
Structure of nervous system

The nervous system can be divided into the central ner-
vous system (CNS), composed of the brain and spinal cord,
and the peripheral nervous system, consisting of the nerves
extending from the brain and spinal cord out to all points
of the body. Some of the peripheral nerves connect with the
brain, and others with the spinal cord.

The brain is composed of six subdivisions: cerebrum, di-
encephalon, midbrain, pons, medulla oblongata, and cerebel-
lum. The cerebellum and diencephalon together constitute
the forebrain and the midbrain, pons, and medulla together
form the brainstem. The brain also contains four intercon-
nected cavities, the cerebral ventricles, that contain cereb-
rospinal fluid. The spinal cord is a slender cylinder of soft
tissue which lies within the vertebral column (125).

 

Functional anatomy of neurons (4,91)

The basic unit of the nervous system is the individual
nerve cell - the neuron. Nerve cells operate by generating
electric signals and passing them from one part of the cell
to another and by releasing chemical messengers to com-
municate with other cells. Neurons occur in a variety of
size and shapes, nevertheless, most of them consist of four
parts: the cell body, the dendrites, the axon and the axon
terminals.

The dendrites form series of highly branched outg-
rowths and together with the cell body are the sites of most
the specialized junctions where signals are received from ot-
her neurons. The axon, sometimes also called a nerve fiber,
is a single long extension from the cell body. The portion of

the axon closest to the cell body is known as the initial seg-
ment. The axon may have branched called axon collaterals
along its course, and near their ends, axons as well as axon
collaterals, are branch endings called axon terminals. These
terminals are responsible for transmitting chemical signals
from the neuron to the cells contacted by the axon termi-
nals.

Neurons can be divided to three functional classes: af-
ferent neurons transmit information from the tissues and
organs of the body into the CNS, efferent neurons transmit
electric signals from the CNS out to effector cells, and in-
terneurons connect the afferent and efferent neurons.

The specialized junction between two neurons where
one neuron alters the activity of another is called a synapse.
At most synapses, a signal is transmitted from one neuron
to another by chemical messengers known as neurotrans-
mitters. The neurotransmitter released from one neuron al-
ters the receiving neuron by binding with specific
membrane receptors on the receiving neuron.

Synapses generally occur between the axon terminal of
one neuron and the cell body of dendrite of a second. In
certain areas of the CNS synapses also occur between two
dendrites, between a dendrite and a cell body, or between
axon terminals of two neurons. A neuron conducting sig-
nals toward a synapse is called a presynaptic neuron, neu-
ron conducting signals away from a synapse is called
a postsynptic neuron. Certain neurons in the brain receive
more than 100,000 synaptic inputs. Only about 10 per cent
of the cells in the CNS are neurons, though occupy about
50 per cent of the volume of the CNS. The remainder cells
are glial cells, called also neuroglia. Neuroglia has two type
of glial cells, oligodendroglia and astroglia.
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interacting with cholinergic receptors,, i.e. their agonists
and antagonists, compounds which inhibit ACh metabo-
lism as for example AChE inhibitors, inhibitors of ACh sto-
rage, and some others.

Because the cholinergic system play very important role
in many systems of all organisms, these compounds influ-
encing its function are biologically active and there are im-
portant pharmaceuticals (57).

Subtypes of cholinergic receptors

The recognition of subpopulations of acetylcholine re-
ceptors began with the studies of Dale in 1914 (27) who ob-
served that ACh had dual actions. The hypotensive, cardiac
inhibitory effects caused by low doses of ACh were similar
to those produced by naturally occurring alkaloid muscari-
ne (8) whereas the hypertensive effect by high doses in
atropinized animals was nicotine-like (28). Strong evidence
has suggested subsequently that these actions, now referred
to as muscarinic and nicotinic, are produced by activation
of specific subtypes of acetylcholine receptors. The princi-
pal effects of cholinergic agonist and antagonist drugs are
mediated via muscarinic acetylcholine receptors at post-
ganglionic parasympathetic terminals whereas the effects at
autonomic ganglia and the skeletal neuromuscular junction
result from nicotinic acetylcholine receptors. There is evi-
dence that both these receptor subtypes may be present in
the CNS, but muscarinic acetylcholine receptors appears to
predominate (8,60).

Ever since the first experiments with pharmacological ef-
fect of muscarine was recognized that the muscarinic recep-
tors in the heart are different from those in the gastrointesti-
nal tract, suggesting the occurrence of at least two subtypes
of muscarinic acetylcholine receptor, M1 and M2. These fin-
dings were fortified by different studies. The M1 receptor
shows a high degree of sensitivity to the muscarinic antago-
nist pirenzepine, the M2 receptor shows low affinity to this
compound. The neuromuscular blocking agent gallamine
shows selectivity for the M2 receptor (52). At this time at le-
ast five subtypes of muscarinic receptors are known, with dif-
ferent selectivity and affinity to different pharmaceuticals.

All these muscarinic receptor subtypes, M1 to M5, were
demonstrated in the CNS with a differential regional distri-
bution (43). M1 receptors are located on cholinoceptic
neurons of the cortex, striatum and hippocampus, M2 recep-
tors are found mainly on cholinergic neurons of the pons,
thalamus, medial striatum, medulla, and basal forebrain nuc-
lei. M3 receptors were observed in hippocampus, striatum,
and olfactory tubercle, M4 receptors are most concentrated
in striatum and olfactory tubercle and regional distribution
of M5 receptors remains to be fully delineated (43).

Nicotinic acetylcholine receptors also exist in more dif-
ferent subtypes (107). It is a well characterized neurotrans-
mitter receptor and transmembrane ionic channel,
composed of five subunits in a stoichiometry of 

 

α2βγδ
(126). The role of nicotinic receptors at neuromuscular

junctions of skeletal muscle is well known (1), but the dis-
coveries of the existence of nicotinic receptors in the CNS
and their involvement in learning and memory processes
are relatively new phenomena (86,137).

Cholinergic receptor agonists (cholinergics)

Although ACh is essential for neurotransmission in the
nervous system it has almost no therapeutic applications.
This is the consequence of its short duration of action be-
cause of its metabolism by both AChE and butyrylcholine-
sterase (BuChE). At this time many cholinergic agonists
are known. Some of them have both muscarinic and nicoti-
nic actions, others are more or less selective to these re-
ceptors or to their different subtypes (57).

The known cholinergic agonists of therapeutic interest
are for example methacholine, carbachol, bethanechol or
furthretonium (132). All these compounds are derived
from the structure of ACh. Very known cholinergic agonists
are some plant alkaloids, for example arecoline (from Areca
catechu), pilocarpine (from Pilocarpus jaborandi and P.mic-
rophyllus), muscarine (from Amanita muscaria) or their
some synthetic derivatives and analogues as for instance dil-
vazene or dioxolane (119). Also oxotremorine and its many
derivatives are strong cholinergic agonists (35), as well as
some quinuclidines of aceclidine type (131).

Therapeutic strategies in Alzheimers disease based on
cholinergic receptor agonists administration

Alzheimers disease, the major cause of dementia in the
elderly, is progressive neurodegenerative disorder characte-
rized by synaptic loss, amyloid plaques, neurofibrillary
tangles, and degeneration of cholinergic neurons in some
brain areas (22). A presynaptic cholinergic hypofunction,
as one of the major neuronal events in Alzheimers disease,
is characterized by reduced levels of ACh, CAT and AChE.
The cholinergic neuronal  tracts are involved in memory
and learning processing and the extent of the degeneration
of the cortical projections correlate with the severity of the
dementia (7). The cholinergic hypothesis in Alzheimers di-
sease implies that a cholinergic replacement therapy might
be beneficial in alleviating some of the cognitive dysfuncti-
ons in this disorder. Thus it can be deduced that restorati-
on of ACh levels or replacement with muscarinic agonist
may be effective in treating at least some of the cognitive
symptoms in Alzheimers disease (106). Because postsyna-
ptic M1 muscarinic acetylcholine receptors are relatively
unchanged in Alzheimers disease, highly selective M1 ago-
nists, producing cellular excitation, could be considered
a direct and rational strategy to treat Alzheimers disease pa-
tients (39). The design of selective M1 muscarinic agonists
is an area of intense research and development of nume-
rous laboratories. Recent findings show that activation of
M1 receptors induces neurotrophic-like activities (3,44),
decreases synthesis of β-amyloid peptide (49,82), decreases
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Central cholinergic nervous system (CChNS)

CChNS is a part of CNS created by cholinergic neu-
rons, where acetylcholine (ACh) is the main chemical neu-
rotransmitter. The specific membrane receptors which bind
acetylcholin are called cholinergic receptors and can be di-
vided into muscarinic and nicotinic receptors.

Anatomy of the cholinergic nervous system

Cholinergic neurons participate in both local circuits
and projection systems of the brain (4). Local circuit choli-
nergic neurons are present in the striatum, olfactory nucleus,
olfactory bulbs, olfactory tubercle, basolateral hypothalamus,
and spinal cord. Cholinergic projection neurons are located
in different parts of CNS and can be divided into four ma-
jor groups: from Ch1 to Ch4 depending on their location
and projection of their axons. Ch1 neurons project from the
septal nucleus to the hippocampus, Ch2 neurons correspond
to the nucleus of the vertical limb of the diagonal band of
Broca and also project to the hippocampus and the hypotha-
lamus, Ch3 neurons are located in the nucleus of the hori-
zontal limb of the diagonal band and project to the olfactory
bulb, cingulate gyrus, and pyriform and entorhinal cortex, Ch4
neurons constitute the nucleus basalis Meynerti, whose cells
project to the different parts of cortex and basolateral amyg-
dala (70,75). The nucleus basalis Meynerti consists of an ar-
chipelago of neurons distributed along an anteroposterior
axis beneath the medial globus pallidus and the adjacent are-
as of the internal capsule (45).

Cholinergic innervation decreases from high levels in
the limbic and prelimbic cortices, through intermediate le-
vels in primary motor and sensory areas, to lowest levels in
the frontal and temporoparietal association cortical regions
(76). Cholinergic neurotransmission in CNS is very impor-
tant for its a role in excitation, memory and learning.

Nowadays, at least five subtypes of muscarinic acetyl-
choline receptors (from M1 to M5) are known in human
brain, as well as their differential regional distribution in
CNS. The discoveries of the existence of nicotinic acetyl-
choline receptors in the brain and their involvement in hig-
her functions including learning and memory are relatively
new phenomena (87,137). Nicotine centrally activates re-
ward mechanism and is therefore presumed to be the reason
why people smoke. Also nicotinic receptors exist in various
subtypes coded by different genes (19,31). At least three
subtypes of nicotinic receptor with different affinity of nico-
tine (superhigh-, high- and low-affinity receptors, Ns, Nh, Nl)
have been described in human brain (68,84). Reductions in
nicotinic receptors due to aging have been reported in ani-
mal and human studies (85,141). Human studies have
shown rather large individual differences in the number of
nicotinic receptors observed in normal brains with aging
(83,85,188). Changes in nicotinic receptors are connected
with some neurodegenerative disorders (53). A consistent
loss of nicotinic receptors in cortical regions of brain was

found in Alzheimers disease (85,88,133). Cholinergic defi-
cit at Alzheimers disease is known very well (26).

Biochemistry of the cholinergic nervous system

The activity of the cholinergic nervous system depends
upon the production and fate of ACh. Thus, biosynthesis,
storage, release, interaction with different subtypes of cho-
linergic receptors, and its final enzymatic destruction de-
termine the quality of message transmitted.

Acetylcholine is synthesized from choline and acetylco-
enzyme-A (AcCoA) in the cytoplasm of synaptic terminals
in a reaction catalyzed by cytoplasmic enzyme choline ace-
tyltransferase (CAT). These nerve terminals have a selecti-
ve sodium-dependent high-affinity uptake mechanism for
choline (HACU) which helps to regulate ACh synthesis.
Newly synthesized choline is derived from serine from die-
tary intake or protein metabolism via ethanolamine. All
synthesized ACh is stored in synaptic vesicles (120).

After acetylcholine release and the activation of recep-
tors on the postsynaptic membrane, the concentration of
acetylcholine at the postsynaptic membrane is partially re-
duced by diffusion away from the receptors and mainly by
an enzyme, acetylcholinesterase (AChE), that is located on
the pre- and postsynaptic membranes and rapidly destroys
ACh, releasing choline (120). The choline is then actively
transported back into the axon terminals by HACU where
is reused in the synthesis of ACh (110).

Metabolism of acetylcholine

Once released into the synapse ACh behaves as a neu-
rotransmitter that associates with specific postsynaptic pro-
tein macromolecular receptors. The association of ACh
with this receptors iniciates a physiological response, most
likely opening of membrane calcium channels, probably or-
ganized in a multimolecular complex with receptors and
ion channels in the membranes of acetylcholine-receptive
cells (13). The action of ACh is terminated by its rapid hyd-
rolysis into choline and acetic acid, a reaction catalyzed by
the enzyme AChE (72). The transient discrete and locali-
zed action of acetylcholine is attributed in part to the great
velocity of this hydrolysis. AChE is associated not only with
the postsynaptic membrane, AChE is also located at presy-
naptic membrane in both soluble and membrane bound
forms (71). The choline liberated locally by AChE can be
reutilized by presynaptic reuptake and resynthesis into ACh
by CAT and AcCoA.

Cholinergic agents

The term cholinergic agents can be used in broadest
sense, i.e. to include agents that not only act to imitate the
effect of ACh, but also to include the various substances
that interfere with the action of this neurotransmitter. The
wide scale of these agents may be divided into compounds
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day in order to experience euphoria and a sense of well-be-
ing (10). From this time the abuse and misuse of the cent-
rally acting anticholinergic agents is a phenomenon
occasionally reported in the medical literature - for example
(24,25,38,63). From an analysis of 110 published cases of
anticholinergic drugs abuse followed that the most often an-
ticholinergics was trihexyphenidyl used in 76 (69 per cent)
of cases followed by  benzatropine, biperiden, diphenhydra-
mine, and procyclidine (69). The individuals were mostly
young, with an average age of 29 years, and predominantly
male (70 per cent). Most of them purchased anticholiner-
gics illegally and take them for the toxic effects of euphoria
or psychosis (32,55,67,138).

Acetylcholinesterase inhibitors

AChE inhibitors are compounds of different structure
and different origin, which are able to inactivate this enzy-
me by binding to its active surface. The inhibitors bind to
the same site as substrate, i.e. catalytic center created by
anionic and esteratic subsites (61). The anionic subsite is
represented as a negative charge of carboxyl group of glu-
tamic acid and esteratic subsite as hydroxyl group of serine
(135). Aminoacid residues that participate in the catalytic
process of ACh hydrolysis and ligand interactions of AChE
are positioned within the deep, narrow, active-site gorge.
Catalytic center is localized on the bottom of the gorge, re-
gions rich in hydrophobic aminoacid residues lining the
gorge created so called hydrophobic binding area (112).

The inhibitors which interact with catalytic center are
called isosteric and their main representants are many or-
ganophosphates and carbamates. These inhibit AChE very
fast by irreversible mechanism and many of them are very
toxic (73). The inhibitors which are ligands of peripheral si-
tes, mainly of the hydrophobic area, are know as reversible
inhibitors and are called allosteric for their allosteric me-
chanism of action (78,79).

Isosteric inhibitors

Isosteric inhibitors of AChE bind to the same site as
substrate and their major representatives are organophosp-
hates and carbamates.

Organophosphates

The first organophosphates were prepared in the past
century but only some time in the 1930s were intensive stu-
died as potential chemical warfare agents in England and
Germany (89). Their anticholinesterase properties were
found with diisopropylfluorophosphate (DFP) in 1941 in
Britain but these findings were published in 1947 (1).

Insecticidal organophosphates
These compounds were studied intensively in Germany

by G. Schrader and his coworkers and by the end of the 2nd

World War had made many of the insecticidal phosphates
in use today. Thus, dimefox was made in 1940, schradan in
1942, and parathion in 1944 (89). The first organophosp-
hates were toxic not only for insects but also for all mam-
mals including a man. Hundreds and perhaps thousands of
organophosphates were up to-date synthesized and tested
on their insecticidal activity in different species of insects
(36,37), before partially ecological compounds with low to-
xicity for man were selected (74). There are for example dic-
rotophos or dichlorvos (DDVP).

Nerve gases
The class of chemical warfare agents known as nerve

agents or nerve gases are organophosphorus compounds that
are extremely potent inhibitors of AChE (101). Nerve gases
are odorless, colorless and so toxic that they can kill a man
within minutes in extremely small dosages. All these, and still
some other compounds, became to chemical warfare agents
in many countries. The most important organophosphates
with military meaning are tabun, sarin, soman, and VX.

Carbamates

The carbamates are esters of hypothetical carbamic acid.
The first known naturally occured carbamate was physostig-
mine. This compound is an alkaloid obtained from the legu-
minous plant Calabar or ordeal bean - the dried, ripe seed of
Physostigma venenosum, a perennial plant in the tropical
West Africa (47).  Carbamates act by carbamylating of
AChE by the same way that organophosphates phosphory-
late (51,129,136). Also other synthetically prepared carba-
mates are strong anticholinesterases and are used as
pharmaceuticals. The widely used pharmaceutical carbama-
tes are neostigmine (prostigmin) and pyridostigmine (2,18).

Insecticidal carbamates
The carbamate insecticides are relatively easy to classi-

fy. With a few exceptions, these are either N-methyl- or
N,N-dimethyl-carbamates. The N-methyl-carbamates predo-
minate in number and importance. Also the physostigmine
is N-methyl-carbamate.

Following the development of the early 1950s, a flood
of candidate insecticidal carbamates were synthesized.
They numbered in the thousands, but as well as the orga-
nophosphates, relatively few became commercial insectici-
des (130). Typical insecticidal carbamates are for example
carbaryl (sevin), pyrimicarb, isolan, moban, carbofuran or
aldicarb.

Allosteric inhibitors

Relatively the most examined allosteric inhibitors of
AChE are different compounds which interact with hydro-
phobic area of the active surface of enzyme (113). There are
very often different condensed heteroaromatic compounds
where the heteroatome is mostly nitrogen, as for instance

103

of phosphorylation of tau microtubule-associated protein
and inhibits cell apoptosis (65). It will suffice to mentioned
that some new M1 agonists (AF 102B and xanomeline)
have reached already some phases of clinical trials.

Cholinergic receptors antagonists (anticholinergics)

It is known for a long time that the alkaloids atropine
and scopolamine block the action of ACh at muscarinic re-
ceptors to produce many potentially useful therapeutic ac-
tions. The extensive search of synthetic anticholinergics
was carried out at many laboratories and the big number of
different compounds of this type with more or less selecti-
vity and affinity to different subtypes of cholinergic recep-
tors are known (115).

The main characteristic of anticholinergics is that they in-
hibit ACh and acetylcholine-like compounds from exerting
their effects on acetylcholine receptors. These compounds
do not inhibit the release of ACh at the nerve endings, but
they compete with it for the cholinergic receptor sites. From
the point of their pharmacological effects, anticholinergics
may be divided into peripherally and centrally active com-
pounds. But mostly it is not so simple to separate both pe-
ripheral and central effects of these compounds.

The most known anticholinergics are alkaloids atropine
and scopolamine and their numerous synthetic derivatives
and analogues (6,50). Numerous anticholinergics demon-
strated great enantioselectivity that is especially characte-
ristic for muscarinic antagonists (50). Thus S-(-)
-scopolamine is very potent muscarinic receptor antago-
nists whereas R-(+)-scopolamine is practically uneffective
(6). The similar situation is also in other groups of chiral
anticholinergics (12).

Other examples of atropine-like cholinergic receptor an-
tagonists are for example 3-quinuclidinyl benzilate (QB or
BZ) (114), 3-quinuclidinyl atrolactate (QNA), 3-quinuclidi-
nyl xanthene-9-carboxylate (QNX), N-methyl-4-piperidyl
benzilate (4-NMPB), 4-diphenylacetoxy-N-methylpiperidi-
ne (4-DAMP), procyclidine, adiphenine, benactyzine, oxy-
butynine, trihexyphenidyl, biperiden, and many others. For
example see (5,12,100,114). Other interesting anticholiner-
gics are for instance pirenzepine (15), AF-DX116 (42), se-
coverine (20) or dexetimide (57).

Anticholinergic incapacitating chemical agents (INCAPS)

These compounds were developed as modern chemi-
cal weapons without deadly effect, which are in relative
small doses caused psychical and physical harmless of live
power (17,101). From the military points of view the most
important INCAPS are compounds with anticholinergic
effect (40,46). INCAPS are also known as psychodyslep-
tics, fantastics, psychedelics, psycholytics or hallucino-
gens (41).

The clinical course of intoxication by INCAPS is prac-
tically the same as at overdose of atropine or natural bella-

donna alkaloids (99). Intoxication course cover up changes
in autonomial, motorical, central, neurological, behavioral,
and psychological functions (11,103). In the military con-
text there are important effects of INCAPS based on the en-
tire disorientation and the loss of contact with environs and
connected with disorders of imagination, receptivity, and
speech as well as the senses of deseparation and anxiety
(48).

Practically all military useful INCAPS are chemically
characterized as an esters of diphenylacetic and/or benzilic
acid with different basic aminoalcohols. The most known
INCAPS are JB-336, ditran (JB-329),QB, i.e. 3-quinuclidi-
nyl benzilate and TB.

Potential risk of anticholinergics for the elderly

At typical centrally active anticholinergics as for instan-
ce QB the psychical incapacitance appeared at very low do-
ses of them (103). But also weak centrally active
anticholinergics may be dangerous, mainly for the elderly
(77,121). In the old age the level of ACh in the brain is re-
duced, mainly at different forms of dementia as for example
Alzheimers disease (98). This matter of fact is insufficient-
ly appraised in the treatment of patients by drugs with cent-
ral anticholinergic affect and there is not important if it is
their major pharmacological effect (anticholinergical anti-
parkinsonics trihexyphenidyl, biperidene etc.) or undesi-
rable side effect (some antidepresives as for instance
amitryptyline, dosulepine, analgetics, anxiolytics and nu-
merous others) (127). Among twenty-five most frequent
prescribed drugs to elderly, fourteen of them produced an-
ticholinergic effect. At nine of them (codeine, digoxine, di-
pyridamol, isosorbit dinitrate, nifedipin, ranitidin,
theophylline, prednisolon and warfarine) significant effect
in the test of short memory was observed in the group of
healthy old volunteers (77). In order to reduce the risk of
centrally anticholinergic syndrom at elderly, exposure to an-
ticholinergics should be minimized.

Anticholinergic drugs abuse

Belladonna alkaloids atropine and scopolamine are na-
tural occuring anticholinergics of some Solanaceae (Atropa
bella-donna, Hyoscyamus niger, Datura stramonium) that
have been used as both medicinal and hallucinogenic
agents for centuries. Ancient Romans and Egyptians used
these substances to dilute the pupils of young girls and en-
hance their beauty, hence the name „belladonna“. These
two alkaloids were also used as poisons during the Roman
Empire and in the Middle Ages (14).

Anticholinergics, most often used in psychiatry to treat
antipsychotic-induced extrapyramidal symptoms (33), are
also used by some patients for their mood altering and psy-
chedelic effects. The first case of anticholinergic drug abu-
se was described in 1960, when a young woman with severe
torticollis escalated the prescribed dosage up to 30 mg per
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day in order to experience euphoria and a sense of well-be-
ing (10). From this time the abuse and misuse of the cent-
rally acting anticholinergic agents is a phenomenon
occasionally reported in the medical literature - for example
(24,25,38,63). From an analysis of 110 published cases of
anticholinergic drugs abuse followed that the most often an-
ticholinergics was trihexyphenidyl used in 76 (69 per cent)
of cases followed by  benzatropine, biperiden, diphenhydra-
mine, and procyclidine (69). The individuals were mostly
young, with an average age of 29 years, and predominantly
male (70 per cent). Most of them purchased anticholiner-
gics illegally and take them for the toxic effects of euphoria
or psychosis (32,55,67,138).

Acetylcholinesterase inhibitors

AChE inhibitors are compounds of different structure
and different origin, which are able to inactivate this enzy-
me by binding to its active surface. The inhibitors bind to
the same site as substrate, i.e. catalytic center created by
anionic and esteratic subsites (61). The anionic subsite is
represented as a negative charge of carboxyl group of glu-
tamic acid and esteratic subsite as hydroxyl group of serine
(135). Aminoacid residues that participate in the catalytic
process of ACh hydrolysis and ligand interactions of AChE
are positioned within the deep, narrow, active-site gorge.
Catalytic center is localized on the bottom of the gorge, re-
gions rich in hydrophobic aminoacid residues lining the
gorge created so called hydrophobic binding area (112).

The inhibitors which interact with catalytic center are
called isosteric and their main representants are many or-
ganophosphates and carbamates. These inhibit AChE very
fast by irreversible mechanism and many of them are very
toxic (73). The inhibitors which are ligands of peripheral si-
tes, mainly of the hydrophobic area, are know as reversible
inhibitors and are called allosteric for their allosteric me-
chanism of action (78,79).

Isosteric inhibitors

Isosteric inhibitors of AChE bind to the same site as
substrate and their major representatives are organophosp-
hates and carbamates.

Organophosphates

The first organophosphates were prepared in the past
century but only some time in the 1930s were intensive stu-
died as potential chemical warfare agents in England and
Germany (89). Their anticholinesterase properties were
found with diisopropylfluorophosphate (DFP) in 1941 in
Britain but these findings were published in 1947 (1).

Insecticidal organophosphates
These compounds were studied intensively in Germany

by G. Schrader and his coworkers and by the end of the 2nd

World War had made many of the insecticidal phosphates
in use today. Thus, dimefox was made in 1940, schradan in
1942, and parathion in 1944 (89). The first organophosp-
hates were toxic not only for insects but also for all mam-
mals including a man. Hundreds and perhaps thousands of
organophosphates were up to-date synthesized and tested
on their insecticidal activity in different species of insects
(36,37), before partially ecological compounds with low to-
xicity for man were selected (74). There are for example dic-
rotophos or dichlorvos (DDVP).

Nerve gases
The class of chemical warfare agents known as nerve

agents or nerve gases are organophosphorus compounds that
are extremely potent inhibitors of AChE (101). Nerve gases
are odorless, colorless and so toxic that they can kill a man
within minutes in extremely small dosages. All these, and still
some other compounds, became to chemical warfare agents
in many countries. The most important organophosphates
with military meaning are tabun, sarin, soman, and VX.

Carbamates

The carbamates are esters of hypothetical carbamic acid.
The first known naturally occured carbamate was physostig-
mine. This compound is an alkaloid obtained from the legu-
minous plant Calabar or ordeal bean - the dried, ripe seed of
Physostigma venenosum, a perennial plant in the tropical
West Africa (47).  Carbamates act by carbamylating of
AChE by the same way that organophosphates phosphory-
late (51,129,136). Also other synthetically prepared carba-
mates are strong anticholinesterases and are used as
pharmaceuticals. The widely used pharmaceutical carbama-
tes are neostigmine (prostigmin) and pyridostigmine (2,18).

Insecticidal carbamates
The carbamate insecticides are relatively easy to classi-

fy. With a few exceptions, these are either N-methyl- or
N,N-dimethyl-carbamates. The N-methyl-carbamates predo-
minate in number and importance. Also the physostigmine
is N-methyl-carbamate.

Following the development of the early 1950s, a flood
of candidate insecticidal carbamates were synthesized.
They numbered in the thousands, but as well as the orga-
nophosphates, relatively few became commercial insectici-
des (130). Typical insecticidal carbamates are for example
carbaryl (sevin), pyrimicarb, isolan, moban, carbofuran or
aldicarb.

Allosteric inhibitors

Relatively the most examined allosteric inhibitors of
AChE are different compounds which interact with hydro-
phobic area of the active surface of enzyme (113). There are
very often different condensed heteroaromatic compounds
where the heteroatome is mostly nitrogen, as for instance
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have reached already some phases of clinical trials.
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These compounds were developed as modern chemi-
cal weapons without deadly effect, which are in relative
small doses caused psychical and physical harmless of live
power (17,101). From the military points of view the most
important INCAPS are compounds with anticholinergic
effect (40,46). INCAPS are also known as psychodyslep-
tics, fantastics, psychedelics, psycholytics or hallucino-
gens (41).

The clinical course of intoxication by INCAPS is prac-
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donna alkaloids (99). Intoxication course cover up changes
in autonomial, motorical, central, neurological, behavioral,
and psychological functions (11,103). In the military con-
text there are important effects of INCAPS based on the en-
tire disorientation and the loss of contact with environs and
connected with disorders of imagination, receptivity, and
speech as well as the senses of deseparation and anxiety
(48).

Practically all military useful INCAPS are chemically
characterized as an esters of diphenylacetic and/or benzilic
acid with different basic aminoalcohols. The most known
INCAPS are JB-336, ditran (JB-329),QB, i.e. 3-quinuclidi-
nyl benzilate and TB.

Potential risk of anticholinergics for the elderly

At typical centrally active anticholinergics as for instan-
ce QB the psychical incapacitance appeared at very low do-
ses of them (103). But also weak centrally active
anticholinergics may be dangerous, mainly for the elderly
(77,121). In the old age the level of ACh in the brain is re-
duced, mainly at different forms of dementia as for example
Alzheimers disease (98). This matter of fact is insufficient-
ly appraised in the treatment of patients by drugs with cent-
ral anticholinergic affect and there is not important if it is
their major pharmacological effect (anticholinergical anti-
parkinsonics trihexyphenidyl, biperidene etc.) or undesi-
rable side effect (some antidepresives as for instance
amitryptyline, dosulepine, analgetics, anxiolytics and nu-
merous others) (127). Among twenty-five most frequent
prescribed drugs to elderly, fourteen of them produced an-
ticholinergic effect. At nine of them (codeine, digoxine, di-
pyridamol, isosorbit dinitrate, nifedipin, ranitidin,
theophylline, prednisolon and warfarine) significant effect
in the test of short memory was observed in the group of
healthy old volunteers (77). In order to reduce the risk of
centrally anticholinergic syndrom at elderly, exposure to an-
ticholinergics should be minimized.

Anticholinergic drugs abuse

Belladonna alkaloids atropine and scopolamine are na-
tural occuring anticholinergics of some Solanaceae (Atropa
bella-donna, Hyoscyamus niger, Datura stramonium) that
have been used as both medicinal and hallucinogenic
agents for centuries. Ancient Romans and Egyptians used
these substances to dilute the pupils of young girls and en-
hance their beauty, hence the name „belladonna“. These
two alkaloids were also used as poisons during the Roman
Empire and in the Middle Ages (14).

Anticholinergics, most often used in psychiatry to treat
antipsychotic-induced extrapyramidal symptoms (33), are
also used by some patients for their mood altering and psy-
chedelic effects. The first case of anticholinergic drug abu-
se was described in 1960, when a young woman with severe
torticollis escalated the prescribed dosage up to 30 mg per
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ders connected with cognitive decline are associated with
decreased central cholinergic transmission (134).

The number of compounds which influenced choliner-
gic transmission is very high of various types and various
pharmacological effects. Many of them are also very im-
portant therapeutics of many diseases.
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derivatives of chinoline, isochinoline, acridine (113), phe-
nantroline (29), protoberberine (123), etc. These com-
pounds have planar molecular structure and there are able
to create mesomeric structure with delocalized charge (93,
94).

The most important hydrophobic-site-directed allosteric
inhibitor of AChE is tacrine (94,113) and its derivatives and
analogues (95,113).

Acetylcholinesterase inhibitors in the treatment
of Alzheimers disease

Alzheimers disease is a human progressive most com-
mon neurodegenerative disorder (58) (see also Chapter
3.2.1 of this work) characterized by cholinergic deficit (23).
ACh plays a major role in the memory processes, therefore
its shortening in the brain of Alzheimer patients closely
correlated with degree of dementia (34). One possibility as
to increase ACh level in the brain is partially inhibition of
AChE activity by centrally effective inhibitors (80).

The first inhibitor of AChE tested in the treatment of
Alzheimers disease was physostigmine (109). Physostigmine
has been shown to produce a modest facilitation of learning
and memory, but the magnitude and duration of changes,
as well as safety consideration greatly diminish the practi-
cal significance of this therapeutic (21,31,117).

Much better results were obtained in studies where tac-
rine was administered orally in combination with lecithin
as ACh precursor to treat patient with Alzheimers disease
(115). At last time new centrally active AChE inhibitors
were developed as potential drugs for the Alzheimers dise-
ase treatment, as for as donepezil (16,139), amiridin (62,
122), SM-10888 (90) or alkaloids huperzin A (66,104,140)
or galanthamin (118).

Inhibitors of the high affinity choline uptake
(HACU)

The most important precursor of ACh, choline, is tran-
sported into the cholinergic nerve terminals by a sodium-de-
pendent high-affinity choline uptake system. This uptake
mechanism is one of the serious regulatory steps in the ACh
synthesis (97). Inhibitors of the HACU blocks the stimulus-
induced release of ACh in synapses. The observation that
the capacity of the HACU changes with the neuronal activi-
ty indicates that this system is important in the impulse-re-
gulation of the ACh synthesis for physiological regulation of
cholinergic innervation (105). Several classes of choline up-
take inhibitors are known, for example hemicholinium-3,
troxonium, 1-pyrenebutyrylcholine, vesamicol and others.
All these inhibitors are generally quaternary ammonium
compounds which poorly pass the blood-brain barrier (64).

Conclusions

Today is commonly accepted that central cholinergic
nervous system play important role in many physiological
and behavioral functions in humans (30,56,128).
Cholinergic system has been implicated in a wide variety of
behaviors (59,81), aggression (102), exploration (124), soci-
al play (92), odor aversion (9), depression (54), sleep (111),
memory (134) etc. It is thus readily apparent that the choli-
nergic system is involved in many different behavioral func-
tions and that its role in neural activities is complex and
widespread. New area of neuropsychopharmacological in-
vestigation in the last decade is the role of ACh in learning
and memory which reached to the cholinergic hypothesis of
geriatric memory dysfunction (7). Some neurological disor-
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ders connected with cognitive decline are associated with
decreased central cholinergic transmission (134).

The number of compounds which influenced choliner-
gic transmission is very high of various types and various
pharmacological effects. Many of them are also very im-
portant therapeutics of many diseases.

References

1. Adrian ED, Feldberg W, Kilby BA. The cholinesterase in-
hibition action of fluorophosphonates. Br J Pharmacol
1947;2: 56-8.
2. Aeschlieman JA, Reinert M. Pharmacological action of
some analogues of physostigmine. J Pharmacol
1991;43:413-44.
3. Albrecht J, Gurwitz D, Fisher A et al. Novel muscarinic
M1 receptor agonists promote survival of CNS neurons in
primary cell culture. Soc Neurosci Abstr 1995;21:2040.
4. Angevine JB, Jr., Cotman CW. Principles of Neuro-
anatomy. New York:Oxford.Univ.Press, 1981.
5. Barlow RB. Differences in the stereoselectivity of closely
related compounds: A reinvestigation of enantiomers of
procyclidine, benzhexol and their metho- and etho- salts.
J Pharm Pharmacol 1971;23:90-7.
6. Barlow RB, Harrison M, Ison RR et al. Epimeric forms
of quaternary derivatives of atropine. J Med Chem
1973;16:564-6.
7. Bartus RT, Dean III, RL, Beer B et al. The cholinergic hy-
pothesis of geriatric memory dysfunction. Science
1982;217:408-17.
8. Bebbington A, Brimblecombe RW. Muscarinic receptors
in the peripheral and central nervous system. Adv Drug Res
1965;2:143-72.
9. Bermudez-Rattoni F, Garcia J. The role of hippocampal
cholinergic activity in taste-potentiated odor aversion lear-
ning. Soc Neurosci Abstr 1984;10:256.
10. Bolin RR. Psychiatric manifestation of artane toxicity.
J Nerv Ment Dis 1960;131:256-9.
11. Brimblecombe RW, Green DM. The peripheral and
central action of some anticholinergic substances. Int
J Neuropharm 1968;7:15-21.
12. Brimblecombe RW, Green D, Inch D. A comparison of
the stereochemical requirements of cholinergic and anti-
cholinergic drugs. J Pharm Pharmacol 1979;22:951-3.
13. Brisson A, Unwin PNT. Quaternary structure of the ace-
tylcholine receptor. Nature 1985;315:474-7.
14. Brown JH. Atropine, scopolamine and related antimus-
carinic drugs. In: Goodman Gilman A, Rall TW, Neis AS
et al., eds.: Goodman and Gilmans  the Pharmacological
Basis of Therapeutics. New York:Pergamon Press,
1990:150-67.
15. Brown DA, Fatherazi S, Garthwaite J. et al. Muscarinic
receptors in rat sympathetic ganglia. Br J Pharmacol
1980;70:577-92.
16. Bryson HM, Benfield P. Donepezil. Drugs Aging
1997;10:234-9.

17. Burger A. ed.. Drugs Affecting the Central Nervous
System. New York:Marcel Dekker, 1968.
18. Carlyl RL. The mode of action of pyridostigmine on the
guinea-pig trachealis muscle. Br J Pharmacol 1963;21:137-42.
19.Changeus J, Cirqudat J, Dennis M. The nicotinic ace-
tylcholine receptor: Molecular architecture of a ligand-re-
gulated ion channel. TIPS 1987;8:459-65.
20. Choo LK, Mitchelson F. Comparison of the affinity
constants of some muscarinic receptor antagonists with
their displacements of [3H]-quinuclidinyl benzilate binding
in atrial and ileal longitudinal muscle of the guinea-pig.
J Pharm Pharmacol 1985;37:656-8.
21. Christie JE, Phil M, Shering A et al.. Physostigmne and
arecoline: Effects of intravenous infusions in Alzheimer
presenile dementia. Br J Psychiatry 1981;138:46-50.
22. Court JA, Perry EK. Dementia: The neurochemical ba-
sis of putative transmitter oriented therapy. Pharmacol
Ther 1991;52:423-43.
23. Coyle JT, Price DL, De Jong ML. Alzheimers disease:
A disorder of cortical cholinergic inervation. Science
1983;219:1184-90.
24. Craig DH, Rosen P. Abuse of antiparkinsonian drugs.
Ann Emerg Med 1981;10:98-100.
25. Crawshow JA, Mullen PE. A study of benzhexol abuse.
Br J Psychiatry 1984;145:300-3.
26. Cummings JL, Kaufer D. Neuropsychiatric aspects of
Alzheimers disease. The cholinergic hypothesis revisited.
Neurology 1996;47:876-83.
27. Dale HH. The action of certain esters of choline and
their relation to muscarine. J Pharmacol Exp Ther 1914;6:
147-90.
28. Danielli JE, Moran JF, Triggle DJ. eds. Fundamental
Concepts in Drug-Receptor Interaction. New York:Acad.
Press, 1970.
29. Das YT, Brown HD, Chattapadhyay SK. Substrate-li-
gand interactions with acetylcholinesterase and energetics
of binding. Gen Pharmacol 1986;17:715-20.
30. Davis KL, Berger PA, eds.. Brain Acetylcholine and
Neuropsychiatric Disease. New York:Plenum Press, 1979.
31.Denneris ES, Connolly J, Rogers SW et al.
Pharmacological and functional diversity of neuronal nico-
tinic acetylcholine receptors. TIPS 1991;12:34-40.
32. Dilsaver SC. Antimuscarinic agents as substance of
abuse: a review. J Clin Psychopharmacol 1988;8:14-22.
33. DiMascio A, Sovner RD. Neuroleptic-induced extrapy-
ramidal side effects. A plan for rational treatment. Drug
Therapy 1976;99-103.
34. Drachman DA. Alzheimers Disease: Senile Dementia
and Related Disorders. Vol.7. New York:Raven Press,
1978:141-8.
35. Ehlert FJ, Jenden DJ. The binding of a 2-chloroethyla-
mine derivative of oxotremorine (BM 123) to muscarinic
receptors in the rat cerebral cortex. Mol Pharmacol
1985;28:107-19.
36. Eto M. Organophosphorus Pesticides: Organic and
Biological Chemistry. Cleveland:CRC Press, 1974.

105

derivatives of chinoline, isochinoline, acridine (113), phe-
nantroline (29), protoberberine (123), etc. These com-
pounds have planar molecular structure and there are able
to create mesomeric structure with delocalized charge (93,
94).

The most important hydrophobic-site-directed allosteric
inhibitor of AChE is tacrine (94,113) and its derivatives and
analogues (95,113).

Acetylcholinesterase inhibitors in the treatment
of Alzheimers disease

Alzheimers disease is a human progressive most com-
mon neurodegenerative disorder (58) (see also Chapter
3.2.1 of this work) characterized by cholinergic deficit (23).
ACh plays a major role in the memory processes, therefore
its shortening in the brain of Alzheimer patients closely
correlated with degree of dementia (34). One possibility as
to increase ACh level in the brain is partially inhibition of
AChE activity by centrally effective inhibitors (80).

The first inhibitor of AChE tested in the treatment of
Alzheimers disease was physostigmine (109). Physostigmine
has been shown to produce a modest facilitation of learning
and memory, but the magnitude and duration of changes,
as well as safety consideration greatly diminish the practi-
cal significance of this therapeutic (21,31,117).

Much better results were obtained in studies where tac-
rine was administered orally in combination with lecithin
as ACh precursor to treat patient with Alzheimers disease
(115). At last time new centrally active AChE inhibitors
were developed as potential drugs for the Alzheimers dise-
ase treatment, as for as donepezil (16,139), amiridin (62,
122), SM-10888 (90) or alkaloids huperzin A (66,104,140)
or galanthamin (118).

Inhibitors of the high affinity choline uptake
(HACU)

The most important precursor of ACh, choline, is tran-
sported into the cholinergic nerve terminals by a sodium-de-
pendent high-affinity choline uptake system. This uptake
mechanism is one of the serious regulatory steps in the ACh
synthesis (97). Inhibitors of the HACU blocks the stimulus-
induced release of ACh in synapses. The observation that
the capacity of the HACU changes with the neuronal activi-
ty indicates that this system is important in the impulse-re-
gulation of the ACh synthesis for physiological regulation of
cholinergic innervation (105). Several classes of choline up-
take inhibitors are known, for example hemicholinium-3,
troxonium, 1-pyrenebutyrylcholine, vesamicol and others.
All these inhibitors are generally quaternary ammonium
compounds which poorly pass the blood-brain barrier (64).

Conclusions

Today is commonly accepted that central cholinergic
nervous system play important role in many physiological
and behavioral functions in humans (30,56,128).
Cholinergic system has been implicated in a wide variety of
behaviors (59,81), aggression (102), exploration (124), soci-
al play (92), odor aversion (9), depression (54), sleep (111),
memory (134) etc. It is thus readily apparent that the choli-
nergic system is involved in many different behavioral func-
tions and that its role in neural activities is complex and
widespread. New area of neuropsychopharmacological in-
vestigation in the last decade is the role of ACh in learning
and memory which reached to the cholinergic hypothesis of
geriatric memory dysfunction (7). Some neurological disor-
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Introduction

Historically medicine in ancient Egypt begins in the IIIrd

dynasty with the semi-mystical figure of Iemhetep
(he who cometh in peace), a priest of Ra, vizier, architect
and astronomer to the Pharaoh Djoser Teti, and the first
fully identified doctor Hesy-Re who held the title ‘Chief
physician of teeth’, (1). Although it has not been
shown that Iemhetep was an ancient Egyptian doctor he
was later to de deified as the god of medicine by both the
Egyptians and the Greeks, who identified him with
AEskelpieia (2). In Eusebus’s version of Manethos account
of Iemhetep we are told, “Sesorthos (Djoser Teti) under
whom lived Imuthes (Iemhetep), and who on account of
his skill as a physician was looked upon as Asklepios”.
Although never actually given the title doctor the Westcar
papyrus describes Iemhetep as a magician and alchemist. It
is well known from hieroglyphic translations that the anci-
ent Egyptian word for a doctor was sunub from the hiero-
glyphic symbol for the arrow and the pot with the seated
man as the male determinative , - the pronunciation is
based on the finding of the scriptio plena in texts from the
Middle Kingdom, . Although the eminent Egypto-
logist Hermann Grapow initially used this translation is his
monumental work on ancient Egyptian medicine, Grundriss
der Medizin der Alten Ägypter, he later went on to prefer
the transliteration sinu (Wb III, 86, n.a.)c basing this on the

etymology of the Coptic word for doctor (Wb. III, 427,13)
(1).

The origins of medicine in predynastic and early dyna-
stic Egypt are unclear. Some scholars argue that the
Dynastic period arose by immigration and population re-
placement along the Nile valley. The migration of the so-
called ‘broad headed’ people, a group from Syria, or
Palestine, to Upper Egypt via the Nile Delta around 3300 BC
(3), may have brought some knowledge of Mesopotamian
medicine to the intellectually fertile grounds of the Nile.
Medicine was certainly practised in ancient Mesopotamia
but its influence on the development of early medicine in an-
cient Egypt is likely to have been small (4,5). Diplomatic
and commercial intercourse was certainly flourishing bet-
ween Egypt and Babylon by 1400 BC, as evident by the cu-
neiform tablets found at the ruined palace of Amenophis IV
at El Armana, and the vivid paintings in Thebes of Asiatics
and Nubians paying homage before the Royal throne found
(1411-1375 BC) (6). There is a another obscure reference in
Orientalistische Litteraturzeitung (1901, IV, p8) that claims
evidence of Royal correspondence between the Assyria and
Egypt at an even earlier date (at end of the XIIth dynasty,
c.2000 BC) (7). Max Müller went further to identify a frag-
ment of limestone slab in the Cairo museum which he clai-
med contained a depiction of royal non-Egyptians, possibly
northern Semites. Although the chronology is uncertain it
may be as old as the Vth dynasty based on stylistic interpre-
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a This article represents a personal view. For those wishing to study this subject in greater depth I commend the exoteric work of John Nunn, Ancient
Egyptian Medicine, and the esoteric works of Wolfhart Westendorf / Hilgard Von Deins Übersetzung der Medizinischen Texte, as well as Bardinet’s Des
Guerisons Immediates dans les Textes Medicaux.

b Egyptian transliterations are given in italics, Sumerian in upper capital Roman and Akkadian in bold italics.
c Wb references refer to volumes VII1 and VII2 respectively of the Grundriss der Medizin der Alten Ägypter, von Deines, H. Westendorf, W. Wörterbuch

der medizinischen Texte, erste Hälfe (3-r) 1961, op.cit., zweite Hälfe 1962.




