work only in a selected population of patients
(43). Strategies for targeting single genes or proteins ignore the very important fact
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that the most, if not all, of diseases involve a sophisticated network system (44).
Burgeoning interest in multi-target drugs, the so-called ‘magic shotguns’ or ‘selectively non-selective drugs’, to treat complex diseases and malignancies has motivated a reassessment of the therapeutic value of promiscuity (45, 46). Within the field
of CNS it has been discovered that the most clinical effective drugs are pharmacologically complex with pleiotypic actions. For example, antidepressants with com-
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plex modes of action have been shown to be superior to single-action antidepressants.
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The most effective treatment of major depression today is electroconvulsive therapy,
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which alters the dynamics of a vast number of neurotransmitters and neuromodulators, and has profound effects on intracellular signalling pathways related to signal
transduction and mitogenesis (47, 48). Likewise, dual-action antidepressant working
on uptake of serotonin and noradrenaline (serotonin and noradrenaline reuptake inhibitors; SNRIs) are more effective than the classic SSRIs in treatment of depression
(49). Another argument for promiscuity arises with the observation that highly crossreactive drugs might be more resilient against drug-resistant mutations (46). However,
drugs acting on multiple targets have also shown a higher degree of side effects,
which was the case with the tricyclic antidepressants (TCAs).

African herbal medicine in drug discovery
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If multiple roles of a targeted protein in different cellular contexts are responsible for side effects, it is to be expected that promiscuous compounds would result in
an uncertain clinical outcome. Hence, it is forbiddingly dangerous to welcome promiscuous compounds into the therapeutic arena without a rational strategy to control
their specificity and therapeutic index. However, the toxic effects of involvement of
different receptors might not be additive. Thus, a drug with multiple sites of action
might achieve its therapeutic effect at doses below the range of doses that produce
side effects.
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Compounds from African herbal medicine might contribute to an important
source of selectively non-selective drugs due to their complex interaction with different targets. Being used for centuries, the plants could turn out to be relatively safe in
the right dose.

A new screening strategy
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For the last decade, conventional drug development has relayed on screening of
cloned human molecular targets and on structure-based drug design. In the field of
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pharmacognosy, the standard approach has been the classic bioassay-guided fractioning. However, many of the bioassays used have been binding assays using a radioactive labelled ligand with a well-know binding site. These approaches are not likely to
yield selectively non-selective drugs but merely single target agents and ‘me-too
drugs’ due to high degrees of structure similarities and binding to a well-known site
(46, 50).
If selectively non-selective drugs are more likely to be beneficial than singleacting agents in many CNS disorders, which method is then the best way to develop
them? A new approach could be an early in vivo screening in broad-based behavioural

10
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assays. Testing in behavioural assays has traditionally involved a considerably
amount of labour involvement, but recent semi-automated procedures have enabled
HTS-based behavioural screenings (51-54). Recently, nemfitide and YKP10A – two
novel antidepressants, which later turned out to be effective in clinical trials – were
discovered using this approach and neither drug seemed to have affinity for known
drug targets (55-58).

However, many issues must be considered when screening herbal medicine
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using this new approach. For ethical reasons, the plants to be tested must be selected
using a critical scientific method with a reasonably high hit-rate, e.g. the ethnobotanical selection, in order to keep the number of laboratory animals to a minimum. Also,
behavioural studies can be very time and labour consuming if no automated procedures are available and thus be a very costly approach. Therefore, a minimum of in
vitro information is essential prior to in vivo testing. But instead of using a binding
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assay with well-known receptor affinities, a functional assay would provide the
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needed in vitro pharmacological information. A functional assay measures the bio-
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logical function of a certain assay, e.g., functional inhibition of monoamine transporters in which the transport of a given neurotransmitter into the cells is measured by
radioactive labelling. This ‘black-box’ approach allows the discovery of compounds
acting on unknown site together with compounds acting on a molecular target. The
mechanism of action can then be elucidated using the classical binding assays. If these
two types of in vitro assay were combined with validated in vivo models early in the
screening of herbal medicine, a strong platform for further isolation of active compounds would be established (Figure 3).
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Figure 3. Illustration of the new screening strategy involving screening in functional assays, elucidation of mechanism in appropriate binding assays, if available, and
finally in vivo screening prior to isolation and structure elucidation of active compound(s).

African herbal medicine in drug discovery
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One major pitfall in testing crude herbal extract is that synergistic effects of

several compounds tend to be lost in the isolation process (59). The anticonvulsant
effect of yangonin and desmethoxyyangonin, two kavalactones from Piper methysticum Forster f. (Piperaceae), was found to be superior when given with other constituents from the plant (60, 61). In a separate experiment, when a reconstituted mixture of
individual constituents from the plant was tested and related to the activity of the most
potent compound, dihydromethysticin, synergy was again detected (60). Another pitfall is the differences in metabolism between human and rodents, which might influ-
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ence the scientific outcome of an early in vivo screening. Also, the approach relies
heavy on current animal models that have variable predictive value.
Nevertheless, this new approach possesses a number of advantages in drug discovery. The approach minimizes the isolation of in vivo inactive compounds, which
has been a common discovery with the use of in vitro based bioassay-guided fractionation. Many compounds with promising in vitro results fail to show effect when tested
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in the living organism and consequently are removed from drug development. The
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missing in vivo effect can be caused by many parameters including failure in absorp-
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tion (failure to pass biological membranes etc.), distribution (e.g., protein binding)
and metabolism (e.g., first pass metabolism). Ideally, a bioassay-guided fractionation
should then be conducted in validated behavioural assays, however this is not an ethical approach according to the 3R’s (Refinement, Reduction and Replacement (62,
63)). The isolation process could be optimized using hyphenated methods (e.g.,
HPLC-NMR-MS) or using traditional bioassay-guided fractionation once the mechanism of action has been established.
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3 Animal models in CNS drug discovery

3.1

Anticonvulsant seizure models
Epileptic seizures are paroxysmal clinic events arising from neuronal hyperex-

citability and hypersynchrony of the cerebral cortex, either locally (partial seizures) or
diffusely in both hemispheres (generalised seizures). The agitated neuronal activity
that occurs during a seizure is caused by a sudden imbalance between the inhibitory
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and excitatory signals in the brain with γ-aminobutyric acid (GABA) and glutamate,
respectively (36). For many years, treatment of epilepsy has focused on the GABAergic or the glutamatergic system, though other important neurotransmitter systems
have been investigated, including noradrenaline and voltage-gated sodium channels
(36). The most commonly used antiepileptic drugs today are the benzodiazepines,
which act as positive modulators of the GABAA receptors and thus enhance the effect
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of GABA binding to the receptor creating an increased inhibitory neuronal transmis-
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sion (36).

The excitatory neurotransmitter, glutamate, acts postsynaptically on three fami-

rs

en

lies of ionotropic receptors (iGluRs) named after their preferred agonists: N-methylD-aspartate (NMDA), alpha-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid
(AMPA) and kainic acid (KA). NMDA receptor antagonists have powerful anticonvulsant action in experimental animals (64), but so far no NMDA receptor antagonist
has reached the Western market for anti-epileptic drugs due to severe side effects
(65). There are three groups of metabotropic, G protein coupled glutamate receptors
(mGluRs) that modify neuronal and glial excitability through G protein subunits acting on membrane ion channels and second messengers such as diacylglycerol and
cAMP. Group I receptors activate phospholipase C, producing diacylglycerol and in-
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ositol triphosphate as second messengers. Groups II and III are negatively coupled to
adenylyl cyclase. Antagonists at group I mGluRs, and agonists at groups II and III
mGluRs are potential antiepileptic agents (36, 66, 67).

Animal models have been categorised into those of seizure and those of epilepsy. Since human epilepsy is defined by the appearance of multiple spontaneous
recurrent seizures, induction of acute seizure activity alone without chronic epileptiform behaviour is considered a model for seizures and not epilepsy. There are many
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different animal models of partial and generalized seizures. Electrical stimulation,
chemoconvulsants and genetic models have been used to generate generalized seizures (Table 1). MES and chemoconvulsants are useful in generating acute seizures in
screening of new AEDs, but are not adequate for studying epilepsy.
The MES seizures in mice and rats are probably the best validated model that
predicts drugs effective in generalized tonic-clonic seizures (68). Corneal or transcra-
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nial electrodes (ear clips) are used to induce seizures in rodents, which consist of tonic
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flexion followed by tonic extension and clonus accompanied by a loss of posture. In-
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ducing and evaluating MES seizures are easy and not time consuming tasks and thus
the model represents an ideal screening tool. AEDs that block the voltage-gated sodium channels are effective against MES induced seizures.
The chemoconvulsant PTZ has significant convulsant properties in mice, rats,
monkeys and humans. It exerts it action mostly via the t-butyl-bicyclophosporothioate site on the GABAA receptor and induces generalized clonic, and in
higher doses, tonic seizures after different routes of administration (69, 70). At low
doses, PTZ can be used to elicit absence-like seizures (71).

Animal models in CNS drug discovery
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Table 1. The most important animal models for generalized tonic and tonic-clonic seizures (72, 73).
Class of convulsant agents

Mode of seizure induction

Electrical

Maximal electroshock (MES)
Kindled seizures by repeated stimulation of various
brain regions

Chemoconvulsants
Glutamate agonists

Domoic acid
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NMDA
Quiquialic acid
Kainic acid

GABA antagonists

Pentylenetetrazol
Bicuculline
Picrotoxin

GAD inhibitors

Thiosemicarbazide
3-Mercaptoproprionic acid

rg

Allylglycine
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Other agents

Flurohyl
Ricinine

DMCM

en

Theophylline

rs

4-Deoxypyridoxine

Ouabain
Strychnine
Genetic models

Mice (audiogenic seizures, El mice, tg/tg mutant etc.)
Rats (GEPRs, Noda epileptic rat, flathead rats etc.)
Drosophila mutants
Mongolian gerbil
Epileptic dogs
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Many classic anticonvulsants (e.g. valproate, carbamazepine, phenytoin) and the
NMDA receptor antagonists diminish tonic-clonic seizures induced by PTZ making it
a widely used screening model for new AEDs. The University of Utah Anticonvulsant
Drug Development Program employs three primary screens in their initial identification studies: MES, the subcutaneous PTZ, and the 6 Hz psychomotor seizure tests (74,
75). The combination of MES and PTZ is considered a standard screening tool for
AEDs. Chemically PTZ kindling is well suited as a model of clinical epilepsy because
their chronicity and their electrographic and behavioural manifestations closely mimic
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partial complex seizures in humans (70).

Bicuculline (BIC) is a competitive antagonist at the GABA binding site of the
GABAA receptor with a well-know mechanism of action, which produces same behavioural phenomena as PTZ (76). Classical AEDs have a good effect on BICinduced seizures, including benzodiazepines (77).
KA is an agonist for the KA-subtype of iGluRs with highest density in the hip-
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pocampus (78). KA-induced seizures serve as a model of partial focal seizures with
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complex symptomatolgy and secondary generalization from the limbic focus (79, 80).

(69, 81).
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At high doses, KA is used as a model of epileptogenesis after status epilepticus (SE)

NMDA is an agonist for the NMDA-subtype of iGluRs, which predominantly
are expressed in the hippocampal C1, dentate gyrus and striatum (82). NMDA induce
increased locomotor activity (wild running) in prepubertal and adult rats, and after the
period of hyperactivity, tonic-clonic seizures but not clonic seizures occur (83, 84).
NMDA seizures have been proposed as a model of refractory seizures (85). Follow-up
studies after NMDA induced seizures are restricted by the very low survival rates
(83).

Animal models in CNS drug discovery
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The importance of testing potential AEDs in several animal models can be illustrated by a numerous historic examples. The widely established screening of AEDs
in the parallel use of MES and the PTZ model failed to detect levetiracetam, which
was detected using the kindling model (73, 86, 87). Controlled clinical trials with the
AED vigabatrin, an inhibitor of GABA-transaminase, indicate that this drug was more
effective than placebo in the treatment of complex partial seizures and generalized
tonic-clonic seizures (88). However, when tested in the MES, PTZ and the kindling
model is showed low efficacy, and would not have been identified as a potential AED
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if the preclinical evaluation had based on these models only (88, 89).

3.2

Models for depression

Depression is a major cause of disability in today’s society with a lifetime
prevalence of about 20 % (90-92). For decades, the pathophysiology of depression has
been dominated by the monoamine hypothesis, which postulates a deficit of central
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monoamines in key sites of the brain, including serotonin, noradrenaline and do-
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pamine (28, 29, 36). Treatment of depression has focused on increasing the levels of
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these neurotransmitters in the synaptic cleft, e.g. by reducing their reuptake into the
neuron (monoamine transport inhibitors, SSRIs/SNRIs) or by reducing their metabolism (e.g., monoamine oxidase inhibitors (MAO-I)). However, recent reports indicate
that this hypothesis is merely a small piece of the puzzle and that a more complex
interaction of multiple neurotransmitters is involved, including a dysfunction of the
hypothalamic-pituitary adrenal (HPA) axis, decreased neurogenesis and stressinduced dysfunctions (48, 93-99) (Figure 4). Exposure to chronic stress or to a traumatic life events has a strong impact to the manifestation of depression suggesting an
impairment of proper stress coping strategies in depressed patients (100, 101).
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Figure 4: The neuronal complexity involved in depression. The model depicts potential routes by which
chronic stressors could impact depressive state. A chronic stressor could influence cytokine function,
excite corticotropin releasing hormone (CRH) release, and inhibit BDNF; CRH may reciprocally
modulate GABAA receptor and inhibit serotonin (5-HT) neuronal functioning within the prefrontal cortex, hippocampus and amygdala, hence leading to depression. Serotonin may influence levels of
growth and anti-apoptotic factors (brain-derived neurotrophic factor; BDNF and blc-2, respectively)
favouring impaired cellular plasticity and survival, hence promoting depression; cytokine release,
which activate the HPA axis, thereby promoting hormonal variations aligned with depression; cytokine
release may directly impact cell survival or negatively impinge upon neuroplasticity through apoptotic,
oxidative or encitotoxic processes; cytokine activity leading to provocation of toxic metabolites, such
as indoleamine 2,3-dioxygenase (IDO), which may directly impair serotonin functioning, or result in
increased accumulation of kynurenine metabolites (3-OH-kynurenine and hippocampal NMDA), which
would then act in a neurotoxic capacity, hence promoting behavioural disturbances. These multiple
pathways are not considered to be exclusive of one another. Inspired by Hayley et al, 2005 (102).
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Various screening paradigms have been developed and are instrumental in detecting the antidepressant-like potential of novel compounds in preclinical settings
(103). The most widely used models are the forced swim test (FST) and the tail suspension test (TST). The underlying principle in both models is the measurement of the
lack of active coping behaviour in a stressful situation. In the FST, rodents placed in
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an inescapable cylinder of water develop an immobile posture, following the initial
escape-orientated movements. This immobility is thought to reflect either a failure of
persistence in escape-directed behaviour (i.e. behavioural despair) or as a passivestress coping strategy (104, 105). In the TST, mice are suspended by their tail for a
defined period of time and their immobility is assessed. Antidepressant treatment significantly decreases immobility time in the FST and the TST.
One major drawback of the FST and the TST is the fact that none of the models
reflect the slow onset of antidepressant action as it is observed in humans. Short-term
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antidepressant treatments in the animal models reverse the immobility whereas in the
clinic it can take weeks for the same drug to elevate mood (36). However, it has been
demonstrated that doses of antidepressant drugs that are inactive acutely elicit antidepressant-like effects when administered chronically in laboratory animals (106).
Another drawback of the TST is that its application is restricted to mice and that some
commonly used inbred mice have a tendency to climb their tail. These mice must be
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removed from analysis, as they have learned that escape is possible and will quickly
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resume such stature (107).

en

rs

Nevertheless, the two models remain the most widely used and validated paradigms to assess antidepressant-like effect of novel compounds. Both models are easy
to handle, reliable across laboratories and are able to detect a broad spectrum of antidepressant (107, 108). Despite the identical principle of the two models, variability in
response to certain antidepressants indicates potentially different substrates underlying the observed behavioural differences.
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4 South African plants with antidepressant effects

4.1

Introduction
Various plant and plant parts are used in traditional South African medicine for

treatment of depression (paper I). The Western medical treatment of depressive disorders is based on the monoamine hypothesis with the focus on the neurotransmitters
serotonin, noradrenaline and dopamine, as discussed in chapter 3.2. In a recent screen-
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ing, 75 extracts from 34 indigenous plant species used in South African traditional
medicine or taxonomically related to these were investigated for their affinity to the
serotonin transporter (SERT), making use of an in vitro [3H]-citalopram binding assay
(109). Extracts of various parts with high affinity were identified from four indigenous plant species: Agapanthus campanulatus F.M. Leighton (Alliaceae), Buphane
disticha Herb. (Amarylliaceae), Mondia whiteii (Hook.f.) Skeels (Asclepiadeace) and
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Xysmalobium undulatum (L.) Aiton.f. (Asclepiadeace).
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In the present investigation (paper II), extracts of the four plants were submitted
to extensive in vitro and in vivo screenings for antidepressant properties.
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4.2

In vitro characterization
Plant parts from all four plants (roots of A. campanulatus and X. undulatum; the

bulb of B. disticha and leaves of M. whiteii) were screened for functional inhibition of
the SERT, noradrenaline transporter (NAT) and dopamine transporter (DAT) in cells
expressing the human monoamine transporters (hSERT, hNAT and hDAT, respectively) (Table 2). The extract of A. campanulatus inhibited SERT significantly (p <
0.001) more than B. disticha and M. whiteii, whereas A. campanulatus and B. disticha
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were equally potent inhibitors of NAT and M. whiteii had no significant effect on this
transporter. The uptake activity of DAT was inhibited by A. campanulatus significantly (p < 0.05) more than B. disticha but was not affected by M. whiteii. The extract
of X. undulatum had no significant effect on SERT, NAT or DAT at the tested concentrations.

Table 2. Functional inhibition of SERT, NAT and DAT. Data are presented as mean ± S.E.M from a
minimum of 4 experiments each performed in triplicate. n.d. – not detected in tested concentrations.
Drug

SERT

DAT

IC50 (µg/ml)

IC50 (µg/ml)

IC50 (µg/ml)

A. campanulatus

99.4 ± 14.6

84.9 ± 13.3

76.2 ± 1.5

B. disticha

423.8 ± 51.8

77.3 ± 9.8

93.5 ± 11.5

M. whiteii

283.0 ± 38.6

n.d.

n.d.

X. undulatum

n.d.

n.d.

n.d.
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The extract of A. campanulatus and B. disticha showed triple inhibition of the
three transporters, whereas the extract of M. whiteii only affected the SERT. A. cam-
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panulatus showed equipotent IC50 in the three inhibitory assays, which could indicate
presence of one compound with triple effect. This triple uptake inhibitor action might
be an advantage in the clinical treatment of mental diseases due to enhanced antiobesity activity (110). However, other studies have demonstrated a reciprocal effect
of a combined administration of SERT, NAT and DAT inhibitors on serotonin and
dopamine levels in rat prefrontal cortex possible due to involvement of 5-HT1A receptors (111).
To investigate the possible mechanism of action on the SERT the extracts were
screened in the [3H]-citalopram binding assay. All of the ethanolic extracts of the four
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plant parts inhibited the binding of [3H]-citalopram with IC50 values (mg dry extract
pr. mL) of 4.9, 0.5, 2.2 and 1.1 for A. campanulatus, B. disticha, M. whiteii and X. undulatum, respectively. These results are in contrast to the previous findings in which a
hydro-ethanolic extracts of the roots of A. campanulatus and X. undulatum were inactive in the [3H]-citalopram binding assay (109).
The discrepancies between findings in the two studies must be due to the differences in solvent of extraction. It was decide to extract with pure ethanol and not 70%
ethanol as in the previous study, due to the large amount of extract needed for in vivo
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experiments. Extraction with a hydro-ethanolic solvent would accumulate vast
amount of water, impeding the evaporated process when working in large scale. The
small difference in polarities between an ethanolic solvent and a 70% hydro-ethanolic
solvent might cause an extraction of chemical compounds with different polarities.
Theoretically, highly polar compounds (e.g. glycosides) would be extracted by a hydro-ethanolic solvent but not by a pure ethanolic solvent. On the other hand, co-
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solvents would probably interfere and thus cause an extraction of compounds with
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different polarities. In the previous study, the aqueous extract and not the hydro-
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ethanolic extract of A. campanulatus was active. With these new findings, this indicates the presence of several compounds with different polarities in the extract, with
affinity to the SERT. Interestingly, the extract of X. undulatum did not functionally
inhibit SERT despite the affinity for the citalopram binding site, which might be
caused by binding to the low affinity binding site on SERT. In the binding assay, the
racemic R,S-citalopram was used as radioligand. R-citalopram is 20 fold less potent
than S-citalopram (112, 113), and it is believed that only the S isomer binds to the allosteric site. Binding to the low affinity site has been demonstrated to increase the
displacement of ligand from the high affinity site (112, 113). The transporter kinetics
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would in this case not follow the Michaelis–Menten kinetics and the dose-response
curve would most likely not be sigmoid. When tested for functional inhibition of
SERT inhibition, the dose-response curves of X. undulatum were almost linear
(Figure 5) indicating different receptor kinetics. However, the two curves could also
indicate, that the extract was not tested in sufficient high doses.

A)

B)
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Figure 5.Receptor kinetics X. undulatum on SERT in (A) the binding assay and (B) in the functional uptake inhibition assay.

In vivo characterization
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4.3
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The ethanolic extracts of A. campanulatus, B. disticha, M. whiteii and X. undulatum were subsequently tested in two widely used and validated animal models for
depression – TST and FST (see chapter 3.2). The extract of B. disticha was the only
extract showing antidepressant-like effect in the TST. The lowest concentration of
125 mg/kg reduced the immobility, whereas higher concentrations caused a loss of the
effect (Figure 6A). This so called U-shaped activity is well known for several drugs,
including antidepressants (114, 115), e.g. the 5-HT1A receptor partial agonist ipsapirone (116).
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A) Tail suspension test in mice.
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B) Forced swim test in rats.
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C) Forced swim test in mice

Figure 6. In vivo antidepressant-like effect of the four extracts. Relative immobility in percent of
vehicle control. Data are presented as mean ± S.E.M. Data were evaluated by an ANOVA, followed by Dunnet’s Multiple Comparison Test. * p < 0.05, ** p < 0.01, *** p < 0.001
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Similar U-shaped dose-response curves were observed when the extracts were
tested in the FST in rats (Figure 6B). The dose of 250 mg/kg of B. disticha and M.
whiteii produced an antidepressant-like effect in rats, whereas lower and higher doses
had no effect.
Interestingly, M. whiteii had an effect in rats, but did not show any significant
effect in the mouse models. The reason for this is not clear, but might be due to interspecies variations. The different in dosage regimes in the two models could also explain the difference in observed effects. In order to avoid false positive / negative re-
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sults, the rats received three doses – 24h, 5h and 1h prior to testing (104). For reasons
unknown, one exposure is sufficient to generate a stable response in mice (105).
However, accumulation of an active metabolite in the rat after three dosages over 24h
could show effect in the FST, contrary to a single exposure 30 min prior to testing in
the mouse. As mentioned in chapter 3.2 it has been demonstrated that doses of antidepressant drugs that are inactive acutely elicit antidepressant-like effects when ad-
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ministrated chronically (106).
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In the TST, male C57BL/6J mice were used despite the previously reports of
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mice climbing their tails (117, 118). This was due to the unexpected observation that
the Swiss Albino mouse did not respond to imipramine in our research facilities (119).
However, this might also explain the observed effect in the FST. When the Swiss Albino mice were applied for testing the extracts in the FST, antidepressant-like effect
was observed of A. campanulatus, B. disticha and X. undulatum (Figure 6C). The
findings indicate, that the two mice strains used respond differently to the active compounds in the extracts. Very large differences in base line immobility in the FST and
the TST have previously been reported proving significant interstrain variations. For
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example, the AMPA receptor potentiator, LY451646, was found to be five-fold more
potent in the C57BL/6 mice compared to NIH-Swiss mice in the FST (120).
An interesting observation was done during the testing of X. undulatum in the
FST. Mice treated with the extract developed a distinct behavioural pattern after some
time (hours). They tended to move close to the ground in hypolocomotion in a circular movement, frequently displaying spontaneous rotating Straub tail, forepaw treading, tics and tremor. This phenotype is generally consistent with ‘serotonin syndrome’, which is observed when rodents are administrated compounds, which either
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dramatically increase synaptic serotonin (e.g., monoamine oxidase inhibitors, serotonin precursors, or serotonin releasing agents), or directly stimulate postsynaptic serotonin receptors (121, 122). The phenotype is also present in SERT knockout mice
(123, 124). However, a further in vivo characterization is needed to establish the full
phenotype as other neurotransmitter systems might cause some of the observed effects, including opiates and dopamine agonists (125, 126). It is remarkable that the
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extract of X. undulatum showed affinity to the SERT in the binding assay; did not
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functionally inhibit the SERT; but showed in vivo antidepressant-like effects. The ob-
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served ‘serotonin syndrome’ could indicate a new mechanism of action.

4.4

Conclusions
The present study of A. campanulatus, B. disticha, M. whiteii and X. undulatum

demonstrated in vitro and in vivo antidepressant properties of the four South African
medicinal plants. However, all studies in present investigation were conducted on
crude ethanolic extracts making it difficult to estimate, which compounds were responsible for the antidepressant-like activity observed in the animal models, due to
the complex composition of the extracts. Very few studies have focused on the poten-
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tial new antidepressant compounds from these four plants. A bioassay-guided fractionation using the [3H]-citalopram binding assay led to the isolation of buphanidrine
and buphanamine from the leaves of B. disticha with Ki values of 132 µM and 868
µM, respectively (Figure 7) (127).

A)

B)
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Figure 7. Isolated alkaloids from B. disticha with affinity to SERT. Buphanidrine (Fig. A): R1: OMe, R2: OMe) and buphanisine (R1: OMe, R2: H). Buphanamine (Fig. B) (R1: H, R2: OMe, R3: OH) and distichamine (R1: OMe, R2:
OMe, R3: =O)
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A further study on B. disticha led to the isolation of the alkaloids buphanisine
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and distichamine (Figure 7) (paper VII) with the Ki values of 82 µM and 25 µM, respectively. When tested for functional inhibition of SERT, buphanidrine, and dis-
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tichamine showed high IC50 values ((µM) 513 and 646, respectively). Synergistic effect of these alkaloids with common structures cannot be ruled out and could contribute to the observed antidepressant-like effect of the extract, despite the relatively low
affinities observed. A further in vivo characterization is necessary to illuminate the
potential of these compounds as new lead structures.

Despite the very different molecular structures of the SSRIs some basic rules
must be fulfilled. According to a recent pharmacophore model, binding to the serotonin uptake site requires at least one alkaline nitrogen (128). Interestingly, neither A.
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campanulatus nor X. undulatum contain alkaloids (129, 130) demonstrating the presence of a potential new group of antidepressants (the positive reaction with X. undulatum and Dragendorf’s Reagent, iodo-platinate and cobalt thiocyanate was due to a reaction with the conjugated lactones of the well known cardiac steroids xysmalorin and
uzarin, thus a false-positive reaction (131) (Figure 8); the cardiac glycosides were isolated using preparative TLC (Pedersen et al., unpublished data)).

A)

B)
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Figure 8. The isolated cardiac steroids, (A) uzarin and (B) xysmalorin from X. undulatum, with falsepositive ‘alkaloids reactions’ with Dragendorf’s reagent, iodo-platinate and cobalt-thiocyanate.

Non-nitrogenous compounds have been tested for their SERT blocking effect.
The results suggest that non-amine analogs of tropanes bind to, and block, SERT with
potencies comparable to conventional antidepressant drugs (132). Several studies on
Hypericum perforatum L. (Clusiaceae) have identified non-nitrogenous compounds
with in vitro and in vitro antidepressant-like effects including hyperforin - a
prenylated phloroglucinol - and the flavonoids hyperoside, isoquercitrin and miquel-
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ianin (133, 134). A recent unpublished bioassay-guided fractionation of the ethanolic
leaf extract of M. whiteii confirms the presence of non-nitrogenous natural compounds in the plant with affinity the SERT. Loliolide, previously isolated from Lolium
perenne L. (Poaceae) (135) and the psychotropic plant Salvia divinorum Epling &
Játiva (Lamiaceae) (136), showed affinity to the SERT (Ki = 0.6 nM) (137) (Figure
9).
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Figure 9. Structure of loliolide isolated from M. whiteii.
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In conclusion, the present study demonstrated presence of in vitro and in vivo
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active antidepressant-like compounds in the four plants, which could explain their traditional use. Isolation and structure elucidation is the next step in the pharmacological
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investigation of these plants. Due to the complex interaction of serotonin and nor-

en

adrenaline in epilepsy (discussed in chapter 2.3), it would be interesting to screen
these plants in anticonvulsant assays, regardless of no reported traditional use against
epilepsy.
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5 Screening of Malian antiepileptic plants

5.1

Introduction
In most of the countries on the African continent, traditional medicine plays an

important role in the treatment of epilepsy. In Mali, the Département de Médecine
Traditionnelle at the Institute of Research of Public Health is responsible for the registration of traditional practitioners, medicinal plants, research and development of im-
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proved traditional medicines. This institution’s main objective is to establish a
mechanism to assure that traditional medicine is complementary to conventional
medicine, thus creating at close cooperation between the traditional healers and the
research in medicinal plants. (138, 139)

In present investigation, eleven medicinal plants traditionally used to treat epilepsy in Mali were submitted to a screening for in vitro and in vivo anticonvulsant

Anticonvulsive properties in vitro
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properties (paper III).

In the evaluation of in vitro anticonvulsive properties, the ethanolic extract of
the plants were submitted to a functional characterization in the mouse cortical wedge
preparation and a screening in the [3H]-flumazenil binding assay for affinity to the
benzodiazepine binding site on the GABAA receptor (for benzodiazepines, see chapter
3.1). The cortical wedge model has been used to study the effect of antiepileptic drugs
and used intensively as a screening model for ligands acting directly at the iGluRs,
i.e., the NMDA and the AMPA receptors.

Screening of Malian antiepileptic plants
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Table 3: Effects of the extracts screened in the [3H]-flumazenil binding assay and the mouse cortical
wedge preparation. Extracts referred to in the text are stated by their codes in bold. Data are presented
as mean with 95% C.I. in squared branches.
FAMILY

Mouse cortical wedge

[3H]-flumazenil bind-

IC50 (mg/ml)

ing assay IC50 (mg/ml)

I1

n.d.

3.13 [1.31; 7.47]

B1

0.53 [0.33; 0.82]

n.d.

Code

Species
ANACARDIACEAE
Ozoroa insignis
Syn: Anaphrenium abyssinicum Hochst; Heeria
reticulata Engl.)

BALANITACEAE
Balanites aegyptiacus

Guiera senegalensis

G1

0.59 [0.45; 0.79]

1.35 [0.05; 38.0]

Pteleopsis suberosa

P3

0.65 [0.37; 1.15]

0.74 [0.16; 3.31]

Terminalia macroptera

T1

1.37 [0.52; 3.56]

2.69 [1.08; 6.70]

Alchornea cordifolia

A1

n.d.

2.18 [1.16; 4.09]

Bridelia ferruginea

B3
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1.44 [0.33; 6.26]

1.74 [0.68; 4.44]

Flueggea virosa

F1
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COMBRETACEAE

1.28 [0.46; 3.55]

P1

0.20 [0.15; 0.27]

0.45 [0.22; 0.91]

B2

n.d.

1.50 [0.63; 3.54]

P2

n.d.

2.01 [1.19; 3.39]

EUPHORBIACEAE

Syn: Securinega virosa, Roxb. & Willd. Baillon;
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Phyllanthus virosus Willd.

0.43 [0.31; 0.59]

HYPERICACEAE
Psorospermum senegalense
LEGUMINOSAE
Burkea africana
MELIACEAE
Pseudocedrela kotschyi
Syn: Cedrela kotschyi Schweinf.

n.d. – not detected in tested concentrations.
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Due to release of endogenous glutamate, spontaneous epileptiform discharges

(SEDs) develops when Mg2+ are washed out of the brain tissue removing the blockage
of the NMDA receptors (140, 141). Ligands acting at the mGluRs (142), the GABAA
receptors (143-145) and the voltage-sensitive ion channels (141, 146) have also been
shown to modulate the generation of SEDs underlining that the generation of SEDs in
the cerebral cortex depends on both excitatory and inhibitory processes (147).
Ten out of the eleven extract showed affinity to the benzodiazepine binding site
(Table 3). Seven of the eleven tested extracts inhibited the SEDs dose dependently.
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The extract of I1, A1, B2 and P2 did not show any effect in the cortical wedge preparation, despite having affinity to the benzodiazepine site in the binding assay. Further
functional characterization is needed to evaluate whether these compounds are negative modulators, antagonists etc. of the GABAA receptor. The extracts of G1, P3, T1,
B3, F1 and P1 showed comparable potencies (Figure 10) in the two in vitro assays
indicating the presence of GABAergic compounds.
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Figure 10: Pearson product-moment correlation between the potencies in the two in vitro
assays. * p < 0.05
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Behavioural studies
The extracts of P1 and F1 were selected for in vivo testing, since they were the

most potent extracts in the cortical wedge preparation. The PTZ kindling model is a
widely used screening model for testing of anticonvulsive compounds (see chapter
3.1). However, none of the extracts showed any significant effect on latency of onset,
the severity or the duration of the PTZ-induced seizures in the kindled mice (Figure
11). Additionally, the two extracts had no effect on the motor coordination at any of
the dosage regimes.
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Several factors might explain the lack of in vivo anticonvulsive activity of the
two tested extracts. The in vitro active compounds could have been metabolised to
non-active compounds in the living organism or did not penetrate the blood brain barrier. Another explanation could be that the active compounds do not show effect in
the PTZ model. As seen with the discoveries of phenytoin and levetiracetam, it is essential to use more than one in vivo model in screening for new antiepileptic com-
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pounds (74). Differences in metabolism between rodents and humans might explain
use in traditional medicine despite the lack of effect in the animal model. The binding
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of plasma proteins to the drug may have a marked effect on its distribution and activity and on the rate of which it is eliminated for the body, as previously reported
with valproate (148). Other routes of administration (e.g., intravenous and intracranial) may provide better anticonvulsive effects of the active compounds. On the other
hand, these routes of administration have limited therapeutic relevance. Finally, the
missing effect could be due to too low in vivo dose or simple the fact, that the plants
do not have any effects in humans. Often herbal medicine are used in a cocktail of
many different herbs, thus their use in traditional medicine could be due to pleasant
smell, taste etc.
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Figure 11. Effect of (A) P1 and (B) F1 on PTZ-induced seizures. From top to bottom are listed the
effect on latency of onset of first clonic seizure; the effect on the severity score according to a scale
by Racine (149), with modification; (0 = no response, 1 = one-three myoclonic jerks and/or facial
twitching and/or axial waves going though the body, 2 = more than three myoclonic jerks, 3 = clonic convulsion with forelimb clonus without loss of postural control, 4 = clonic convulsion with
loss of postural control, turning to the side and/or rearing, 5 = clonic convulsion with loss of righting reflex and/or bouncing). and the effect on the duration of first clonic seizure.
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Conclusions
The screening of the eleven medicinal plants from Mali identified several ex-

tracts with potential anticonvulsant properties. A surprisingly high hit-rate was observed, as all extracts showed effect in either one or both of the in vitro assays. In a
recent in vitro screening of 43 plants used in southern African for epilepsy and convulsions, only 19 out of 118 tested extract showed activity (150). This could indicate,
that the close cooperation between the healers and the scientists in Mali generates a
more successful selection of the plants than the selection of plants from southern
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Africa.

Interestingly, the extract of B1 inhibited the SEDs but did not show affinity to
the benzodiazepine site on the GABAA receptor. This might be due to compounds
intervening with the glutamatergic receptors (e.g., NMDA receptor antagonists), voltage-gated cation channels (e.g., voltage-gated sodium channel blockers) or simply
due to the presence of endogenous plant amino acids. Obviously, endogenous plant
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amino acids (GABA or glutamate) could interfere with the assays conducted creating
a ‘false-positive’ hit. GABA and glutamate have been detected in plants and there are
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indications that GABA receptors exists in plants or that plant glutamate use GABA as
a modulatory agent (151). However, the interaction is most likely possible in the cortical wedge preparation, which consist of intact brain tissue. The amino acids do not
penetrate the blood brain barrier in vivo by simple diffusion, but there exists specific
carrier proteins of some amino acids (152). Nevertheless, if endogenous plant amino
acids caused a significant effect in vivo, a much higher number of plants with anticonvulsant properties would be anticipated. Since GABA does not compete at the
benzodiazepine binding site, the displacement of the radioligand in the binding assay
is not affected unless the orthosteric binding causes a conformational change of the
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allosteric site. This theoretical consideration underline the danger of using only one in
vitro / in vivo assay in screening of plant extract with complex compositions.
In conclusion, the preliminary screening of the eleven Malian medicinal plans
demonstrated in vitro anticonvulsant properties of the extracts and a further in vivo
characterization and isolation of active compound is needed to complete the investigation.
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6 Anticonvulsant properties of Searsia species

6.1

Introduction
Species of Searsia (Anacardiaceae) including S. chirindensis (Baker f.) Moffett,

S. natalensis (Bernh. ex Krauss) F.A.Barkley, S. pyroides (Burch.) Moffett and S.
dentata (Thunb.) F.A.Barkley are used in traditional South African medicine to treat
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epilepsy (153-156).

A bioassay guided fractionation of the ethanolic extracts of S. pyroides and S.
dentata demonstrated the presence of the three flavonoids agathisflavone, amentoflavone and apigenin (Figure 12), which all showed affinity to the benzodiazepine site
on the GABAA receptor in nM range (157). However, when tested in vivo apigenin
showed anxiolytic and slight sedative effects but had no effect on PTZ-induced seiz-
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ures in mice (158).
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These findings are in contrast to studies in rats, in which apigenin reduced the
latency of onset of picrotoxin-induced seizures, but was devoid of anxiolytic effects

rs

(159). Another group reported amentoflavone to be a relatively weak negative allo-

en

steric modulator of GABA action acting independently of classical flumazenilsensitive benzodiazepine modulatory sites (160).
Consequently, the use of these plants as anticonvulsive agents in traditional
medicine suggests involvement of other compounds acting on a different neurotransmitter system (or the presence of yet unidentified hydrophilic GABAergic compounds). This led to an extensive in vitro (paper IV) and in vivo (paper V) pharmacological investigations of Searsia species for potential anticonvulsant properties.
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Figure 12. Chemical structures of the flavonoids (A) apigenin, (B) amentoflavone and (C) agathisflavone isolated from Searsia species.
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Involvement of the glutamate system
A functional characterization of the extracts was conducted using the mouse

cortical wedge preparation. The cortical wedge preparation has been used to investigate the effects of AEDs, since the neuronal tissue generates SEDs upon the removal
of Mg2+ from the bathing medium, as discussed in chapter 5.2. Both the ethanolic extract of Searsia dentata and the ethanolic extract of Searsia pyroides inhibited the
SEDs dose dependently (Figure 13).
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Figure 13. The effect of (A) S. dentata and (B) S. pyroides on SEDs.
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The ED50 (mg dry extract pr. mL) were calculated to 0.62 and 1.65 for S. dentata and S. pyroides, respectively. The three flavonoids agathisflavone, amentoflavone
and apigenin had no effects on the SEDs when tested in the concentration range of
0.01 – 100 µM. Pre- and co-administration of plant extract (2.0 mg/mL) with NMDA
(10 µM) significantly decreased the amplitude of the NMDA-induced depolarisation
(Figure 14) by 37% (S. dentata, n = 3, p < 0.05) and by 27% (S. pyroides, n = 3, p <
0.05). Successive administrations of NMDA after the co-administration resulted in
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responses similar to the initial NMDA response prior to the plant extract administration, thus eliminating the possibility that the observed effect of the extracts was
caused by a rundown. No agonistic effects were detected during the pre-application of
the extracts. The fast recovery of the NMDA-induced response following the coadministration indicates that the NMDA receptor antagonist(s) present in S. dentata
and S. pyroides bind(s) in a reversible manner.
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Figure 14: Trace of co-administration of NMDA with extract of S. dentata. SEDs are seen as fast
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spikes between the NMDA induced responses.

The presence of NMDA receptor antagonist were confirmed in binding studies
where extracts from S. dentata and S. pyroides were screened for affinity to iGluRs
using the NMDA receptor antagonist [3H]-CGP 39653 and [3H]-AMPA, respectively.
Both the extract of S. dentata and the extract of S. pyroides inhibited the binding of
[3H]-CGP 39653 with IC50-values (mg dry extract pr. mL) of 0.48 and 0.73, respectively (Figure 15). None of the extracts affected the [3H]-AMPA binding (data not
shown).
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Figure 15. Competitive binding of [3H]-CGP 39653 binding of S. dentata and S. pyroides
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A previous study demonstrated no affinity of amentoflavone to the NMDA receptor in vitro (161), whereas apigenin has been shown to inhibit glutamate response
in cultured rat hippocampal neurons (161) possibly via inhibition of glutamateinduced calcium signalling (162). Nonetheless, these results indicate that S. dentata
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In vivo characterization of S. dentata
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receptor in vitro.
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and S. pyroides extracts contain compound(s) that selectively inhibit(s) the NMDA

To investigate the observed in vitro antagonistic effect on the NMDA receptors,
the ethanolic extract of S. dentata was submitted to a screening in animal models for
epilepsy. The strategy was to screen in a broad spectrum of chemoconvulsants and
continue working on EEG implanted rats in an event of promising findings. Unfortunately, due to limited time EEG recordings were not performed.
PN 18 (postnatal day 18, day of birth PN 0) rats were used to screen for protective effect of S. dentata on NMDA-, PTZ- and BIC-induced seizures, whereas adult
rats were used in the KA-induced seizure model in order to be able to perform EEG
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recordings under the current laboratory facilities in the event of interesting behavioural findings. As discussed in chapter 3.1, the conventional screening of antiepileptic drugs involves the MES and the PTZ model, due to the large amount of AEDs
showing effect in these models. Unfortunately, the current laboratory facilities did not
make it possible to induce MES seizures, which limited the screening, but the in vitro
findings of NMDA receptor antagonism enabled to focus the in vivo models used.
The dose of convulsant agent (i.e. NMDA, KA, BIC and PTZ) was set to CD97
i.e., the dose producing the seizure response in more than 97% of the animals. By this
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design, any protective effect observed in the behavioural studies would be due to active compounds in the extract and not due to variations in convulsant thresholds in the
animals. Unfortunately, this high dose also caused a high mortality and could mask a
small protective effect of the extract.

At the dose of 250 mg/kg, the extract protected 47% of the PN 18 rats (n > 10)
against NMDA-induced epileptiform turning behaviour (Figure 16A). However, the
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protective effect was lost at increased doses indicating that an even lower dose of the

de
Pe

extract could be more active. The extract protected against KA-induced SE (63% pro-
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tected, n > 8) and BIC-induced seizures (50%, n > 8) at the dose of 500 mg/kg (Figure
16B and D), while no protective effect was detected on PTZ-induced seizures in the
tested doses (Figure 16C). Interestingly, a “bell-shaped” dose-response curve was observed when the extract was tested for protection against KA-induced SE and BICinduced seizures suggesting that other constituents in the extract could have opposite
or toxic effects.
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Figure 16. Protective effect of S. dentata in (A) NMDA-induced turning behaviour (n > 10),
(B) KA-induces SE (n > 8), (C) PTZ-induced seizures (n > 8) and (D) BIC-induced seizures
(n > 8). * p < 0.05, ** p < 0.01, *** p < 0.001 vs. vehicle (Fischer exact test, two tail).

This ‘bell shaped’ dose-response curve is relatively common with complex
herbal remedies (163), and was also observed in the testing of the South African antidepressant plants (chapter 4). As discussed above, flavonoids isolated from Searsia
species have shown in vitro and in vivo pro-convulsant properties, which could explain the observed effect. No acute toxicology testing of the extract was performed
due to ethical consideration and to keep the number of animals at a minimum, thus
toxic effects cannot be ruled out. The severity of first clonic seizure in the non-
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protected animals was recorded in all the assays and scored according to a scale of
Racine (149). However, the extract did not significantly (p > 0.05) affect the severity
of first clonic seizure in non-protected animals in the KA-, PTZ- or BIC-induced seizure models (data not shown). The latency of onset of epileptiform behaviour in nonprotected animals in the seizure models was also recorded (Table 4). The dose of 250
mg/kg significantly prolonged the latency of onset PTZ-seizures in PN 18 rats. No
effect was observed on the latency of onset of NMDA-, KA- or BIC-induced seizures.
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Table 4. Latency of onset (s) of chemically induced seizures in rats after pre-treatment with S. dentata. Data presented as mean ± S.E.M., n > 10 (NMDA); n > 8 (KA, PTZ and BIC) and evaluated
by an ANOVA, followed by a by Dunnet’s Multiple Comparison Test. * p < 0.05. n.t. – not tested.
NMDA

KA

PTZ

BIC

Vehicle

562 ± 153

2033 ± 371

128 ± 21

70 ± 12

Saline

787 ± 287

n.t

250 mg/kg

721 ± 215

2391 ± 555

500 mg/kg

540 ± 129

3120 ± 558

750 mg/kg

728 ± 165

n.t.

1000 mg/kg

339 ± 58

1935 ± 360

2000 mg/kg

565 ± 113

n.t.
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Treatment

n.t.

n.t.
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51 ± 8

192 ± 100

85 ± 21

n.t.
122 ± 32
n.t.
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614 ± 285 *

n.t

114 ± 20
n.t
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Conclusions
The two Searsia species showed in vitro antiepileptic properties in the cortical

wedge preparation. The effect appeared to be caused by NMDA receptor antagonists,
which was confirmed by binding studies. Obviously, interaction with NMDA and
plant extract could decrease the effect of NMDA in the cortical wedge (e.g., adhesion
or chemical interaction), but the fine correlation between binding assay and functional
assay proved this interaction to be insignificant.
The extract of S. dentata showed antiepileptic properties in several animal mod-

je
ht b
ig ge
yr l E
op e
C ika
M

els for epilepsy. The observed antagonistic effect of the extract on the NMDA receptors in vitro could explain the observed anticonvulsant effect in vivo. The striking differences in significant effective dose (250 mg/kg, NMDA- and PTZ-induced seizure;
500 mg/kg, KA-induced SE and BIC-induced seizures) might be influenced by the
age-difference (PN 18 rats in NMDA-, BIC- and PTZ induced seizures vs. adult rats
in KA-induced SE). It is clear, that the immature brain is not simply a small version of
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the adult brain and age differences have been reported. For instance, the immature
brain is more susceptible to acute seizures than the adult brain but is less susceptible
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to the development of chronic epilepsy in both animal models and humans (164).
Since present investigation primarily focuses on acute models of epilepsy, PN 18 rats
were chosen for the screening. Brain development in PN 18 rats roughly correspond
to preschool human children (165). At this age minor seizures, (i.e., predominantly
clonic seizures of facial and forelimb muscles with preserved righting ability), and
major seizures, (i.e., generalized tonic-clonic seizures with loss of righting reflex), can
reliably be elicited. One big advantage of using immature rats in a screening situation
is the reduced amount of plant material needed together with a lower cost of animals.
Another explanation of the differences in effective doses could be involvement of
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mixed neurotransmitter systems. Differences in affinities to the receptors could also
influence on the observed effective doses. The effect on multiple neurotransmitter
systems might be useful in epilepsy treatment. Many patients with epilepsy use two or
more antiepileptic drugs to control their seizures (166, 167).

Recently, the stem-bark aqueous extract of Searsia chirindensis (Baker f.)
Moffett (Anacardiaceae), basionym: Rhus chirindensis Baker f., was investigated for
anticonvulsant properties in mice (168). The extract protected the animals against

je
ht b
ig ge
yr l E
op e
C ika
M

PTZ-, BIC- and picrotoxin-induced seizures. Due to the different animal species and
plant parts used, it is difficult to compare the two studies. Nevertheless, there seems
now to be a reasonable pharmacological evidence for the use of Searsia species in
treatment of epilepsy in South Africa. The studies so far have been using acute seizure
models only. Chronic models (e.g., chemical or electrical kindling) as well as seizure
models acting via different mechanisms (e.g., MES or flurothyl induced seizures)
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would be relevant in future studies. Likewise, EEG recording would contribute sig-
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nificantly to this investigation.

The Searsia genus is not traditionally being used to treat neurodegenerative diseases in South Africa (see paper I) but the antagonistic effect of the extract of S. dentata on the NMDA receptors might be useful in treatment of these diseases. NMDA
receptor antagonists may protect against the toxic effects of glutamate and are currently being tested clinically. Glutamate toxicity may contribute to cell damage after
stroke, to the cell death that occurs with episodes of rapidly repeated seizures (SE)
and to neurodegenerative diseases such as Parkinson’s, Alzheimers’s and Huntington
disease (169). Memantine, a non-competitive NMDA receptor antagonist, has been

Anticonvulsant properties of Searsia species
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used for a number of years in treatment of neurodegenerative diseases (67). The safety
of the demonstrated NMDA receptor antagonists may possibly turn out to be an
Achilles' heel in a potential pharmacological treatment. Many NMDA receptor antagonists have severe side effect, including hallucinations (64), but the use of the
Searsia species in traditional medicine in South Africa suggest a better tolerance of
the active compounds.
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7 GABAergic amides from Piper capense

7.1

Introduction
The tuber or roots of Piper capense L.f. (Piperaceae) are used traditionally in

South Africa to induce sleepiness (170). As discussed in chapter 3.1, benzodiazepines
remain the backbone in chemical treatment of epilepsy. The pharmacological profile
of these compounds (anxiolytic, anticonvulsant, muscle relaxant and sedative-
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hypnotic) makes them the most important GABAA receptor modulating drugs. However, clinical treatment of epilepsy, which consists of keeping under control unprovoked and recurrent seizures, still demands new alternative chemical agents, as the
existing treatments fail to control all epilepsies (64, 166, 167, 171). In a recent screening of plants used for sedative purposes or for treating CNS related ailments, the ethanolic extract of the roots of P. capense showed affinity to the benzodiazepine site on
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the GABAA receptor (172), thus indicating the presence of potential antiepileptic
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compounds in the root.

Bioassay-guided fractionation and structure-affinity relationship
In the present study, bioassay-guided fractionation using VLC and HPLC led to

the isolation of the two amides, piperine (1) and 4,5-dihydropiperine (2), (Figure 17),
which showed low affinities for the benzodiazepine binding site on the GABAA receptor with IC50 values of 1.2 and 1.0 mM, respectively (Paper VI).
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Figure 17. The chemical structures of the amides (1) piperine and (2) 4,5 dihydropiperine isolated from
P. capense with low affinity to the benzodiazepine site on the GABAA receptor

To investigate the structure-affinity relationship of these amides, a limited li-
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brary of ten analogs was synthesized by which the A, B and C majorities of piperine
(1) were modified (Figure 18). 4,5-dihydropiperine (2) was also synthesised for obtaining sufficient amounts for pharmacological testing. The synthesis of (2) proved to
be a difficult task. Conventional synthetic chemical methods of coupling the corresponding acid chloride and piperidine led to the synthesis of the chlorinated analog (8).
Instead (2) was obtained directly from the carboxylic acid (18) using milder reaction
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conditions. Attempts to obtain (2) by selectively reducing the 4,5 double bond in (1)
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using a broad spectrum of different reducing agents including rearrangement of the
3,4 vinyl group in (3) all resulted in reduction of both the 4,5 and the 2,3 double
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bonds giving compound (4).

Interestingly, when tested in the bioassay, none of the synthesized amides improved the affinity for the binding site. Apparently, the linker (majority B, Figure 18)
must not be shorter than 4 carbons and should contain a minimum of 1 conjugated
double bond, adjacent to the amide group, whereas the 2,3 vinyl group and the A majority did not seem to be important for the binding to the receptor (compound (8)
showed slightly lower affinity than its corresponding non-chlorinated analog (2), with
an IC50 value of 1.7 mM). Also, it appears that the C majority (the amide group) must
be bulky as no affinity was detected with the isopropyl-amides.
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Figure 18. The A, B and C majorities of piperine, which were modified in a structure-affinity relationship study, where ten analogs, (1)-(10) were synthesized and tested in the [3H]flumazenil binding assay.
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Scheme 1. The chemical synthesis of amides (2), (5)-(10). Unexpectedly, coupling of the acid chloride (19) with piperine led to (8). Compound (2) was synthesised directly from the carboxylic acid (18) using milder conditions. i) Methoxycarbonylmethylene-triphenylphosporan, DCM, rt 24H. ii) 1N NaOH, THF. iii) SOCl2 reflux. iv)
amine, DCM; amine: piperidine or isopropyl amine. v) DCC, piperidine, DMAP, rt 24H. vi) H2, Pd, 1 atm.
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Scheme 2. Synthesis of (3) and (4), including attempts to synthesise (2) via rearrangement of the 3,4
vinyl group in (3). i) Mg/MeOH. ii) 0.1 % Na(CH3O)/MeOH. iii) H2, Pd, 1 atm.

7.3

Conclusions

The work on Piper capense did not follow the new screening strategy pre-
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sented in chapter 2.5. However, extensive in vitro and in vivo studies have previously

lated illnesses (170, 173-176).
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been conducted on various Piper species due to their traditional use to treat CNS re-
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Extract of Piper nigrum L. (Piperaceae) inhibited the SEDs in cortical wedges
from DBA/2 mice dose dependently and inhibited NMDA induced depolarisation.
However, the investigations failed to identify the active compound(s) (177).
Studies on the extract of P. methysticum have demonstrated protective effect of
the extract against strychnine induced seizures (178) and GABAergic activity of kavalactones (179, 180). Methysticin (Figure 19), a kavalactone from P. methysticum has
structural similarities with the isolated cinnamamides from P. capense. Interestingly,
the activation of the GABAA receptor appeared to be independent of the GABA or
benzodiazepine-binding sites, despite enhanced specific binding of [3H]-bicuculline
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methochloride and weak effects on the benzodiazepine binding in vitro (181, 182).
Synergistic effect of the kavapyrones was observed on [3H]-muscimol binding in vitro
(181, 183). When tested in vivo, methysticin showed anticonvulsant properties against
MES- and PTZ-induced seizures (184).

je
ht b
ig ge
yr l E
op e
C ika
M

Figure 19. The chemical structure of Methysticin isolated from P. methysticum

Many studies have investigated the anticonvulsive properties of piperine in different animal models of epilepsy. The compound possessed anticonvulsant properties
in MES (185-187) and PTZ and KA-induced seizure models, but showed no protective effect on neither NMDA-, L-glutamate, guanidino succinate-, strychnine-, 3-

rg

mercaptopropionic acid- nor BIC-induced seizures (188, 189). However, the protec-
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tive effect against KA-induced seizures did not appear to be due to KA-receptor antagonism. Another group also demonstrated the inhibitory effect of piperine on con-
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vulsions in E1 mice, an inbred strain with a convulsive disposition (190).
A study of structure-activity relationship using more than 200 synthesizesed
cinnamamides on MES seizures in mice tried to map the cinnamamide receptor (191).
The optimal molecular design included a high lipophilicity (LogP = 3.8 - 4.3); small,
hydrophobic and electron-withdrawing substituents on the benzene ring and the benzene ring and the amide group should be on the opposite sides of the double bound
and should be separated by at least two carbon atoms. Antiepilepsirin (5), a cinnamamide also isolated from P. capense in the present study, showed promising results and
later entered clinical trials (187). Interestingly, the amides (5), (6), (9) and (10)
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showed protection against MES induced seizures (191), despite the lack of affinity for
the benzodiazepine site on the GABAA receptor in present study (paper VI), which
indicates a different mechanism of action.
Piperine appears to affect the levels of serotonin in the brain, causing significantly higher levels in cerebral cortex and lower levels in the hippocampus, midbrain
and cerebellum; dopamine levels in hypothalamus, striatum and the hippocampus
were higher after piperine administration whereas the levels of noradrenaline were
significantly lower in every part of the brain, compared to control (190, 192). The
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levels of glutamate and aspartate were also lower after piperine administration (189).
These findings demonstrate a complex effect of piperine on the CNS and indicate that the observed anticonvulsant effect is due to a combined effect on the serotonin and the glutamate levels in the brain. The relation between serotonin and seizures
is discussed in chapter 2.3. The effect of piperine on the serotonergic system has been
investigated in animal models for depression. Low doses (3-20 mg/kg) of piperine and
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antiepilepsirin significantly reduced the duration of immobility in the FST and TST
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(192, 193). However, increased doses caused a loss of the antidepressant-like effect,
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which might be due to the sedative and muscle relaxant effect of the compounds
(187), caused by the weak binding to the benzodiazepine site on the GABAA demonstrated in present study (paper VI). In low doses, the cinnamamides reversed the
chronic mild stress induced changes in sucrose consumption, plasma corticosterone
levels and open field activity in stress treated mice. (194). Recent studies on the extract of P. capense in the [3H]-citalopram binding assay could indicate a possible effect of the cinnamamides on the serotonin transporter as well (109).
Further investigations, (e.g., study of effects on SERT), are needed to complete
the pharmacological profile of the cinnamamides isolated from P. capense.
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8 Concluding remarks
The work in this thesis has demonstrated the use of a new screening strategy for
herbal medicine by an early in vivo pharmacological characterization prior to the isolation and structure elucidation of active compound(s). An important issue in drug
discovery from herbal medicine is to find a way to focus the time and costs spend on
the heavily resource consuming isolation process. As observed in the investigation of
the Malian plants, an early in vivo characterization of two medicinal plants demon-
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strated that the in vitro active compounds possibly do not have an effect in the living
organism, thus enabling the investigation to focus on other more promising plants.
The investigation of African herbal medicine for in vitro and in vivo antidepressant-like or antiepileptic properties identified several plants with promising effects.
This might contribute to an explanation of the traditional use of the plants and future
studies will determine the pharmacological potential of the active compounds.
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The investigation of Searsia dentata demonstrated the need for an initial screen-
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ing in functional assays rather than binding assays since the isolated flavonoids in a

ties.
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previous investigation most likely were not responsible for the anticonvulsant proper-

In conclusion, this work demonstrated the need for a new screening approach
when working with herbal medicine and launched several new promising isolation
projects of CNS active natural products for future investigations.
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Appendix

11 Appendix

11.1 General experimental procedures
In the following paragraph some general experimental procedures and considerations are discussed. For extensive insight into the used methods, please refer to the
following papers.
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In vivo doses:

No information were available describing how the traditional healers dosage the
herbal medicine. The medicine is usually taken as a tea or inhaled as nasal snuff,
however the dose is often individually titrated, which might explain the “safe” use of
several poisons plans, e.g. Buphane disticha.
For the in vivo testing a maximum dosage was set to 2000 mg/kg, which equals

rg

a humane dose of 134 g according to Boyd's Formula of Body Surface Area (BSA)

de
Pe

(195), following the FDA recommended conversion factors (human: 170 cm/65kg)
using the oncology tool dose calculator (196). The basis for the calculations is the

rs

formula mg/m2 = (mg/kg x 100 x kg)/K where K is a different value for each animal

en

species. The weights are entered in kilograms. The estimated surface area is based on
the formula BSA = (K x kg)/100 where K is the same K value as in the previous equation and a different value for each animal species. Estimated humane BSA: 1.762 m2,
dose in mg/m2: 76005.15.
A ladder approach was conducted with three doses: low, intermediate and high
doses to cover the dose interval. In order to investigate the observed effect, the dose
interval of the extract of Searsia dentata in the NMDA-induced seizure model was
expanded, which was justified by the in vitro NMDA receptor antagonistic findings.
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Unless else described by the standard protocols, pre-treatment times for the extracts were estimated based on the effect of maximal effective dose after 30 min, 60
min and 120 min pre-treatment.

In vitro assays
As discussed in chapter 2.5, the screening strategy consisted of a functional
characterization combined with elucidation of possible mechanism of action in a relevant binding assay prior to the in vivo testing.
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The mouse cortical wedge preparation was used as a functional screening tool
of the extract for anticonvulsant properties, as discussed in chapter 5.2. Mice were
used due to the original plan of using brains from kindled mice since it was believed
that they provide a more predictive screening model (see paper VIII). However, the
heavy labour involved kindling process slowed down the screening procedure significantly and it was decided to perform the screening in naïve mice and save the kindled

rg

mice in an event of interesting findings.
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The functional inhibition of SERT, NAT and DAT served as a functional

rs

screening of plants with antidepressant properties, as discussed in chapter 4.2. The

en

binding assays were the [3H]-flumazenil, [3H]-CGP 39653, [3H]-AMPA and the [3H]citalopram binding assays for investigation of benzodiazepine binding, NMDA or
AMPA receptor antagonism and SERT antagonism, respectively.
The concentrations tested were limited by the solubility of the plant extracts. In
the cortical wedge preparation and the functional inhibition assays, the vehicle was
1% DMSO in aCSF or phosphate buffered saline, respectively, limiting the concentrations to around 1-2 mg/ml. The use of ethanol as solvent in the binding assays enabled
higher concentrations (in some cases 5-10 mg/ml).

