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Introduction:
Cognitive Deficit in AD

THERAPY OF THE COGNITIVE DEFICIT IN ALZHEIMER'S
DISEASE: THE CHOLINERGIC SYSTEM

Robert E. Becker
Department of Psychiatry, Southern Illinois University School of Medicine,
Springfield, IL

INTRODUCTION

One of the earliest and most characteristic changes in Alzheimer disease
(AD) is a decrease in cholinergic innervation of the cerebral cortex and of
many major subcortical structures important to information processing
(Whitehouse et al 1982). Initially the pathological findings of deficient
cholinergic activity were used to support a hypothesis that the cholinergic loss
was an etiologic or pathogenetic factor in the development of the anatomical
pathology characteristic of AD (Whitehouse et al., 1981; Struble et al., 1982;
Coyle et al, 1983 and Arendt et al, 1985). Now a more restricted
reformulation recognizes that the cholinergic deficiency may account for some
of the cognitive deficits found in AD. This has focused attention on the need
to describe the relation of the cholinergic system to behavior in normal
humans and in AD patients. Another outgrowth of this interest in the
cholinergic deficit in AD has been the intensification of efforts to test
cholinomimetic approaches for efficacy in AD therapy.

This volume addresses the basic and clinical issues relevant to the develop-
ment of a cholinergic system therapy in AD. The authors who have
contributed to this volume bring their respective fields of interest up to date.
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The new information available in these many different fields of interest
documents the progress that has been achieved since we last reviewed the
cholinergic therapeutic approach to the treatment of AD (Giacobini and
Becker, 1988).

This introduction to the volume aims to orient the non-specialist to the
features of the human cholinergic system relevant to understanding the
direction this field has taken and the priorities now being set for work in this
field during the next decade.

The Cholinergic Systems of the Brain

The cholinergic innervation of the central nervous system derives from four
major areas, the basal forebrain, tegmentum, nigrostriatal system and cortex
(Cooper et al., 1986; Satoh et al., 1983). The former two areas contain
cholinergic cells that project axons over long distances. The latter two contain
cholinergic cells which function as intrinsic neurons with shorter axons. In the
former two systems ACh may function primarily as a neuromodulator that
exerts excitatory or inhibitory effects on the distant neurotransmitter systems
with which they synapse. In the latter two systems ACh may function as a
neurotransmitter or combine modulatory with transmitter functions.

The Basal Forebrain
Cholinergic cell bodies are well represented in the nucleus basalis, medial

septum and diagonal band and project broadly to areas of the central nervous
system concerned with cognitive function and memory. The basal forebrain
is the major source of cholinergic input in some areas of the CNS, i.e. to the
frontal cortex from the nucleus basalis, to the hippocampus from the medial
septum. It shares cholinergic input in other areas, i.e. with intrinsic neurons
in the cortex; with the tegmental nuclei in the thalamus.

Interest in the basal forebrain arose when it was determined that the
reduced cholinergic activity found in the cortex of Alzheimer disease patients
derived from shrinkage and death of cholinergic cells in the basal forebrain
(Whitehouse et al, 1981). It has been proposed that the basal forebrain
system output is predominantly cholinergic with secondary output from
GABAergic and other neurotransmitter cell types (Nagai et al., 1983; Brasher
et al., 1986; Leranth and Frotscher, 1989).

The Tegmental Cholinergic Nuclei
Cholinergic cell bodies in the tegmentum are aggregated in two nuclei and

project their axons to selected areas of the thalamus and other subcortical but
not cortical structures. The pedunculopontine nucleus projects to many areas
of the thalamus, the laterodorsal nucleus more selectively to the reticular
nucleus and other areas of the limbic thalamus (Hallanger et al., 1987 and
Russchen et al., 1987).
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There has been less direct interest in the role of these projections in AD
even though loss of cholinergic cells has been reported for both these nuclei
in patients with AD (Jellinger, 1988; Mufson et al., 1988).

Even though there are no direct projections of these nuclei to cortex, any
loss of cholinergic tone in the thalamus could have significant effects on
cortical function. It is well established that integrity of thalamic function is
necessary for proper sensorimotor function of the cortex. This function has
been shown to be dependent on the integrity of cholinergic system, (Hallanger
et al., 1987; Paré et al., 1990).

Not all cholinergic innervation of the thalamus originates in the
tegmentum. Levey et al (1987) demonstrated that a majority of the
subcortical cholinergic innervation to the reticular nucleus of the thalamus
originated in the basal forebrain. Tegmental cholinergic innervation
predominates over basal forebrain cholinergic innervation in the main body
of the thalamus. Significant numbers of basal forebrain cholinergic
projections to the mediodorsal nucleus of the thalamus have been reported by
Steriade et al (1987), Russchen et al (1987) and Maslish et al (1989).

It has been proposed that the cholinergic cells in the tegmentum might
represent the reticular activating system (RAS) of Moruzzi and Magoun
(Shute and Lewis, 1967). These neurons could mediate the desynchronization
of the cortical EEG, found for example in REM sleep, thru their projections
to the thalamus. Tegmental cholinergic neurons also project to the lateral
geniculate nuclei. The generation of ponto-geniculate-occipital waves in REM
sleep has been shown to be blocked by cholinergic antagonists (Hu et al.,
1988). These neurons also project to the brain stem and hypothalamus where
they could mediate autonomic changes (Woolf and Butcher, 1989 and Yasiu
et al., 1990). Evidence that single cell bodies may project to more than one
area was presented by Shiromani et al (1990) strengthening the possible role
of tegmental cholinergic neurons in the production of integrated behaviors
such as those associated with the RAS.

Cholinergic Function in the Striatum
It is well established that the very high amounts of acetylcholine in the

striatum are in interneurons. Pharmacological studies support these
interneurons as essential for the proper function of the nigrostriatal system
with primary contributions to motor control. These interneurons generally are
not regarded as important to cognitive function although there is evidence that
some cognitive deficits result from physical or pharmacological disruption of
the nigrostriatal system (Prado-Alcala, 1985; Diaz del Grante et al., 1991).
Cholinergic interneurons located in the nucleus accumbans are
interconnected with hippocampus and thalamus (Meredith and Wouterlood,
1990), are integrated into the limbic system and may be important to normal
cognitive functioning. Pharmacological manipulations using cholinergic
agonists and antagonists injected into the nucleus accumbans point to a role
for acetylcholine in locomotor behavior. The loss of these cholinergic neurons
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in AD and some other disorders (Leheriey et al., 1989) has been proposed to
underlie the anergy and bradyphrenia found in these disorders.

Procedural memory, which is relatively preserved in AD, is regarded as a
function of the basal ganglia: (Harrington et al., 1990; Bylsma et al., 1990;
Butters et al., 1988; Heindel et al., 1989). The preservation of most of the
interneurons in the basal ganglia may account for the retention of procedural
memory while episodic memory is lost in AD.

The Cholinergic Systems and Cognition
The basal forebrain and tegmental cholinergic systems project to areas of

the brain, i.e. medial temporal, thalamic, etc., critical to normal cognitive
function (Storm-Mathiesen 1970; Levey et al., 1987). It has been proposed
that memory processes are impaired due to faulty modulation of neurotrans-
mission in the thalamus and hippocampus when these structures are deprived
of adequate cholinergic tone (Deutsch, 1971). Deficient cholinergic tone could
also indirectly affect cognition as a result of changes in alerting or attention
(Rinaldi and Himwich 1955; LoConte et al., 1982; Saper and Plum, 1985).
Cholinergic deficits have also been associated with perseveration and increased
rates of intrusions (Elble et al., 1988). Both reduced ability to focus attention
and intrusion of irrelevant material could interfere with directed cognitive
processes.

While there is considerable pharmacological support for a relation of the
function of integrity of cholinergic systems to cognition the cognitive functions
mediated by the cholinergic system have not been specified. In AD patients
the cognitive deficits appear to underlic the loss of independence and
impairment in activities of daily living. In AD a possible contribution by the
cholinergic deficit to the cognitive decline has encouraged research into
cholinomimetic therapies. But the evaluation of these therapies for efficacy
has been complicated perhaps in part by the lack of a precise understanding
of the role of the cholinergic system in cognitive function and in part by the
lack of accurate and reliable methods to quantify changes in the cognitive and
daily living activity behaviors of AD patients.

A Model of Cholinergic Neuronal Function in the CNS

Acetylcholine is synthesized in presynaptic neurons from choline and
acetyl-coA by the enzyme cholineacetyltransferase. Choline enters the cell
body by both a high and a low affinity uptake system and is produced in the
cell by catalyses of choline containing phospholipids. Acetyl-coA is formed by
an aerobic process within the cell.

Acetylcholine is stored within the cell in two pools, a vesicular and a
cytoplasmic. Acetylcholine is released both spontaneously and as a result of
depolarization of the cell membrane. It is thought that the cytoplasmic pool
of acetylcholine is the source of spontaneously released acetylcholine and that
the vesicular pool is the source of the evoked release of acetylcholine.
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Acetylcholine released from the cell acts on two known general classes of
receptors, muscarinic and nicotinic. Both receptor classes have multiple sub-
types, are located on pre and post synaptic cells and can have inhibitory or
excitatory actions. The effects of released acetylcholine are terminated
primarily by the catabolic enzyme acetylcholinesterase and to a small degree
by diffusion away. Choline is a product of this catabolism which is thought to
generate choline for uptake into the cell.

The enzyme acetylcholinesterase is found in two forms in the central
nervous system, a monomeric globular and a tetrameric globular form. The
monomeric form is soluble and presumed to be situated in the cytoplasm of
cells, the tetrameric form is bound to the presynaptic membrane and accounts
for the majority of brain acetylcholinesterase activity.

The processes that could be modified by chronic acetylcholinesterase
inhibition are numerous. The presynaptic synthesis of acetylcholine could be
decreased as a result of the decreased availability of choline. Both reduced
choline uptake and reduced release of choline from phospholipids can
decrease the availability of choline. Choline acetyltransferase activity could be
reduced as a result of direct enzyme inhibition by increased concentrations of
ACh or due to reduced enzyme levels from reduced synthesis of mRNA.
Increased cytoplasmic ACh concentrations could also increase vesicular and
non-vesicular storage of ACh and change the release of ACh. Vesicular
release could be increased from increased concentrations of ACh stored in
vesicles or decreased from autoreceptor inhibition of release. Non-vesicular
release could also be increased by the increased cytoplasmic concentrations
of ACh or could be decreased as autoreceptor inhibition of neuronal activity
reduces the incorporation of vesicular membranes into the cell wall. Receptor
accommodation to increased extracellular ACh concentrations could alter
cellular function (Overstreet et al, 1984). Muscarinic receptors are
desensitized from increased extracellular ACh and nicotinic receptors are
increased by increased extracellular ACh concentrations (Taylor, 1990).
Additionally, increased AChE synthesis and incorporation into cell structures
could be expected from chronic inhibition. In the post-synaptic cells receptor
accommodation would be expected. Muscarinic receptors would be
desensitized with an accompanying decrease of post synaptic cellular response
to released ACh. Nicotinic receptor changes and cellular response are less
well understood.  Sensitization with increased cellular response or
desensitization with decreased cellular response could occur. One problem
with predicting and studying post synaptic effects from chronic AChE
inhibition is the lack of understanding of muscarinic and nicotinic receptor
roles in the post synaptic cell.

One of the major unresolved issues in understanding the mechanism of
cholinergic neurotransmission is the identification of the type and localization
of cholinergic receptors in each of the cholinergic systems in brain. Multiple
distinct muscarinic and nicotinic receptors have been cloned but not all the
subtypes can be pharmacologically recognized. Evidence suggests that the M,
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type may be primarily postsynaptic and the M, type presynaptic although this
distinction is not absolute. The effect of ACh on muscarinic receptors located
presynaptically is to decrease release of ACh. The effect postsynaptically can
be both excitatory and inhibitory.

Nicotinic receptors are even less clearly distinguished into subtypes and the
proportions found pre- and post-synaptic can be stated with less certainty.
One major function of presynaptic nicotinic receptors it to increase ACh
release following stimulation by ACh. A second unusual feature of these
receptors it that their numbers are increased by stimulation. Postsynaptic
nicotinic receptors have been demonstrated but not fully characterized.
Although the general assumption has been that nicotinic receptors in the CNS
are of the ganglionic type a subtype distinct from the neuromuscular and
ganglionic nicotinic receptor has been found in brain.

One possible link of the cholinergic receptor to memory is through the
effects of ACh on N-methyl-D-aspartate (NMDA) receptors on the dendritic
spines located on neuronal cell bodies. Stimulation of the muscarinic receptor
has been shown to enhance the effects of agonists on the NMDA receptor.
This increases Ca** influx through the NMDA channel if postsynaptic
depolarization is present. Hebb (1949) had postulated that a synapse that
integrated presynaptic and postsynaptic information would be necessary to
allow neurons to express learning. ACh may contribute to neuronal learning
processes by a facilitory modulation of NDMA receptor response. It has been
proposed that the induction of long term potentiation by joint pre- and post-
synaptic activity may be mediated through NDMA receptors and may be a
synaptic mechanism of short term memory.

Effects of Aging on Cholinergic Function
Cognitive decline in humans and other animals has been demonstrated to

occur with aging. The biochemical mechanism of these changes is not known
but impaired cholinergic function has been implicated as a possible factor that
contributes to age related cognitive decline. Reductions in numbers of
cholinergic receptors, cholineacetyltransferase activity, acetylcholine synthesis
and acetylcholinesterase activity have been reported in aged animals although
these changes are not reported in all studies and many not be uniform
throughout the central nervous system.

Effects of Alzheimer Disease on Cholinergic Function.
The death and shrinkage of cholinergic cells in the CNS is one of the

uniform and early findings in patients with Alzheimer disease. In brains from
Alzheimer disease patients, compared to control elderly brains, there are
striking losses of cholineacetyltransferase activity and acetylcholinesterase
activity. Muscarinic receptor numbers are maintained but there is a loss of
nicotinic receptors. This is thought to reflect a relative preservation of the
post synaptic target neurons of the cholinergic system. Among muscarinic
subtypes M, receptor numbers are reduced (Mash et al., 1985) while M,
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receptor numbers are unchanged. All of these findings are consistent with a
proportionally greater loss of presynaptic cholinergic neurons than of their
postsynaptic targets.

These losses have been correlated with the cognitive deficits found in AD
patients. This has been used to argue for an important role for cholinergic
loss in the development of the cognitive deficits found in Alzheimer disease
patients. Evidence that could be used to argue against the centrality of
cholinergic function to cognitive deficits is that both the numbers of plaques
and tangles (which are only weakly linked to the cholinergic system) or the
loss of synapses (DeKosky et al., 1990; Terry et al., 1990) reflective of losses
in many different neurotransmitter systems more directly correlate with the
decline in cognitive function. Additional arguments against a relation of
cholinergic loss to cognitive decline derives from the reports by Kish et al.
(1988a,b) that cholinergic loss in patients with olivopontocerebellar atrophy is
not associated with memory or other cognitive changes.

Thus although there is far from incontrovertible evidence that the
cholinergic deficit in Alzheimer disease is the cause of specific cognitive losses
there has been adequate support for a role for cholinergic activity in cognition
drawn from finding to date that considerable effort has been turned to the
development of therapies that can correct or moderate the loss of cholinergic
function in Alzheimer disease patients.

Various approaches to this have been undertaken. These include the
development of cholinergic agonists to directly stimulate postsynaptic
muscarinic receptors, the development of nicotinic agonists to effect increased
presynaptic release of acetylcholine, the use of neurotropic growth factors, in
particular nerve growth factor, to activate or support cholinergic cellular
function and the use of acetylcholinesterase inhibitors to increase
the effects of released acetylcholine.

The Pharmacology of AChE inhibitors, Implications for Tolerance
For consideration of the possible contributions from alterations in drug

metabolism to drug effects the AChE inhibitors probably can be divided into
two groups, the reversible and irreversible inhibitors. The typical irreversible
inhibitor is an organophosphate that is rapidly absorbed and widely
distributed. It has high affinity for AChE and combines quickly and
irreversibly with the active enzyme site. Some organophosphate inhibitors can
be deposited in peripheral fatty tissues where they form a drug reservoir that
can maintain blood levels over a prolonged period causing slowly progressive
further decreases in AChE activity. Altered drug metabolism can affect the
metabolism of some of these compounds, others spontaneously hydrolyze.
Even where it occurs altered drug metabolism may not be an important
consideration to the development of tolerance. Cumulative inhibition may
more closely follow from peak inhibitor concentrations in blood, and as a
product of inhibitor concentrations maintained over time by slow release from
fatty tissue where the inhibitor is protected from catabolism. Neither of these
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parameters has not been shown to be significantly altered by the changes in
metabolism that follow from prior exposure to the organophosphates.

The effects from the reversible inhibitors are more likely to be affected by
induced changes in metabolism. Some of these compounds, i.e. physostigmine
and to a greater extent heptylphysostigmine, are very much less bioavailable
orally than when given by pareateral administration. Other compounds, e.g.,
galanthamine, are essentially equally available by both routes. Saturation
kinetics or induced changes in first pass metabolism could alter the absorption
of any of these compounds. Since these reversible inhibitions produce their
effects as an interaction over time of inhibitor association and dissociation
rates steady state could be more easily affected by changes in drug metabolism
than would be expected with irreversible inhibitors.

Treatment with AChE inhibitors raises the tissue concentration of released
ACh. This disposes the cells to develop secondary accommodations leading
to tissue tolerance. Differences among the inhibitors or the manners in which
they are used, that could be important to the type or degree of tolerance that
develops can include the 1) duration of inhibition, i.e. is it truly steady state
or is it fluctuating or intermittent producing peaks of inhibition separated by
periods of little or no inhibition, 2) chemical properties of the inhibitors
themselves, esp. actions on other systems than AChE inhibition, or 3) the level
of inhibition of AChE.

1. Duration of inhibition - Intermittent inhibition, by exposing the
cellular receptors only intermittently to increased concentrations of ACh may
provide for the cell periods of readaptation or recovery that do not lead to
cumulative adaptations expressed as tolerance. In contrast steady states of
inhibition may induce adaptive changes that are dysfunctional for treatment
of AD.

2. Chemical properties of the inhibitors - The majority of available
inhibitors have physiological effects in addition to those on AChE, i.e.
physostigmine releases ACh (Cox and Lomas, 1972) THA inhibits potassium
channels, etc. In our earlier review we attributed many of the adverse and
toxic effects of AChE inhibitors to the compounds themselves and not to the
level of AChE inhibition or ACh concentration (Becker and Giacobini, 1988).
Similarly tissue adaptations following chronic administration may differ
significantly among these drugs as a result of their actions in addition to
ACHhE inhibition.

3. Level of AChE inhibition - The tissue accommodations may change
with differing levels of AChE inhibition. Increased Ach concentration can act
either by direct action on receptors or thru feedback and activation or
inhibition of other neurotransmitter systems. Each of these different
mechanisms may have different thresholds for response or accommodation of
the system. Thus for example, moderate increases in ACh concentrations may
not induce homeostatic self correction while greater increases could bring
about compensatory changes.
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Another factor to be considered is that inhibitors could act selectively on
different forms of AChE or on isoenzymes. A heterogeneous group of several
molecular forms comprise the AChEs (Michalek et al., 1981a,b). Michalek
et al. (1982) reported some forms of the enzyme more resistant to inhibition
than others and proposed that this difference is important to the dissociation
between early recovery of behavior and slower recovery of total enzyme
activity. It appears that the lighter forms of the enzyme may recover more
quickly (Michalek et al., 1981a,b; 1982). Localized cellular differences in
effects on AChE may occur among inhibitors, eg. selective inhibition of one
or more molecular forms of AChE with sparing of other forms (Giacobini et
al., 1991).

One additional observation may help put the overall problem of tolerance
in a clinical perspective. What is sought in the cholinergic pharmacological
approaches to treatment of cognitive dysfunction in AD differs significantly
from what is thought to be the mechanism underlying therapeutic response to
the administration of antidepressant drugs to depressed patients. In treatment
of depression with antidepressants it is the tissue tolerance that is proposed
to underlie the therapeutic efficacy. In the use of AChE inhibitors in AD the
tissue tolerance would be expected to undo the efficacy. An adequate level
of inhibition may be required in AChE inhibitor therapy in AD just as an
adequate level of MAO inhibition is required in antidepressant therapy. We
had proposed (Becker and Giacobini 1988) that high levels of AChE inhibition
may be needed to demonstrate efficacy in AD. This parallels the use of MAO
inhibitors in depression. Monoamine oxidase (MAQ) must be inhibited by
80% or more for 7-10 days or longer (Ravaris et al., 1976) if the MAO
inhibitors are to be effective as antidepressants. Based on preliminary evi-
dence we have proposed that in order to be effective in AD levels of AChE
inhibition must be at one extreme of the range of AChE activities found in an
untreated population (Becker et al. 1991).

Data from studies to date are consistent with this formulation. We found
physostigmine and THA at doses tolerated in the majority of those treated
produce less than 30% AChE inhibition and are not associated with statistical-
ly significant evidence of efficacy (Becker et al., 1991). THA (Summers 1986;
Eagger et al., 1991) and metrifonate (Becker et al., 1990) at higher doses
produced 30-70% inhibition. At these doses statistically significant evidence
of efficacy has been reported (Summers 1986; Eagger et al., 1991; Becker et
al.,, 1990). But systematic long term studies of inhibition used at high doses
have not been done. Also the possible effects from tolerance must be taken
into account. Unlike the situation in depression the tissue accommodations
found with chronic administration of high doses of AChE inhibitors in AD
may reverse the therapeutic efficacy of these drugs.

To address this concern we have hypothesized that, although tissue and
behavioral tolerance can be expected in unlesioned tissue, the AD brain and
possibly the elderly brain may not so readily develop tolerance. The
cholinergic activity that is lost in these conditions may be able to be replaced
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up to normal levels of tissue function without the development of tolerance.
What would be accomplished would be reestablishment of the physiological
state in the lesioned tissue not the establishment of the non-physiological state
that follows from AChE inhibition in normal tissue.

Effects from Inhibition of AChE in the CNS: Mechanisms of Tolerance

It is generally accepted that ACh release into the synaptic cleft is rapidly
hydrolyzed by AChE. Acetylcholinesterase is present in sufficient excess in
the synapse that substrate inhibition does not occur and the duration of
occupancy of the enzyme site is exceedingly short. The only other mechanism
to reduce ACh concentrations in the synapse is diffusion away (Barnard and
Rogers 1967) which is not thought to contribute to reducing synaptic
concentrations under physiological conditions. It has been proposed that the
amounts of ACh that diffuse away could result in steady state levels of ACh
at extra synaptic sites since AChE is found in smaller amounts away from the
synapse. Low levels of AChE distant from the synapse may allow ACh to
accumulate in tissues away from synaptic sites. It may be that BuChE activity
in plaques also plays a role in reducing ACh activity in the elderly and AD
brain (Mesulum et al. 1991). If so, this would argue for an inhibition that also
is effective against plaque BuChE.

Following inhibition of AChE, ACh could accumulate within the
cholinergic cell. Soluble AChE in the G, form moderates the cytoplasmic
concentration of ACh in combination with uptake into vesicles and non-
vesicular release. Inhibition of AChE activity would increase the steady state
of ACh possibly increasing vesicular concentrations of ACh and rates of
nonvesicular release.

It is reasonable to assume then that acute inhibition of AChE would delay
the metabolism of synaptic ACh prolonging the effects at post and presynaptic
sites and would increase the amounts diffusing away increasing the
extracellular ACh concentrations. These increased concentrations of ACh
would then activate a range of direct (cholinergic) and indirect (non-
cholinergic) homeostatic responses.

The increased concentrations of free ACh after AChE inhibition are
associated qualitatively with the appearance of the classically described
syndrome of cholinergic toxicity although other factors appear to be important
since a quantitative relationship is not found (Becker and Giacobini, 1988).
We have presented evidence elsewhere in this volume that the symptoms and
signs of the cholinergic syndrome are not direct effects solely of AChE
inhibition and therefore can be regarded as side effects of the clinical use of
inhibitors (Becker et al., 1991).

There is evidence of tolerance with chronic administration of AChE
inhibitors in animals. Initially following administration of AChE inhibitors 100
to 300 or more percent increases in ACh concentrations have been reported
while under conditions of chronic administration these concentrations decline
to 50% or less, even to normal concentrations of ACh (Wecker et al., 1977
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a,b; Shih, 1982; Giacobini, 1991). The level of increase of ACh appears to be
roughly related to the level of AChE inhibition although the response differs
among the different inhibitors (Becker and Giacobini, 1988; Hallak and
Giacobini, 1989). A review of clinical studies does not uncover sufficient
systematic data to support or not if tolerance occurs to the clinical effects of
ACHhE inhibitors in humans (See Tables I and II in Becker et al.,, 1991).

Receptor Accommodation
One of the most direct mechanisms for modulation of levels of released

ACh is the feedback inhibition by stimulation of muscarine autoreceptors that
has been demonstrated on rat brain isolated nerve endings (Weiler and
Jenden 1977, Szerb 1978, Jenden 1980). The effect of increased ACh levels
is to reduce ACh release thru a muscarinic presynaptic inhibition (Ogane et
al,, 1990). The inhibition by muscarinic autoreceptors is blocked by atropine
leading to the depletion of brain ACh levels (Molenaar and Polak, 1980).
Under conditions of chronic administration of an AChE inhibitor ACh release
increases toward baseline with time supporting a desensitization of the
presynaptic muscarinic autoreceptors from exposure to increased ACh levels
(Raiteri et al., 1981; Russell et al.,, 1985). It is conceivable that since the
majority of AChE is located in the synapse the effect would be to return ACh
release to levels that would increase synaptic concentrations of ACh
significantly as regards postsynaptic cellular stimulation even though only
modest increases (e.g. 15% reported by Wecker et al., 1977a,b) occur in the
amounts of ACh that diffuse away. A problem with direct measurement of
the activity of presynaptic autoreceptors has been the lack of a specific, high
affinity ligand.

There is a potential for increased release from AChE inhibition by up
regulation of nicotinic receptors located on the presynaptic nerve ending
(Collins et al. 1990; De Sarno et al. 1989). This upregulation of nicotinic
receptors is unique to the CNS, a fact that has been explained by the
abundance of the a4 agonist binding subunit in brain (Steinbach and Ifune,
1989). It has been proposed that the conversion of the nicotinic CNS receptor
to a high affinity binding state triggers upregulation (Wonnacott, 1990). The
cellular response to receptor stimulation may be dose dependent if one
reasons from behavioral studies. Increased behavioral response follows from
low dose treatment, tolerance if doses are increased (Ksir et al., 1987).

Specific ligands are not available to differentiate pharmacologically the five
forms of muscarinic receptors from each other or the multiple forms of
nicotinic receptors from each other (Deneris et al,, 1991). Receptors at
presynaptic locations cannot be distinguished from those at postsynaptic
locations in radioligand studies with available ligands. Relative specificity of
oxotremorine for M, presynaptic autoreceptors and AF 102B for M,
postsynaptic muscarinic receptors has been claimed and a role for M;,
receptors in the enhancement of ACh release proposed. The decrease in the
number of muscarinic receptors following chronic AChE inhibition (Russell
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and Overstreet, 1987) would allow effect since autoreceptor stimulation
decreases ACh release and postsynaptic stimulation can be excitatory or
inhibitory. Relative differences in the sensitization response between M, and
M, receptors may determine the net output of ACh.

The complexity of tolerance is pointed to by the appearance of behavioral
tolerance both prior to and in the absence of changes in muscarinic receptor
density (Dawson and Jarrott 1981; Maayani et al, 1977; Overstreet and
Dubas, 1978; Overstreet and Scheller, 1979; Marks et al., 1981). That
muscarinic receptor changes are important to but not sufficient for under-
standing tolerance has been emphasized by Russell and Overstreet (1987).

Similar to the situation for muscarinic receptors the role of pre and post
synaptic localization for understanding the importance of nicotinic receptor
changes for tolerance has not been clarified.

-Inhibition of ChAT
Choline acetyltransferase (ChAT) catalyzes a specific but not rate limiting

step in ACh synthesis. This step is subject to feedback inhibition (Tucek,
1984). Four factors that could follow from the inhibition of AChE might
reduce the rate at which this catalyzes proceeds. Aetylcholine could be a
competitive inhibitor although the concentration of ACh even under conditions
of complete AChE inhibitor are probably well below the range in which ACh
is inhibitory to ChAT (Becker and Giacobini, 1988). The precursors choline
and acetyl A may be an insufficient supply (Tucek, 1984). Glucose oxidation
may be reduced impairing ACh synthesis (Blass and Gibson, 1979) and finally
some ChE inhibitors may directly inhibit ChAT activity.

-Induced Synthesis of AChE
Soreq and Zakut (1990) has concluded that the cholinesterase (ChE) gene

family plays a pivotal role in cellular division, growth and development. We
(Moriarity et al,, 1991) have recently looked unsuccessfully in humans for
evidence of an effect of chronic inhibition of ChE on peripheral blood cellular
constituents.

Investigations to date have not shown evidence of increased activity of
AChE or BuChE with chronic inhibition (Michalek et al., 1982; van Dongen
and Wolthuis, 1989).

-Vesicular Storage

Under classical modeling a natural consequence of increased cystoplasmic
concentrations of ACh would be an increase in vesicular contents of ACh and
therefore an increase in amounts of ACh released by each vesicle (Fonnum,
1973). Evoked release, as distinguished from spontaneous release, of ACh is
thought to be vesicular in origin (Carroll and Aspry, 1980). But the vesicles
have been shown to incorporate ACh independently of the cytoplasm using
ACh newly synthesized from extracellular choline (Carroll and Nelson, 1978).
These authors found that cytoplasmic ACh may not be mobilized into vesicles.
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Thus the concentration of ACh in vesicles may most directly be controlled by
the rate of high affinity choline uptake.

Raiteri et al. (1981), Russell et al. (1985), Giacobini et al. (1991) and
others have reported increased release of ACh following chronic AChE inhibi-
tion. These data are used to support a down regulation of presynaptic
autoreceptors, changes in vesicular contents or a numbers of vesicles released
with evoked release have not been considered.

-High Affinity Choline Uptake

Sherman and Strong (1986) reported a significant decrease in cortical but
not striatal choline (Ch) uptake following chronic physostigmine treatment.
Similar results for Ch uptake have been reported by others (Yamada et al.,
1983). Since 70% of Ch utilized for ACh synthesis has been estimated to
come from ACh hydrolysis chronic AChE inhibition may deplete Ch in brain.
Wecker and Dettbarn (1979) reported that Ch pretreatment could prevent this
depletion, Cohen and Wurtman (1976) have claimed that Ch supplementation
can increase brain ACh concentrations. Jenden et al. (1980) proposed that
cytoplasmic ACh concentration regulates Ch uptake and ACh synthesis.
Suzuki et al. (1989) have linked the capacity of both the high affinity choline
uptake system and hemicholinium resistent choline uptake system to ACh
synthesis in the hippocampus. Taken in total these findings suggest that
ACHhE inhibition, by increasing cytoplasmic ACh, would inhibit Ch uptake and
reduce vesicular ACh contents. The reduced availability of extracellular Ch
would also operate to reduce the uptake and ACh synthesis. This would
suggest evoked release of ACh may be reduced but spontaneous release of
ACh increased.

-Spontaneous Release
Up to 50% of ACh released from neurons is non-vesicular and presumed

to be a product of diffusion and active transport thru the cell wall by
membrane fragments incorporated from vesicles (Edwards et al., 1985).
Increased cytoplasmic ACh concentrations would be expected to increase
spontaneous release. This release could also be increased due to cellular wall
damage reported from some AChE inhibitors (see for example Lemercier et
al,, 1983).

Development of Behavioral Tolerance to AChE Inhibition

Chronic administration of AChE inhibitors results in tissue
accommodations that are qualitatively but not quantitatively linked to
behavioral tolerance. There is no evidence that physical dependence or
rebound effects occur. The lack of a regular quantitative link of dispositional
and tissue tolerance to behavior reflects the interaction of different modes of
tolerance and emphasizes the need to study specific behaviors of interest since
the various drug effects can independently accommodate under conditions of
chronic exposure.
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A wide range of acute and chronic behavioral effects of ChE inhibitors
have been reported. Precipitation of depression, psychomotor retardations,
hallucinations, paranoia, nightmares, insomnia, excess dreaming, memory
defects have followed both single dose and chronic administration (for review
see Levin et al., 1976; Karczmar 1984). Surprisingly there have not yet been
any reports of these adverse effects interfering with the use of ChE inhibitors
in AD patients or in studies of memory effects of these drugs.

It is not clear what can be inferred from these earlier behavioral findings
to aid our understanding of the development of tolerance with the use of
ACKhE inhibitors in AD. The behaviors reported in these earlier studies are
cither not being seen, e.g. development of depression, psychomotor
retardation, hallucinations etc., or have not yet been studied systematically in
relation to AChE inhibitor use in AD, e.g. changes in REM sleep parameters
(Karegon, 1984), adrenal-corticol activation (Kumar, 1991). At present we
cannot define the features of this earlier work that are relevant to the
emerging interests in AChE inhibitors in AD.

It has been proposed that cholinergic hypersensitivity predisposes
individuals to development of depression (Dilsaver, 1986). Dilsaver (1986)
reviewed the use of cholinergic drugs to test for cholinergic sensitivity. He
concluded that once pharmacologically improved probes of the cholinergic
system were available differences in cholinergic sensitivity between affectively
disordered patients and normals could be conducted. This use of cholinergic
drugs as a probe can also be applied to study of cholinergic sensitivity in
persons chronically exposed to AChE inhibitors.

In the early reports that address the effects in humans from administration
of ChE inhibitors it is difficult to distinguish "acute" from "chronic” tolerance
(Karczmar, 1984). A similar situation exists with the animal behavioral
literature (van Dongen and Wolthus, 1989). The findings in animal can be
applied to the study of AChE effects in humans. The observations that
animals with behavioral practice or experience can overcome drug effects on
behavior (Bignami et al., 1975), that some behaviors develop tolerance sooner
than others (Bignami et al,, 1975) and that a wide variety of behavioral tasks
can be performed with extremely low levels of AChE activity in brain (Glow
et al,, 1966) support the importance of study in humans of the long term
course of behavior in response to significantly decreased levels of AChE in
brain. The older literature would warn against this because of the danger of
psychosis and delusions. The report of Becker et al. (1990) demonstrated that
for up to five months very high levels of chronic AChE inhibition could be
achieved in AD patients without the appearance of significant side effects.
This is an advance since our last review when we noted that levels of AChE
inhibition of greater than 40% in AD patients had only occasionally been
achieved (Thal et al., 1986; Becker and Giacobini, 1988).
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CONCLUSION

Significant advances in the clinical pharmacology of AChE inhibitors have
been achieved (Giacobini and Becker, 1988; Becker et al., 1991). The interest
in the cholinergic system while great will only become intense when there are
published, replicated, well controlled studies demonstrating significant efficacy
for this therapeutic approach in AD patients. At that point further
refinements in the drugs available, full exploration of the dose response
relationship and possibly the need to overcome negative effects from tolerance
will set the agenda for investigators in the next decade.
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The great majority of cortical cholinesterase activity in the normal brain
is expressed in the form of axonal and perikaryal acetylcholinesterase (AChE).
The axonal AChE is located within cholinergic axons which arise from the
nucleus basalis. These axons convey cholinergic impulses to the AChE-
containing cholinoceptive perikarya of the cerebral cortex. Substances such
as physostigmine and tetrahydroaminoacridine (THA) are potent inhibitors of
the AChE along these cholinergic pathways.

The situation is substantially different in Alzheimer's disease (AD). In
keeping with the well known depletion of cortical cholinergic innervation in
AD, we found that the brains of patients with this disease display relatively
little AChE within normal cells and axons of the cerebral cortex. Instead,
intense AChE activity appears in the neuritic plaques, neuropil threads,
neurofibrillary tangles and the amyloid-positive cortical vessels. Electron
microscopic histochemistry shows that this cholinesterase activity is associated
with amyloid deposits, abnormal neurites and paired helical filaments (Carson
et al,, 1991). Cholinesterase activity therefore constitutes one of the few
markers found in all of the neuropathological structures associated with AD.
In some regions of the AD brain, plaques, tangles and amyloid-containing
vessels appear to contain virtually all of the cortical AChE. Abundant
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butyrylcholinesterase (BChE) activity is also seen in the plaques, tangles, and
amyloid-containing vessels whereas this enzyme is not conspicuous at all in
neuronal structures of the normal cerebral cortex.

The cholinesterase positivity of cortical plaques, tangles and amyloid-
containing vessels is not an occasional event but a widespread and perhaps
universal phenomenon. Tangles which are AChE-rich are distributed
somewhat differently than those which are BChE-rich (Mesulam and Moran,
1987). We do not know whether these enzymes identify independent
populations of plaques and tangles or whether there is also some coexistence
of the two enzymes.

The specificity of the plaque and tangle-bound AChE and BChE was
established by demonstrating that the reaction product obtained with
acetylthiocholine was inhibited by the specific AChE inhibitor BW284C51
(10™ M) but not by iso-OMPA whereas the reaction product obtained with
butyrylthiocholine was inhibited by the specific BChE inhibitor iso-OMPA
(10 M) but not by BW284C51 (Geula and Mesulam, 1989; Schatz et al.,
1990).

It is interesting to note that each of these inhibitors was 10 to 100 times
more potent for inhibiting the cholinesterases of normal cholinergic fibers
than the cholinesterases of plaques and tangles. Furthermore, the optimal pH
for the formation of reaction-product in our histochemical system was 8.0 for
the AChE of normal axons whereas this optimal pH shifted to 6.8-7.0 for the
AChE and BChE associated with plaques and tangles. It appears, therefore,
that the enzymatic properties of cholinesterases in plaques and tangles show
substantial shifts when compared to the cholinesterases of the normal brain.
These shifts and also increased levels of BChE may become useful in the
diagnosis of AD through brain biopsy or CSF examination. In fact, an
anomalous molecular form of AChE has been identified in the CSF of AD
patients (Navaratnam et al., 1991).

Our histochemical studies show that physostigmine and THA inhibit not
only the AChE of normal axons and perikarya but also the cholinesterases of
plaques and tangles, especially the BChE (Mesulam et al., 1987). In the
normal cerebral cortex, the major effect of cholinesterase inhibitors is to
enhance cholinergic neurotransmission. This cholinomimetic effect of
cholinesterase inhibitions is likely to be attenuated in patients with AD who
have a marked depletion of cortical cholinergic axons and cholinoceptive
perikarya. In these patients, THA and physostigmine should have a
substantial impact directly upon plaques, tangles and amyloid-containing
vessels since most of these structures are intensely cholinesterase positive and
since they frequently contain most of the cortical cholinesterase activity. The
encouraging clinical effects reported upon the administration of anticholin-
esterases to patients with AD (Summers et al., 1986; Thal et al., 1983) could
thus reflect an inhibition of plaque, tangle and vessel-bound cholinesterase
activity rather than a predominantly cholinomimetic effect. This may explain
why equally positive results have not been obtained when other putative
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cholinomimetics such as pilocarpine and lecithin (not expected to have a direct
impact on plaques and tangles) have been administered to these patients
(Caine, 1980; Weintraub et al., 1983).

Both physostigmine and THA are potent cholinesterase inhibitors. The
commonly employed dosages for physostigmine range from 0.5 to 3 mg. A
subcutaneous physostigmine dose of 0.67 mg results in a peak plasma
concentration of 5 ng per ml (Whelpton, 1985). Our histochemical
experiments show that cholinesterase inhibition in vitro begins at
physostigmine concentrations of .06 ng per ml (corresponding to 107 M) and
that this inhibition is complete at concentrations of 13 ng per ml. Therefore,
the inhibition of cholinesterases within plaques and tangles occurs at
physostigmine concentrations that can be reached in clinical trials. Assuming
comparable absorption and distribution characteristics, it is likely that the
plasma THA levels reached in clinical trials are at least as high as those
necessary to inhibit brain cholinesterase activity. Our experiments also
showed that a single exposure to physostigmine or THA can result in
cholinesterase inhibition lasting for at least 15 hours. Although the plasma
half-life of physostigmine is no longer than 20 minutes, its effect upon brain
cholinesterase may thus last for much longer. Prior observations had shown
that physostigmine and THA are both slightly more potent inhibitors of BChE
than of AChE (Heilbronn, 1961; Silver, 1974). Our histochemical results
confirm this relationship. Additional observations are necessary to determine
if these in vitro histochemical results are applicable to in vivo enzyme activity.

Whether or not it is desirable to inhibit the plaque, tangle and vessel-
bound cholinesterases depends on their role and origin. Conceivably, tangles
become AChE-rich because they have formed within premorbidly AChE-rich
perikarya and plaques become AChE-rich because they contain degenerated
fragments of premorbidly AChE-rich axons.

If this "tombstone hypothesis" is valid, then it is difficult to see what
benefit would arise from inhibiting the plaque and tangle-bound cholinester-
ases, substances presumed to be passively trapped by the pathological
processes leading to plaque and tangle formation. However, the "tombstone
hypothesis" faces several potential difficulties. For example, the normal brain
contains very little perikaryal BChE activity whereas many cortical tangles in
AD are BChE-rich. This is a serious objection since AChE and BChE are
most probably the products of two different genes.

A second objection is based on the pattern of anatomical distribution.
The "tombstone hypothesis" would lead to the prediction that neurons which
are vulnerable to AChE-rich tangle formation in AD, should be AChE-rich
in the normal brain and that regions which usually contain the greatest
concentrations of AChE-rich plaques in AD, should normally have the
greatest density of AChE-rich axons. These expectations are partially met.
Thus, many pyramidal neurons of layers 3 and 5 in neocortex are vulnerable
to tangle formation in AD and also AChE-rich in the normal adult brain.
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Similarly, limbic and paralimbic regions have high plaque counts in AD and
also contain a dense innervation by AChE-rich axons in the normal brain.

However, the anatomical fit is not perfect. Thus, the layer 2 stellate
neurons of entorhinal cortex which almost always contain AChE-rich tangles
in AD, are not particularly AChE-rich in non-demented age-matched subjects
(Mesulam et al, 1987; Mesulam and Geula, 1991). Furthermore, the
basolateral nucleus which normally contains the most intense amygdaloid
AChE-rich cholinergic innervation, is not necessarily the part of the amygdala
with the highest plaque count (Brashear et al., 1988).

We should therefore consider the alternative possibility that the AChE
and BChE activity in plaques and tangles could be reflecting the de novo
synthesis, by neurons or glia, of enzymatically altered cholinesterases. The
plaque and tangle-bound cholinesterases could be expressed in response to the
overall degenerative process or they might even play a role in the pathogenesis
of AD.

This is more than an idle speculation since cholinesterases are also
thought to have considerable protease activity (Balasubramanin, 1984;
Chatonnet and Masson, 1985). Such proteolytic action could transform a
circulating or neuronally formed amyloid precursor protein into the insoluble
beta (or A4) subunit found within plaques (Kang et al., 1987; Tanzi et al.,
1987) and could also contribute to the degenerative transformation of
cytoskeletal proteins into the paired helical filaments of neurofibrillary tangles.
It is thought that the dynamic balance between proteases and their inhibitors
is disturbed in AD (Carrell, 1988). The putative proteolytic activity of the
plaque and tangle-bound cholinesterase-like substances could further
contribute to the resultant abnormality of protein processing.

The clinical trials reporting the therapeutic effect of physostigmine and
THA in patients with AD need further confirmation. Regardless of the
outcome obtained in such trials, however, the histochemical observations in
this report indicate that these substances can directly influence the esteratic
(and possibly proteolytic) activity of nearly all neuritic plaques and
neurofibrillary tangles. Assuming that it is therapeutically desirable to inhibit
the esteratic-proteolytic activity of these plaque and tangle-bound enzymes, it
may become necessary to develop new cholinesterase inhibitors optimally
suited for this purpose. We may thus find ourselves in a situation where the
use of cholinesterase inhibitors in AD may become highly desirable, but for
reasons that are no longer primarily focused on the enhancement of
cholinergic neurotransmission.
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CHOLINESTERASES IN HUMAN DEGENERATIVE
DISEASES

John R. Atack
Merck Sharp & Dohme, Neuroscience Research Centre, Harlow, Essex, England

INTRODUCTION

Although central cholinergic systems have been implicated in the
pathogenesis of a number of neurodegenerative disorders, the best characterized
of these disorders is Alzheimer's disease (AD). In AD there is a degeneration of
projections from the cholinergic basal forebrain to the neocortex and
hippocampus resulting in a loss of cell bodies in the basal forebrain and reduced
cortical choline acetyltransferase and acetylcholinesterase (AChE) enzyme
activities. A similar degeneration of cholinergic basal forebrain neurons in the
nucleus basalis of Meynert (NbM) has also been reported in a number of other
neurodegenerative disorders including Parkinson's disease (PD), Downs
syndrome (DS) and Creutzfeldt-Jakob disease (Rogers et al, 1985). In
progressive supranuclear palsy (PSP) there is also a loss of NbM neurons along
with a degeneration in cholinergic striatal and pedunculopontine neurons
(Ruberg et al, 1985; Hirsch et al, 1987).

Total AChE (and butyrylcholinesterase (BChE)) activity and the distribution
of AChE (and BChE) molecular forms do not change appreciably after death
(figure 1). Consequently, changes observed in the postmortem brain can be
assumed to reflect changes that occur in vivo. This postmortem stability of
ACHE along with the availability of histochemical staining techniques has meant
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AChHE has proved a particularly useful marker of cholinergic systems in the
postmortem human brain and has provided a number of insights into the
pathogenesis of not only AD but also other neurodegenerative disorders.
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FIGURE 1. Postmortem stability of a) total AChE and BChE activity in rat
cerebellum and b) individual molecular forms of AChE (upper panel) and BChE
(lower panel) in mouse forebrain.

Although BChE shares many features with AChE (e.g. inhibitor sensitivity,
molecular forms heterogeneity), it is not related to cholinergic neuro-
transmission within the CNS and its physiological function remains unknown.
Furthermore, although it is found within the cerebrospinal fluid (CSF), CSF
BChE activity correlates with CSF total protein concentration, indicating a
common source (i.e. plasma) for both BChE and total protein. Nevertheless,
CSF BChE activity is a useful index of the penetration of physostigmine into the
CNS. Thus, since both AChE and BChE are inhibited by physostigmine,
measurement of these enzyme activities after administration of physostigmine
gives two independent indices of penetration into the CNS (see below).

ACHE MOLECULAR FORMS

AChE exists as a number of molecular forms, which can be separated using
sucrose density gradient centrifugation. The globular tetramer (G4) form
predominates within the CNS (reviewed in Atack, 1991). The functional
importance of the G4 form of AChE is illustrated by the fact that there is a
preferential increase in the G4 form of AChE during development. Conversely,
in AD, and in demented Parkinson's disease patients, there is a selective 1oss of
the G4 form of AChE (Atack, 1991). A similar loss of the G4 form of
hippocampal AChE following lesions of the rat septo-hippocampal pathway is
consistent with the G4 form of cortical AChE being primarily localized on
presynaptic cholinergic nerve terminals. In AD, the distribution of AChE
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molecular forms in the NbM is, however, unaltered (Atack, 1991), indicating
that the biosynthesis of the different molecular forms is relatively normal in the
remaining basal forebrain neurons.

From a therapeutic point of view, an anticholinesterase specific for the G4
form of AChE would be particularly attractive. Thus, such a compound would
not interact with BChE either in the plasma or throughout the body, including
the CNS, nor would it interact with AChE found in red blood cells, which is
present as the G2 form (Ott et al, 1982). Furthermore, since the G4 form is only
a relatively minor component of human muscle AChE (Carson et al, 1979), a
G4-specific inhibitor of AChE would be relatively selective for the CNS.
Although there is no a priori reason to expect that different molecular forms of
AChE would have differential sensitivity to cholinesterase inhibitors (and
limited studies have shown that the catalytic properties of different AChE
molecular forms are similar), it is interesting to note that there is an
approximately 10-fold difference in the sensitivity of human brain and plasma
BChE to a number of physostigmine analogues (Atack et al, 1989). Whether or
not this difference in inhibitor sensitivity is attributable to the different
distribution of BChE molecular forms in the human brain and plasma is
uncertain. Nevertheless, the inhibitor sensitivity of the different molecular forms
of AChE is worthy of further examination.

CEREBROSPINAL FLUID ACHE

As in the CNS, the predominant molecular form of AChE in human CSF is the
G4 form, consistent with the majority of CSF AChE originating from the CNS
(figure 2) and suggesting that CSF AChE activity reflects central AChE activity.
Since there is currently no definitive antemortem diagnostic test for AD, CSF
AChE activity has been measured to see if reduced cortical AChE in AD is
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FIGURE 2. Molecular forms of AChE in CSF obtained either postmortem from
the lateral ventricles or antemortem by lumbar puncture. Note predominance of
the G4 form. Arrows show positions of marker enzymes (from left to right) B-
galactosidase (sedimentation velocity = 16.0S), catalase (11.4S) and alcohol
dehydrogenase (4.8S). (Modified from Atack et al, 1987.)
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reflected by reduced CSF activity. However, a number of studies have produced
conflicting results (Giacobini, 1986), which may, in part, be attributable to
methodological problems associated with studies of CSF (Atack, 1989). In our
studies. we found only a modest (16%) decrement of lumbar CSF AChE activity
in carefully selected AD patients. In addition, CSF AChE activity was
unchanged in both young and old DS subjects, suggesting that the onset of AD
type neuropathology in old DS subjects did not, per se, result in reduced CSF
ACHhE activity. Moreover, in PSP (in which cortical and non-cortical cholinergic
systems degenerate) the greater reduction (31%) in CSF AChE activity than in
AD indicates that non-cortical areas may contribute more to CSF AChE activity
than do cortical areas (Atack, 1991).

The issue of what CSF AChE measurements actually represent (i.e. from
which CNS structures does CSF AChE activity originate?) is poorly understood.
The measurement of rostrocaudal gradients of CSF AChE activity is one way of
addressing this issue. By removing sequential aliquots of CSF by lumbar
puncture (figure 3a) it is possible to estimate whether the parameter of interest

FIGURE 3. Rostrocaudal gradients of AChE and homovanillic acid (HVA) in
spinal fluid. A. Schematic representation of the experimental procedure. Thirty
ml of spinal CSF were obtained in sequential 2 ml aliquots by lumbar puncture.
The initial 4 ml were submitted for routine clinical biochemical evaluation and
ACHhE activity and homovanillic acid (HVA; the major dopaminergic metabolite
in CSF) concentrations were determined in the 2 ml aliquots obtained from
various points along the neuraxis (fraction 5-6 corresponds to most caudal CSF
whereas the 29-30 ml fraction is more rostral in the neuraxis). B. AChE activity
and HVA concentrations in various fractions of spinal CSF along the neuraxis.
Values shown are mean (+ SD) of measurements made in 14 healthy normal
volunteers. (Modified from Atack et al, 1990.)
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(in this case AChE) originates primarily from the brain (AChE levels higher in
more rostral rather than more caudal CSF fractions) or has a more diffuse (i.e.
brain and spinal cord) origin (AChE activity similar in rostral and caudal CSF
fractions) (Wood, 1980). As can be seen in figure 3b, AChE activity does not
differ greatly between rostral and caudal fractions of spinal CSF, suggesting that
the spinal cord makes a significant contribution to AChE activity measured in
lumbar CSF. In contrast, the concentration of the major dopaminergic
metabolite homovanillic acid (HVA) shows a pronounced rostrocaudal gradient,
with concentrations being higher in more rostral CSF fractions, consistent with
the brain being the major source of HVA within the CSF.

In addition, although AChE activity is widely distributed within the human
CNS, AChE activity is much greater in the basal ganglia compared to cortex.
This, along with their proximity to the lateral ventricles, suggests that the basal
ganglia make a greater contribution to measured CSF AChE activity than do
cortical areas. Whatever the contribution of various CNS structures, it is obvious
that reduced secretion of AChE from a particular area (e.g. the cortex in AD)
may be masked by normal secretion from unaffected areas.

ANTICHOLINESTERASE THERAPY

In AD, the fundamental hypothesis underlying the use of anticholinesterases
- that inhibition of central AChE can enhance the action of the residual cortical
cholinergic activity - remains to be proven. Thus, although physostigmine has
proved to be largely unsuccessful in the treatment of AD, it is not clear whether
this is because the cholinergic enhancement hypothesis is incorrect or whether
the doses of physostigmine employed were not sufficient to produce significant
inhibition of central AChE activity.

To address this issue we measured CSF AChE (and BChE) activity before
and after conventional oral administration of physostigmine to patients with
PSP. Figure 4a illustrates that the doses of physostigmine used (0.5-2.0
mg/dose) produced no consistent decrement in either AChE or BChE activity;
indeed, enzyme activities were remarkably stable over the 10 days between
lumbar punctures. A similar lack of effect of oral physostigmine on CSF AChE
activity has also been reported in cerebellar ataxia (Manyam et al, 1990).

Using an alternative, continual i.v. infusion regime at maximum tolerated
doses (0.2-0.6 mg/hr for 6-8 hr/day: Giuffra et al, 1990), mean inhibition of CSF
(and presumably, therefore, CNS) AChE activity (+ S.D.) of 21 + 14% was
achieved (figure 4b). The inhibition of CSF BChE activity was greater and less
variable being 35 + 7%. These data show that using iv. infusions of
physostigmine, significant inhibition of central cholinesterases can be achieved.
Clinically, there was no overall cognitive benefit, although, it is possible that the
relatively modest degree of central inhibition of AChE (21%) was below that
required for cognitive improvements to occur. It would therefore be important to
measure. neuropsychological performance following a more pronounced
inhibition of central AChE activity. This is not, however, possible with
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physostigmine because at doses greater than those employed, there were
significant side effects (nausea, vomiting, syncope and hypotension).
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FIGURE 4. Comparison of AChE and BChE activities in lumbar CSF obtained
following treatment with either placebo or physostigmine in: A) 8 PSP patients,
mean oral dose = 1.25 + 0.46 mg/dose, 6 times a day at 2 hour intervals, CSF
sampled 30 min. after second moming dose; B) 9 AD patients given continual
i.v. infusions of 0.2-0.6 mg/hr for 6-8 hours for 6-14 days, CSF sampled 4 hr.
after start of the days infusion.

Clearly the development of physostigmine analogues with improved
pharmacokinetic and pharmacodynamic properties would be useful in the
experimental treatment of AD. There is considerable scope for the modification
of the carbamate moiety of physostigmine whilst retaining anticholinesterase
activity (Atack et al, 1989). Indeed, the heptyl derivative of physostigmine
appears to have a number of pharmacokinetic and pharmacodynamic advantages
over physostigmine (Brufani et al, 1986; De Sarno et al, 1989) and may prove of
great interest as a second generation of anticholinesterase in the treatment of
cholinergic-related neurodegenerative disorders, such as AD.
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INTRODUCTION

Cholinergic neurons of the central nervous system have been implicated
in a number of physiological processes such as learning and memory,
sleep-wake-cycles, arousal and attentiveness (see Steriade and Buzsaki, 1990).
Thus, a breakdown of central cholinergic transmission which can be observed
in various mental disorders such as Alzheimer's disease (AD), Parkinson's
discase (PD) and post-alcoholic Korsakoff's disease (KD) might play an
important role in the early and primary symptoms of these disorders. This
line of thinking which implies the existence of a direct cause-effect relationship
between a dysfunction of cholinergic neurons and memory loss in aging and
dementia became known as the "cholinergic hypothesis of geriatric memory
dysfunction” (Bartus et al., 1985). Additional evidence for the implication of
the cholinergic system in cognitive function was obtained from a multitude of
animal experiments using stimulation, acute and chronic lesion techniques as
well as pharmacological manipulations of cholinergic neurotransmission (see
Steriade and Buzsaki, 1990). The primary significance of research concerned
with the "cholinergic hypothesis" is based upon the presumption that greater
insight into the common neuronal pathways responsible for the cognitive
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disturbances may eventually lead to an effective therapeutic treatment of
age-related cognitive disorders which today impose an increasing social and
economic burden to our society. Pharmacological stimulation of cholinergic
activity can ameliorate behavioral sequelae in experimentally lesioned animals,
and to some extent, also cognitive dysfunction in demented patients (see
Bartus et al., 1985). The therapeutic efficacy, however, of most attempts to
counterbalance the loss of central cholinergic neurons by a pharmacological
manipulation of remaining cholinergic neurons have not met the expectations
for an effective treatment of AD and related neurodegenerative conditions.
The principal features of the organization of the cholinergic afferentation of
the cortical mantle some of them are reviewed in the present paper might
provide the framework for the understanding of cortical information
processing and the development of a specific therapy under pathological
conditions.

THE CHOLINERGIC PROJECTION SYSTEMS OF THE BASAL
FOREBRAIN AND UPPER BRAINSTEM AS COMPONENTS OF THE
ASCENDING RETICULAR ACTIVATING SYSTEM

Recent studies have shown that cholinergic projection neurons located in
the basal forebrain and upper brainstem possess the anatomical and
electrophysiological properties to allow them to control the excitability of
neurons in large portions of the central nervous system including the cerebral
cortex, hippocampus, and thalamus (see McCormick, 1990).

Two major types of neurons, multipolar giant neurons and reticular
neurons can be discriminated on cytological criteria by means of
Golgi-impregnation in human NbM (Arendt et al,, 1986). The majority of
neurons, and in particular the cholinergic neurons are represented by the
reticular type (Figure 1), a neuronal type which was first described as the
major cellular constituent of the reticular formation by Leontovich and
Zhukova (1963). Neurons of this type are characterized by an ovoid or
triangular shape of the cell body, a few long, poorly ramified dendrites and a
Golgi type I axon which sends off collaterals in close proximity to the soma.
Embedded in fiber systems, these neurons are arranged as discontinuous
aggregations of cell clusters with overlapping dendritic tress, thus forming a
reticular neuronal network in the basal forebrain and upper brainstem which
has been designated as the rostral and caudal cholinergic column (Satoh et al.,
1983). According to the concept of the "reticular core" formulated by
Leontovich and Zhukova (1963), neurons of the reticular type form a
neuronal system which is not confined to classical anatomical boundaries and
which extends throughout the brain axis from the spinal cord up to the
diencephalon and telencephalon with the basal nucleus of Meynert (NbM), the
nucleus of the diagonal band of Broca and the medial septal nucleus as its
most rostral parts. At the time, when this concept was formulated, it was
speculated on the basis of cytological features and the fine structural
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arrangement of neurons that they exert an integrative function by controlling
the activity of large areas of the brain (Leontovich and Zhukova 1963).

FIGURE 1. Reticular neurons, the main neuronal type in human NbM. A:
Golgi-impregnation. B: AChE histochemistry. C: ChAT immunostaining,
Magn. 200x

Based on a more detailed knowledge of the connectional organization, this
concept of the NbM-complex as a central integrator of signals was elaborated
further more recently (Wenk, 1989). Neurons of the basal forebrain-complex
innervate the entire cortical mantle in a topographical manner. The neocortex
and amygdala receive the majority of their cholinergic input from the NbM,
while the hippocampus is innervated mainly from the neurons in the medial
septum-diagonal band region. The projection from the basal forebrain onto
the cerebral cortex is topographically organized on an anterior-to-posterior as
well as ventrolateral-to-dorsomedial level (see Wainer and Mesulam, 1990).
In the rodent, each NbM-neuron innervates a relatively small region of the
cortex with a diameter of about 1 - 2 mm with limited collateralization (Price
and Stern, 1983). This small projection area of individual cholinergic neurons
which might well be in the range of a cortical macrocolumn indicates that,
although the system as a whole may have a wide cortical influence, individual
elements may operate independently of one another and may adjust cortical
neuronal excitability on a module-by-module basis.

Anatomical, electrophysiological and pharmacological properties of the
cholinergic basal forebrain projection neurons and their effects on cortical
neuron excitability indicate that this system is utilized for setting the tone of
cortical processing (Steriade and Buzsaki, 1990). The ability of ACh to reduce
the resting potassium current in addition to the voltage-and calcium-dependent
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potassium current enables the ascending cholinergic system to enhance the
excitability of cortical neurons by sensory inputs. In addition to this excitatory
effects, ACh has also been reported to cause an inhibition which is mediated
by the excitation of local GABAergic inter-neurons (see McCormick, 1990).
This ability might give the ascending cholinergic system additional control over
the excitability of the cerebral cortex by altering the spread and synaptic
course of information flow. The relay nuclei of the thalamus receive
approximately 80% of their cholinergic input from the projection system of the
upper brainstem. The nucleus reticularis thalami (NRT) receives cholinergic
afferents from both the upper brainstem and a subpopulation of cortical
projection neurons in the basal forebrain (Jourdain et al., 1989). As the NRT
might be the pacemaker for the generation of certain types of rhythmic
activity in the brain, this anatomical arrangement may have important
implications for the cholinergic control of thalamocortical processing.
Stimulation of the mesencephalic reticular formation which leads to desyn-
chronization of the EEG also leads to dramatic increases in the release of
ACh in the cerebral cortex. Similarly, the rate of release of ACh in the
cerebral cortex is correlated with the level of arousal (see McCormick,
1990). Thus, the cerebral cortex is activated by a dual mechanism, the direct
influence of cholinergic afferentation from the basal forebrain, and the
suppression of pacemaker cells in the NRT. The cholinergic projection
systems of both the basal forebrain and the upper brainstem can, therefore,
be viewed as the anatomical substrate of the ascending activation system of
Moruzzi and Magoun (1949).

THE SYNDROME OF THE PARTIAL CHOLINERGIC
DEAFFERENTATION OF THE CORTICAL MANTLE

Damage inflicted to the cholinergic basal forebrain is paralleled by deficits
in a variety of learning and memory tasks (Bartus et al., 1985). The
behavioral deficits described after such lesions appear to affect virtually all
aspects of cognitive functions that the cerebral cortex is assumed to subserve.
Thus, it can be hypothesized that the physiological mechanisms of the
behavioral impairment is due not so much to the death of a circumscribed set
of basal forebrain neurons per se, but must be sought in the malfunction of
their cortical target areas. In other terms, the behavioral impairment might
be related to an functional impairment of the neocortex and hippocampus due
to an erroneous gaiting or arousing mechanism normally provided by the
cholinergic basal forebrain (Steriade and Buzsaki, 1990).

Sequelae of the cholinergic deafferentation of the cortical mantle in
dementing disorders with respect to the impairment in learning and memory
can be explained on the basis of the "Hippocampal Memory Indexing Theory’
of Teyler and DiScenna (1986). Incoming environmental information is
relayed by thalamocortical pathways and engages the activities of numerous
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cortical modules distributed in space and time over the surface of the
neocortex. This spatio-temporal pattern of active cortical modules is

Neocortex Recall

Thalamus

Ch5/6

caudal and rostral cholinergic column

FIGURE 2. Hypothetical involvement of the cholinergic afferentation of the
cortical mantle in the processing and storage of information. A primary and
rather selective degeneration of one of the three subsystems (Chl/2, Ch4,
Ch5/6) might be the substrate for discrete pathoarchitectonic entities.
Abbreviations Ch refer to the nomenclature of Mesulam (see Wainer and
Mesulam, 1990): Chl, med. sept. nucl.; Ch2, vert. diagonal band nucl.; Ch4,
NbM; Ch35, nucl. pedunculopont. tegm.; Ch6é nucl. laterodors. tegm.; LS,
lateral septum.

subsequently stored as an index in the hippocampus through long-term
potentiation by means of neocorticolimbic pathways. According to this theory,
only the location and temporal sequencing of activated cortical modules are
encoded and not the neuronal transformation of the experiential event itself.
Reactivation of neocortical modules in the appropriate spatio-temporal
sequence will simulate the original experience (Recognition-Memory). If the
hippocampal activation exceeds a certain threshold level, the hippocampal
index will be activated and will, in turn, reactivate the pattern of cortical
modules which matches the original event (Recall-Memory). As a
prerequisite for this processing and encoding of information, a subtle
mechanism of tuning the thalamic, neocortical and hippocampal activity
corresponding to the demands of sensory inputs is needed which is met by the
anatomical and electrophysiological properties of the cholinergic projection
systems of the basal forebrain and upper brainstem (Figure 2).

The degeneration pattern within the subpopulations of the basal forebrain
is markedly different between individual cases of AD with nearly every single
case having its individual pattern (Arendt et al, 1985). As a tendency,
however, earlier stages of the disease tend to reveal a cell loss most
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pronounced in the septo-hippocampal system, whereas more advances cases
show a more equal involvement of different cell clusters (Figure 3).

FIGURE 3. Differences in the degeneration pattern in the cholinergic
projection systems in early and advanced stages of Alzheimer’s disease. The
30% cell loss indicated can be observed during normal aging without being
associated with mental impairment. For abbreviations see Fig. 2.

This observation is matched by the impairment of recall-memory as an
early neuropsychological finding during the course of the disease while
impairment of recognition-memory is restricted to the more advanced stages
(see Brown and Marsden, 1988). Thus, the partial cholinergic deafferentation
of the cortical mantle leads to a dysfunction of cognitive abilities which is not
only quantitatively but also qualitatively different depending on the site of
involvement during the course of the disease. The complex of symptoms
which results from the dysfunction of cortical information processing might be
modified by the intrinsic properties and connections of those particular
cortical areas which are affected by the deafferentation. As a complex of
symptoms with an underlaying common neurobiological substrate, this
neuropsychological impairment which forms a constant component of the
clinical picture of a multitude of dementing disorders, such as AD, PD, KD,
Down'’s syndrome, progressive supranuclear palsy (PSP) and others, can be
described as the ‘Syndrome of partial cholinergic deafferentation of the
cortical mantle’. As different subsystems of the ascending cholinergic system
might be involved differently into the pathology of different mental disorders,
certain ‘pathoarchitectonic entities’ can be discriminated (see Figure 2).
While, for example, in early AD and KD the degeneration is most pronounced
for the septo-diagonal band region, PSP shows a severe involvement of the
cholinergic system in the upper brainstem.

The simultaneous and coordinated activation of the thalamic, neocortical
and hippocampal circuits, accomplished primarily by cholinergic nuclei of the
brainstem and the basal forebrain, respectively might be a prerequisite for
efficient processing and transformation of afferent information. Activation of
either subsystem alone may only be sufficient to exert an activating effect on
their respective targets but might not lead to an appropriate processing of
information. Attempts to counterbalance the loss of cholinergic projection
neurons by a pharmacological manipulation of remaining neurons might,
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therefore, be misleading and may probably even worsen the clinical picture by
inducing an increasing imbalance between different cholinergic subsystems.
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INTRODUCTION

Attempts to restore cholinergic deficits in Alzheimer’s disease patients
involve the use of various drugs inhibiting cholinesterases (CHEs; Bartus et
al, 1982). In addition, CHE inhibitors are clinically employed in the
treatment of other common syndromes, including Parkinson's discase,
myasthenia gravis and multiple sclerosis (Taylor, 1990). The efficacy and
specificity of such drugs on the one hand, and their toxicity factor on the
other, largely depend on their inhibitory effects on CHEs in the treated
individuals. Therefore, updated evaluation methods for these parameters
should be valuable to pharmacological research focused on the development
and use of cholinergic drugs.

Human CHEs are polymorphic carboxylesterase type B enzymes capable
of rapidly terminating neurotransmission at cholinergic synapses and
ncuromuscular junctions (Soreq and Zakut, 1990). Cholinesterases are
primarily classified according to their substrate specificity and sensitivity to
selective inhibitors into acetylcholinesterase (ACHE, acetylcholine
acetylhydrolase, EC 3.1.1.7) and butyrylcholinesterase (BCHE, acylcholine
acylhydrolase, EC 3.1.1.8). Further classifications of CHEs are based on their
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hydrophobicity, interaction with membranes and multisubunit assembly.
Molecular cloning and expression studies (Soreq et al., 1990; Ben-Aziz et al.,
1991) have shown that the polymorphism of ACHE in humans stems from a
complex pattern of alternative splicing. The post-transcriptional regulation of
ACHE production creates variable domains in the mRNAs encoding ACHE
subtypes. In certain ACHE mRNA forms, it also alters peptide regions
included in the mature enzyme. This, in turn, implies that different ACHE
forms may vary in their sensitivity to specific cholinergic drugs.

In contrast with ACHE, BCHE in man appears to be encoded by a single
mRNA species but displays biochemical variability due to frequent mutability.
Ten different point mutations have so far been discovered in the coding
sequence of human BCHE (LaDu, 1989; Gnatt et al., 1990; Zakut et al.,
1991). In several cases, these mutations bring about considerable changes in
the sensitivity of allelic BCHE variants to selective inhibitors. The potential
pharmacotherapeutic value of anti-CHE drugs may hence be improved by
deeper understanding of their mechanism of action on variable ACHE and
BCHE subtypes, which may be achieved by structure-function relationship
studies using recombinant, human-originated CHEs.

METHODS

Several different plasmid expression vectors were constructed with
molecularly cloned DNA sequences encoding human ACHE and BCHE in
normal, allelic variant or mutagenized forms. Synthetic RNA transcripts from
these constructs were microinjected into Xenopus oocytes to yield the
corresponding catalytically active enzymes with their distinct substrate and
inhibitor specificities, as determined by a fully automated microtiter plate
assay enabling simultaneous 96 individual kinetic measurements (Neville et al.,
1990a). This offered the possibility of direct evaluation of the inhibitory
potency of anti-CHE compounds on the authentic human enzymes, so that the
therapeutic index of such drugs could be predicted by in vitro experiments.

RESULTS

Thirteen CHEDNA constructs encoding various subtypes of human
ACHE and BCHE were expressed in microinjected oocytes. Measurements
of catalytic activities revealed that several of the examined amino acid
substitutions introduced into these CHE forms caused considerable decreases
in substrate hydrolysis rates by the oocyte-produced recombinant enzymes.
Table I details these constructs and their hydrolytic activities.

The inhibitory efficacy of nine different anti-CHE drugs was examined
with several of the above noted recombinant human BCHE variants. The
single Asp70 to Gly substitution in BCHE was found in these experiments to
render the enzyme insensitive to inhibition by succinylcholine or solanum-
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derived alkaloids and resistant to oxime (i.e. 2-PAM) reactivation following
organophosphorus (i.e. diisopropylfluorophosphate, DFP) inhibition (Neville
et al, 1990a). An additional Ser425 to Pro substitution, virtually inert on its
own, rendered BCHE further resistant to inhibition by both succinylcholine
and the quinoline-derived drug dibucaine, indicating the involvement of a
nearby charged peptide in dibucaine binding (Neville et al., 1990b). Table II
details the natural mutations in BCHE which result in significant (> 10-fold)
variations in ICy; values of these various anti-CHE compounds.

Further analyses with the site-directed Gly 441, Gln 443 mutant in which
the negatively charged Glu 441, Glu 443 residues were altered revealed
marked resistance to dibucaine, but not to succinylcholine, and a drastic
decrease in catalytic activity (Neville et al., 1991). This led to the construction
of a chimeric ACHE-BCHE enzyme, in which the entire loop including amino
acid residues 58-140 in BCHE was substituted by the corresponding domain
from ACHE.

The chimeric enzyme was catalytically active and displayed clear
preference to butyrylthiocholine over acetylthiocholine, however its sensitivity
to several selective inhibitors (i.e. BW 284C51, iso-OMPA, ecothiophate) was
close to that of ACHE, reflecting its chimeric nature (Loewenstein et al., in
preparation).

DISCUSSION

Structure-function relationship studies were performed on a set of natural
CHE variants, site-directed mutants and a chimeric ACHE-BCHE enzyme,
with the aim to delineate important domains contributing to the biochemical
properties of these enzymes and determining their sensitivity to different anti-
CHE drugs.

Previous biochemical studies have indicated that the binding center in
CHE:s contains several functionally important subsites (Quinn, 1987). Our
studies with the recombinant natural variants of human BCHEs imply that
intramolecular structural relationships exist between C' and N’ terminal
domains in CHEs and contribute to binding of substrates and inhibitors to
these subsites. Composite interactions between the 3 cysteine loops in CHEs
are indicated from the binding site properties of the natural BCHE variants,
and anionic as well as hydrophobic interactions apparently participate in
binding of substrates and inhibitors, with varying interplays for different
ligands. This, in turn, creates a selection advantage for several double BCHE
mutants over the single Gly70 variant, in that these double mutants possess
high catalytic activities combined with resistance to various natural inhibitors.

Use of the site-directed BCHE mutants demonstrated that more than a
single electronegative domain contributes to binding different substrates and



Recombinant Cholinesterase in Drug Tests

49

TABLE 1. Human cholinesterase subtypes expressed in microinjected oocytes

No.

10

1

12

13

Origin

ACHE

ACHE-
BCHE

BCHE

BCHE
Variant

BCHE
Construct

BCHE
Construct

BCHE
Variant

BCHE
Construct

BCHE
Construct

BCHE
Construct

BCHE
Construct

BCHE
mutagenized

BCHE
mut. const.

Mutations

None

Replacement of
loop 58-140 in
BCHE by
ACHE fragment

None
Asp70-gly,
Ser425-Pro
Ser425-Pro

Asp70-gly

Asp70-gly,
Tyr114-His,
Phe561-Tyr

PheS61-Tyr

Asp70-gly,
PheS61-Tyr

Asp70-gly,
Tyr114-His,
Ser425-Pro

Asp70-gly,
Tyr114-His

Glu441-Gly,
Glud43-Gln

Asp70-gly,
Glud41-Gly,
Glu443-Gin

Source

genomic +
brain cDNA

PCR
recombination
of 1+3

liver cDNA

Glioblastoma
cDNA

contruction
from 3+4

construction
from 3+4

liver cDNA

construction
from 7+3

construction
from 7+3

construction
from 5+7

construction
from 7+3

Site directed
mutagenesis
(S.D.M.) of 2

SDM.+
construction
of 6+12

% of
Catalytic
Activity

100

67

100

17

82

15

75

49

35

04

Ref.

Soreq et al.,
1990

Loewenstein
et al., in
preparation

Gnatt et al.,
1990

Gnatt et al.,
1990

Neville et al.,
1990a

Neville et al.,
1990b

Neville et al.,
1991

Neville et al.,
1991

Neville et al.,
1991

Neville et al.,
1991
Neville et al.,
1991
Neville et al.,

1991

Neville et al.,
1991

Human CHE subtypes expressed in microinjected oocytes. The molecular

and genomic origin of each of these conmstructs is detailed in the noted
references. Hydrolytic activities of the relevant substrates (acetylthiocholine
for ACHE, butyrylthiocholine for BCHE subtypes) are presented in percent
values, the activity of the unmodified parent CHE protein being 100% in each

casc.
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TABLE II: Mutations resulting in significant IC50 variations.

None Tyr561Gly70 Gly70 Gly70 Gly70 Gly70 Gly70
His 114 Tyr561 His 114 His 114 Pro 425
Tyr 561 Pro 425
Drug
1 - - + + + + + +
2 + + + + + +
3 - + + + + + +
4 - - + + + + + +
5 - + + + + + -
6 - - - + + + + +
7 - + + +
8 - - + +
9 - - - +
1. Succinyicholine 4. Alpha chaconine 7. Ecothiophate
2. Alpha solanine 5. Dibucaine 8. iso-OMPA
3. Solanidine 6. Bambuterol 9. physostigmine

Naturally occurring point mutations, each leading to a particular amino

acid substitution were introduced in several combinations into BCHEcDNA
constructs and their corresponding enzyme products analyzed for their
sensitivity to inhibition by the above listed anti-CHE drugs and poisons.
+ signs display > 10-fold weakening in the binding affinity to the noted drug
for each of these BCHE variants, as compared with the normal (None)
BCHE. - signs imply ICy, values within an order of magnitude from normal.
(Neville et al., 1991).

inhibitors, and that certain domains are principal for binding specific
inhibitors. Finally, replacement of amino acids 58-140 in BCHE by the
corresponding loop from ACHE suggested that selective inhibitor interactions,
but not substrate specificity, depend on this N'-terminal region in CHEs.
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STRUCTURE OF THE ACETYLCHOLINESTERASE GENE:
REGULATION OF ITS EXPRESSION
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INTRODUCTION

The predominant degeneration of cholinergic neurons extending from the
nucleus basalis of Meynert suggests that retarding the loss of cholinergic
function may prove palliative in the treatment of Alzheimer’s disease. Use of
selective acetylcholinesterase (AChE) inhibitors which are retained within the
central nervous system is one widely considered approach. An alternative
approach would be regulation of expression of proteins critical to cholinergic
nervous system function. However, this approach, to be most effective, would
require adjustment of subtle differences in gene expression. For example,
enhancement of the transport and enzymatic processes involved in
acetylcholine biosynthesis concomitant with a decrease in AChE expression
might be therapeutically beneficial in facilitating the availability of
neurotransmitter. However, AChE may play a role in the development of the
nervous system (Layer and Sporns, 1987) and in the maintenance of synaptic
and heterologous cell contacts (DeLa Escalera et al., 1990). Thus, a rational
approach to therapeutic intervention in Alzheimer's disease requires a detailed
knowledge of the potential target. Recombinant DNA technology should
prove useful in this regard. Already expression of cloned genes provides
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sources of human AChE (Soreq et al., 1990; Li et al., 1991) and site-directed
mutants (Gibney et al.,, 1990; Soreq et al., 1991) add a new dimension to
structure-activity relationships. Moreover, recombinant techniques should
define selective trophic factors and trans-activating factors which influence
expression of gene products essential to neurotransmission. In this chapter we
describe a target of therapeutic attack, AChE, and how expression of its gene
is regulated.

The Cholinesterase Family of Proteins
Since the cloning of AChE five years ago, it has become evident that the

cholinesterases define a unique family of serine hydrolases (Taylor, 1991;
Chatonnet and Lockridge, 1989). They do not exhibit global sequence
homology with the trypsin or subtilisin families. Hence the acquisition of
esterase activity is a consequence of convergent rather than divergent
evolution. Moreover, the cholinesterases are homologous with esterases from
primitive organisms such as dictyostelium and to molecules devoid of esterase
activity such as the tactins and thyroglobulin (Fig. 1). Thus the fundamental
matrix upon which cholinesterase structure is configured serves as a
prohormone for tyrosine iodination and conjugation to form thyroid hormone
(thyroglobulin) and to maintain heterologous cell surface contacts (glutactin
and neurotactin). As depicted in Fig. 2, these proteins possess a common
structural domain and may be flanked by specialized sequences critical to
designating their cellular location. Acetylcholinesterase from mammals
appears to show the greatest structural divergence with three alternative
sequences at the very carboxyl-terminus of the molecule. This requirement
is satisfied by divergence in a small portion of the sequence.

6
&

54 1 Bl v 88
Human BuChE 8 Rat Lyso- Rabbi 128 { | Rat Carboxy- 1 38 || Bovine 129 | [ Bovine AChE §
Carbory 29 Ev 35 ]| Ty lin } 28 352

52 ! e T00
100 : < 7 ‘ Mouse AChE 1 2
]
[

12
12

Mouse BuChE

T
Torpedo !
AChE :

]
| : 40 l
/ Drosophilz ChE ¥ 4o
30
Drosophila Est6 § 2

T
Orosophiia | 26

Neurotactin | 24
Dictyostetium! 31
CPandD, 1§27
Drosophila | 18
Giutactin {16
I Primordial Gene '

FIGURE 1. Sequence relationships between the cholinesterases. Numbers
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Diversity in Molecular Species of Cholinesterase

The diversity in molecular species of cholinesterase has been an area of
intense study. Because of the high turnover number of cholinesterase catalysis
and the dimensional asymmetry of some forms of the enzyme, distinction of
the molecular species of AChE have traditionally relied on hydrodynamic
analyses. However, it is now possible to relate these parameters to primary
structure and the gene which encodes AChE (Fig. 3). Briefly, AChE is found
as heteromeric and homomeric oligomers. The heteromeric oligomers consist
of tetramers of catalytic subunits disulfide attached to either a lipid-linked
structural subunit (Inestrosa et al., 1987) or to each of the strands in a triple-
helical collagenous subunit (Cartaud et al., 1978). The former become
tethered to the plasma membrane and the latter to the basal lamina within
synapses. The homomeric species exist in various oligomeric forms which may
be subdivided as soluble (hydrophilic) or amphophilic forms. The latter
contain a processed glycophospholipid which tethers them to the outer face
of the membrane (Silman and Futerman, 1987).
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FIGURE 2. Sequence identity within the cholinesterase family. Clear
segments represent those not homologous to AChE. The brackets above the

sequence designate positions of intramolecular disulfide loops. S and H denote
positions of conserved active center serines and histidines.

Gene Structure and Alternative mRNA Processing
All forms of AChE are encoded by a single gene and the structural

divergence arises through alternative mRNA processing and post-translational
modifications (Fig. 4) (Taylor, 1991). In Torpedo AChE the same set of
exons encode all of the forms except the glycophospholipid-linked form
(Gibney and Taylor, 1990) where an alternative third exon encodes the
disparate carboxyl-terminus of the molecule. In mammalian AChE, three
alternative exons have been identified (Li et al., 1991).
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FIGURE 3. Molecular Species of Torpedo Acetylcholinesterase.

FIGURE 4, Gene Structure of Torpedo and Mammalian
Acetylcholinesterase. Only the portion encoding the open reading frame and
3’ untranslated regions are shown. A finer restriction analysis with more
precise intronic distances is detailed in Li et al. (1991). The Torpedo gene
contains 2 constant exons (1 and 2) and two alternative splices (3H and 3A).
The mammalian enzyme shows three constant exons (la, 18 and 2) and three
alternatively spliced exons 3A, 3H and 3R. Exons la and 18 cover the same
distance as exon 1 in Torpedo. Exon 3R reflects the lack of splicing at the 3
end of exon 2.

The 3' end of the AChE gene specifies two functions. The most
important is encoding the carboxyl-terminus of the nascent protein which will,
in turn, dictate its eventual cellular localization. The second is specifying
alternative polyadenylation signals. Less is known about the functional role
of divergent 3' untranslated segments of mRNA but they likely control mRNA
stability and translation efficiency. Alternative use of polyadenylation signals
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is also tissue specific. Analysis of the gene product from expression of
particular mRNA species derived from recombinant gene constructs (Gibney
and Taylor, 1990) and a correlation of nucleic acid with protein sequence
enable one to assign exonic regions and post-translational processing events.
For example, splicing of exons 1 and 2 (the invariant exons) with exon 3A in
Torpedo, mouse and man gives rise to a catalytic subunit with hydrophilic
properties and a carboxyl-terminal cysteine (within 12 residues from the
terminus). This catalytic subunit can form the heteromeric species through
a disulfide linkage involving this cysteine and is found in the collagen-tail and
lipid-linked, heteromeric AChE forms. It also can disulfide link with an
identical subunit forming homomeric, soluble dimers and tetramers
(sometimes referred to as G, and G species).

Splicing of exons 1 and 2 to exon 3H results in a translated nascent
peptide with a hydrophobic sequence at its very carboxyl-terminus (18-20
amino acids). A hydrophobic sequence without a long hydrophilic extension
provides a signal for cleaving this peptide prior to exit from the endoplasmic
reticulum with the concomitant addition of a glycophospholipid (Ferguson and
Williams, 1988). This sequence and processing event yields the amphophilic
glycophospholipid-linked monomers and dimers. These species are present
in high abundance in nerve and muscle of lower vertebrates (fish and
amphibians) [cf Taylor (1991)], but in mammalian nerve and muscle the lipid-
linked heterologous species is the predominant amphophilic AChE species.
However, the glycophospholipid species and its mRNA is found in mammalian
cells of hematopoietic origin (Li et al., 1991; Rachinsky et al., 1990; Bon et al.,
1991). Cleavage of the carboxyl-terminal peptide leaves only two amino acids
uniquely coded by this exon in Torpedo AChE (Fig. 5), while 14 amino acids
remain in the glycophospholipid-linked enzyme in mouse and man (Li et al.,
1991). Finally, a third species results from lack of use of the splice at the 3’
end of exon 2. Rather a "read-through" into the intervening sequence reaches
an in-frame stop codon. The form of the enzyme encoded by the read-
through sequence is a hydrophilic, soluble monomer since it lacks a cysteine
in the carboxyl-terminal end and does not contain a hydrophobic stretch
suitable for spanning the membrane or serving as a membrane anchor signal.
mRNA encoding this form of AChE is most abundant in mouse bone marrow.
It may serve as an important marker in erythroid differentiation. Hence,
alternative mRNA splicing of the exons encoding the 3'-end of the gene serves
to localize AChE on the outer surface of the cells.

The human and mouse genes show distinctive features not seen in the
Torpedo gene. First, the open reading frame is encoded within 4.5-4.7 kb of
the genome. This may be contrasted with Torpedo AChE and human BuChE
(Arpagaus et al., 1990) where 25 kb and greater than 50 kb are required. The
compact size of the gene enables one to express it from most constructs with
a genomic insert. It should also facilitate preparation of minigene constructs
to study the regulation of expression and alternative mRNA processing.
Second, exon 1 in Torpedo is split into two exons in mammals (exon la and
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1B8). The position of this junction is where unique sequence appears in avian

AChE and accounts for its larger molecular mass.
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FIGURE 5. Sequence features and disulfide bond arrangement ot the two
alternatively spliced forms of Torpedo AChE. The active site residues (Ser
200 and His 440) are noted along with the intrasubunit (]), intersubunit-[(S)n]
and free [SH] sulfhydryl groups. The exon-intron boundary in the invariant
region is shown by a single arrow while the double arrow shows the junction
between the last invariant exon and the alternatively spliced exons.
Alternative splicing yields either a hydrophilic or a glycophospholipid-linked
catalytic subunit which encodes 28 amino acids beyond the double arrow; a
peptide of 26 amino acids is cleaved with addition of the glycophospholipid
leaving two unique amino acids in the processed protein.

Alternative mRNA processing also is found in the 5'-end of the Torpedo
and mammalian genes (Li et al., 1991). Since the splicing involves the 5'-
nontranslated and flanking sequences and there is evidence for more than a
single promoter, splicing likely influences transcription and translation.
Although this region is not completely sequenced, it is clear from mRNA
protection experiments that 5’ splicing is also tissue specific.
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The overall cholinesterase gene structure could be envisioned as follows:
A gene duplication to form BuChE occurred perhaps at an early vertebrate
stage and has been maintained through evolution. The tissue distribution of
BuChE with its prevalence in liver and plasma, and the world distribution of
BuChE mutations (Soreq and Zakut, 1990) suggest that this enzyme plays a
primary role in hydrolysis of dietary esters. Although BuChE may be a
determinant in nervous system development, its role in nervous system
function is unknown or minimal. Acetylcholinesterase is encoded by a single
gene with divergence at its 5’ and 3’ ends. Alternative mRNA processing at
the 5’ end permits tissue specific differences in gene expression and provides
control of transcription. Alternative splicing at the 3‘-end of the gene
controls the portion of the sequence critical for membrane attachment,
assembly of subunits and ultimately the cellular disposition of the molecule.
The portion of the gene encoding 535 of the 575 amino acids is invariant and
it is this region that specifies the catalytic residues of one of nature’s most
efficient catalysts. A remaining challenge is the identification of cis elements
and trans acting factors which may prove critical to regulation of gene
expression of AChE and other proteins critical to cholinergic function.
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KINETICS AND MECHANISMS OF REVERSIBLE AND
PROGRESSIVE INHIBITION OF ACETYLCHOLIN-
ESTERASE
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Zagreb, P.O.B. 291, 41001 Zagreb, Croatia, Yugoslavia

This paper concerns the interaction of reversible ligands, particularly
oximes, with acetylcholinesterase (AChE) and their effect upon the catalytic
properties of the enzyme.

Acetylcholinesterase has an allosteric site which can bind substrates and
other ligands. Propidium was shown to be the characteristic allosteric site
ligand (Taylor and Lappi, 1975; Taylor et al.,, 1975; Berman et al., 1980;
Berman et al.,, 1981). Binding of substrates (acetylcholine and acetylthio-
choline) to the allosteric site causes substrate inhibition; binding of other
ligands (e.g. propidium and coumarin derivatives) also results in enzyme
inhibition. The kinetic evidence for the site-specificity of reversible ligands
has been obtained from competition studies between substrates and inhibitors
by evaluating the apparent enzyme/inhibitor dissociation constant Kapp as a
function of the substrate concentration (Aldridge and Reiner, 1972; Reiner
and Simeon, 1975; Radic et al., 1984). Kapp is defined as the ratio v'.I/(v -
v'), where v and v’ stand for the enzyme activities (at a given substrate
concentration) in absence and in presence of the inhibitor (I). When Kapp
is a linear function of the substrate concentration the extrapolation of the line
on the abscissa can either correspond to the Michaelis constant of the
substrate (Km) or to the substrate-inhibition constant (Kss) depending on
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whether the inhibitor binds only to the catalytic centre or only to the allosteric
site. Accordingly, the intercept on the ordinate corresponds either to the
enzyme/inhibitor dissociation constant for the catalytic centre (Ka) or to the
enzyme/inhibitor dissociation constant for the allosteric site (Ki). If a ligand
binds to both sites on the enzyme, Kapp is a non-linear function of the
substrate concentration, and the intercept on the abscissa is a function of both
Km and Kss, and on the ordinate of both Ka and Ki.

Reversible AChE

Inhibitor Source Ka/uM Ki/uM
44-BP Human eryth. 1000 9000
Toxogonin Elec. eel 160 1990
P2AM Elec. eel 130 760
BDB-106 Human eryth. - 24
BDB-106* Human eryth. - 21
BDB-106** Human eryth. - 23
BDB-110 Human eryth. - 1
BDB-110* Human eryth. - 16
BDB-110** Human eryth. - 9

TABLE 1. Enzyme/inhibitor dissociation constants for the catalytic centre
(Ka) and allosteric site (Ki) of AChE derived from competition studies
between substrate (acetylthiocholine) and reversible inhibitor. Data for
4,4-BP are from Reiner (1986), and for P2AM and Toxogonin from Simeon
et al. (1981). The constants marked with crosses were derived from the effect
of the reversible inhibitor upon phosphorylation of AChE by Tabun (*) or
Soman (**). 44-BP: 44'-bipyridine; Toxogonin (LuH6): 1,1'-[oxy-
bis(methylene)] bis-[4-(hydroxyimino) methyl-pyridinium] dichloride; P2AM:
2-(hydroxyimino)methy-1-methyl-pyridinium chloride; BDB-106: 1,1'-trans--
2-butenylene)-bis(2-(hydroxyiminomethyl)-3-methylimidazolium  bromide);
BDB-110: 1,1'-tetramethylene-bis(2-(hydroxyiminomethyl)-3-methylimid-
azolium bromide).
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Applying the described approach, the compounds listed in Table I were
tested for their site-specificity. P2AM and Toxogonin are known antidotes in
organophosphate poisoning, BDB-106 and BDB-110 are imidazolium dioximés
which have recently been synthesized for the purpose of reactivating
phosphorylated AChE. 4,4-BP is no oxime, but has two pyridine rings which
are the basic structure in the majority of efficient cholinesterase reactivators.
P2AM, Toxogonin and 4,4-BP were shown to interact with both, the catalytic
and allosteric site in AChE (Simeon et al., 1981; Reiner, 1986), whereas for
BDB-106 and BDB-110 there is kinetic evidence for the interaction with the
allosteric site only. The respective dissociation constants are given in Table 1.

Ki/uM

ReYefsible Catalytically Phosphorylated
Inhibitor active enzyme enzyme
Propidium 0.37 0.51 (DFP)
Haloxon 16 22 (DFP)
Coumarin 116 26 (DFP)
Acetylcholine 25000 24000 (DFP)
Acetylthio- 23000 15000 (DFP)
choline
BDB-106(*) 24 56 (Sarin)
BDB-110(*) 11 3.8 (Tabun)

21 (Sarin)

73 (VX)

TABLE II. Enzyme/inhibitor dissociation constants for the allosteric site (Ki)
of AChE from Torpedo californica (Reiner et al., 1990; Radic et al., 1991)
and human erythrocytes (*) derived from binding to the catalytically active
enzyme and to the phosphorylated enzyme. The phosphorylating agent is
given in brackets. Data for the two imidazolium dioximes for the catalytically
active enzyme are from Table 1.

The imidazolium dioximes BDB-106 and BDB-110 were further tested as
protectors of AChE against phosphorylation by Tabun and Soman. Both
compounds protected AChE from phosphorylation, and the respective Ki
constants calculated from these experiments were the same as those obtained
from enzyme inhibition measurements (Table I). BDB-106 and BDB-110
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were also tested as reactivators of AChE phosphorylated by Tabun, Sarin and
VX. From the kinetics of reactivation it was possible to calculate the
dissociation constants of the phosphorylated-enzyme/oxime complexes (Kr)
(Table II).

The Ki and Kr constants for the reaction of AChE with BDB-106 and
BDB-110 are about the same. These two constants reflect binding of a ligand
to the catalytically active enzyme and to the phosphorylated enzyme,
respectively. Other compounds whose binding to the allosteric site is not
hindered by the phosphorylation of the catalytic centre are listed in Table II.
The reversible ligand propidium was shown earlier to have the same affinity
for the catalytically active AChE as for the phosphorylated enzyme. The same
was true for binding of coumarin. Haloxon (an organophosphate with
coumarin in the leaving group) reacts with AChE in two ways: one is
phosphorylation of the catalytic centre and the other is reversible binding to
the allosteric site (Aldridge and Reiner, 1969; Reiner and Simeon, 1975; Radic
et al.,, 1984). The Ki constants for the AChE substrates correspond to the
substrate inhibition constants Kss, which were shown to be the same whether
derived from kinetic measurements (pS-curves) or from binding of substrates
to the DFP-phosphorylated AChE.

Consequently, it seems to be a general property of AChE that the affinity
of a ligand for the allosteric site is unaffected by the occupancy of the catalytic
centre.
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INTRODUCTION

Reversible cholinesterase inhibitors in clinical use can be divided into
peripherally and centrally acting compounds. The peripherally acting
compounds, neostigmine, pyridostigmine and edrophonium are all quaternary
ammonium compounds and are used for the reversal of neuromuscular
blockade following anesthesia and in patients with myasthenia gravis
(Aquilonius and Hartvig, 1988). The centrally acting compounds
physostigmine and 1,2,3,4-tetrahydro-9-aminoacridine (THA), have been used
in the management of pain (Hartvig et al., 1989a) and in the treatment of
several neurological or psychiatric diseases. Renewed interest in the centrally
active drugs has arisen following positive reports on symptom alleviation in
patients with different types of dementia (Summers et al., 1986, for review see
Hakansson, 1990).

The toxicity and short duration of action of the original compound in this
class, physostigmine have lead to the search for less toxic but longer-acting
centrally active cholinesterase inhibitors, and compounds such as THA
(Summers et al.,, 1986), galanthamine (Thomsen et al., 1990) and heptyl-
physostigmine (Brufani et al., 1987) have set the scene.
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Physostigmine

The calabar bean, or an extract thereof, was used in witchcraft trials by
the Efik tribe in West Africa. The accused swallowed the beans, and survival
and innocence was established by early vomiting. Later, the drug has been
used in the treatment of atropine poisoning and particularly in ophthalmologic
practice as a miotic agent.

The analysis of physostigmine in plasma samples is based on liquid
chromatography with electrochemical detection (Whelpton et al., 1983).
Plasma clearance of physostigmine is high, 90-140 L/h and is similar in
magnitude to the peripheral cholinesterase inhibitors (Aquilonius and Hartvig,
1988). With a volume of distribution of 46.5 + 19 L, a plasma elimination
half-life of 20 min results (Hartvig et al., 1986). The oral bioavailability varied
from 11 to 37% (Table I) (Hartvig et al., 1989b).

The relationship between plasma concentration and effect of
physostigmine has been established in studies on the analgesic and sedation
antagonism effects postoperatively (Peterson et al., 1986). A physostigmine
plasma concentration in the range 3-5 ng/ml was required for postoperative
analgesia and reversal of sedation. The effects were of short duration and
infusion of physostigmine was tried to prolong the antagonism effect. Effects
were poorly related to steady state concentrations of physostigmine measured
and the effect was generally considered to be no better than that resulting
from a bolus dose of physostigmine (Hartvig et al., 1989b). In a study using
oral physostigmine for neurogenic pain, very low plasma concentrations of 1-2
ng/ml were measured. No analgesic effect of physostigmine was discerned
although all patients showed nausea and vomiting.

1,2,3,4-Tetrahydro-9-aminoacridine (THA)

The reversible cholinesterase inhibitor 1,2,3,4-tetrahydro-9-aminoacridine
(THA), has been used in clinical anesthesiology for more than forty years for
the reversal of postoperative sedation, prolongation of muscle relaxation by
succinylcholine and antagonism of barbiturate overdose. THA has also been
used together with morphine in intractable pain and recently in patients with
dementia of the Alzheimer type (Summers et al., 1986, Hakansson, 1990).

A few reports have appeared on the pharmacokinetics of THA in various
patient groups. The plasma clearance of THA is high and similar to that of
physostigmine. The volume of distribution is five times higher and the
resulting plasma elimination half-life of THA is also 5-fold that of
physostigmine. (Hartvig et al., 1990; 1991). A lower plasma clearance was
recently reported and the plasma elimination half-life increased following a
higher dose of oral THA (Forsyth et al., 1990). A low and variable bioavail-
ability of oral THA has been reported in several studies (Hartvig et al., 1990,
Nyback et al., 1986). The main plasma metabolite, 1-hydroxy-9-amino-1,2,3,4-
tetrahydroacridine appeared rapidly following both intravenous and oral
treatment. The eliminations of THA and its metabolite were similar (Hartvig
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et al., 1990). Conflicting opinions exist about the pharmacological potency of
the metabolite (Puri et al., 1988).

Clinical pharmacokinetic studies on the relation of effect to THA plasma
concentration have been conducted in patients with amyotrophic lateral
sclerosis (ALS) (Askmark et al., 1991) and in surgical patients (Hartvig et al.,
1991). Following intravenous administration of THA an immediate but short-
lasting increase in muscle strength was seen in some patients with ALS, but
no effect improvement was seen following oral treatment with THA for seven
weeks. A number of side-effects such as dizziness, nausea and tiredness were
reported and also elevated transaminase levels were seen. It was concluded
that THA has no place in the treatment of ALS (Askmark et al., 1990).

Postoperatively arousal was immediate following intravenous THA in
surgical patients and had an effect duration of 60-90 min (Hartvig et al., 1991).
The duration of postoperative sedation antagonism of THA was only twice
that of physostigmine. Resedation occurred at plasma concentrations varying
from 17 to 75 ng/ml, although the majority of patients be-resedated at a
plasma concentration between 40 and 50 ng/ml. (Hartvig et al., 1991).

Galanthamine

Galanthamine is an alkaloid isolated from the snow-drop flower,
Galanthus viralis of the Amaryllidaceae family. The drug has been used over
several decades for the treatment of myasthenia gravis and some other
neurological disorders. Galanthamine was recently used as a memory
improvement drug in patients with dementia of the Alzheimer type (Thomsen
et al., 1990). The pharmacokinetics of galanthamine have so far been studied
in healthy volunteers (Mihailova et al., 1987) and in patients following
anesthesia (Westra et al., 1986). The elimination half-lifes from plasma were
5.7 and 3.8 hrs in healthy volunteers and in surgical patients, respectively
(Table I). The time-course of plasma galanthamine concentration and
inhibition of acetylcholine esterase was closely related following a single dose
(Thomsen et al., 1990). One Alzheimer patient was treated with galanthamine
but did not improve as assessed by psychometric tests (Thomsen et al., 1990).

Heptyl-physostigmine is the most interesting compound from a series of
synthesized analogues of physostigmine (Brufani et al.,, 1987). It compares
favorably with other reversible cholinesterase inhibitors and particularly to
physostigmine, since it produces a longer-lasting inhibition of acetylcholine
esterase, and a more prolonged increase in brain acetylcholine in the rat
(De Sarno et al., 1989). The recovery rate of acetylcholinesterase was much
slower as compared to that of butyrylcholinesterase, a finding which may get
clinical significance (Unni et al., 1990).
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CONCLUSIONS

Sensitive and selective analysis procedures for the assay of low drug
plasma concentrations with the simultaneous measurement of clinical effects
have provided insight into the clinical pharmacokinetics of centrally active
cholinesterase inhibitors. The rapid and extensive metabolism of these drugs
results in high plasma clearances and low and variable oral bioavailabilities.
Large variations in plasma concentrations between patients on the same dose
complicates treatment since clinically effective plasma concentrations are
usually close to those giving side effects. The relation of plasma
concentrations to clinical effects of centrally active choline esterase inhibitors
has only been shown for immediate acute effects such as pain-relief and
antagonism to postoperative sedation.
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INTRODUCTION

There are plentiful evidences that the long-lasting presence and
accumulation of acetylcholine (ACh) molecules in the synaptic cleft is the
main result of acetylcholinesterase (AChE) inhibition. It provokes in turn
several simultaneous processes (sustained postsynaptic depolarization,
postsynaptic potentiation, desensitization, alterations in presynaptic transmitter
release etc.) which affect transmission through cholinergic synapses. But the
total result of experimental or especially clinical application of AChE
inhibitors depends also on specific pharmacological properties of certain drug
used. AChE inhibitors differ in: 1) pharmacokinetics (regional distribution,
metabolic transformation of inhibitor molecules, rate and paths of drug
elimination); 2) specificity of the inhibitory effect, potency to interact with
cholinesterases of different tissues or multiple forms of enzyme; 3) ability to
affect not only AChE but various physiologically significant macromolecules
(receptors, channels, enzymes etc). Naturally, a number of factors
determining the overall effect of inhibitor application and their contribution
depend greatly on dose (concentration) of drug.
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This paper is a short review of experiments performed on isolated
neuromuscular preparations and sympathetic ganglia of amphibia and
mammals. The main aim was the investigation of long-lasting phenomena
resulted directly from AChE inhibition. It required the choice of drugs
producing a minimal side-effects and careful control of possible "non-
anticholinesterase" action. The knowledge of common properties of all
inhibitors allows to elucidate the peculiarities of some of them.

Changes of endplate current time course induced by AChE inhibition
It is well known that the time course of endplate currents (EPC) changes

drastically after treatment of neuromuscular preparation with any
anticholinesterase drug. The amplitude of EPC increases moderately whereas
the decay becomes much longer remaining to be an exponential (Katz and
Miledi, 1973). The extent of decay lengthening correlates with quantity and
density of synaptic AChE active sites (Fedorov et al., 1979; Magazanik et al.,
1979). Our experiments have been done on fast frog muscle fibers
(m. sartorius, m. cutaneous pectoris). Responses to the single acetylcholine
(ACh) quantum, miniature endplate current (MEPC) and nerve-evoked EPCs
were recorded. Inhibition of AChE by treatment with 3 uM prostigmine or
1 uM armin (diethoxy-p-nitrophenylphosphate) increased amplitude in 1.3
times and decreased decay time constant (7) in 4.4 times. Evidently, the main
effect of any anticholinesterase drug on neuromuscular junction is the increase
of the lifetime of free ACh molecules in the synaptic cleft. Katz and Miledi
(1973) proposed that MEPC decay lengthening after AChE inhibition is a
result of repetitive binding of ACh molecules to ACh receptors and related
buffering of ACh diffusion from the synaptic space.

However, the maximal prolongation of MEPC decay was followed by the
slow and continuous fall of T without pronounced changes of MEPC
amplitude (Fig. 1). After two hours it was 3.0 times longer than in control.
In the experiments lasted more than 5-6 hours this effect was still more
prominent. The fading out of anti-AChE drug effects could not be due to the
restoration of AChE activity, since repetitive treatment with drug had no
influence on evolution of MEPC time course. We proposed that the
phenomena observed may be a result of the prolongation of the lifetime of
free ACh molecules into the synaptic cleft favoring the desensitization of ACh
receptors.

The hypothesis was supported by the fact that any procedures affecting
the desensitization are able to modify the rate of MEPC shortening.

1. Lowering of desensitization rate by the decrease of temperature to
11°C prevented MEPC shortening completely, and maximal values of T and
amplitude remained stable during several hours.

2. Promotion of desensitization by the application of exogenous ACh
greatly affected MEPC time course (Magazanik et al, 1990). In the
experiments on preparations treated with AChE inhibitors relatively short-
term (10-15 min) bath application and following washout of 2 uM ACh
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induced drop of amplitude and 7 to 74% and 49%, respectively. During
further washout in contrast to rapid recovery of amplitude, T restored very
slowly. At a time when the amplitude was recovered completely, T reached
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FIGURE 1. Changes of amplitude (open circles) and decay time course (filled
circles of MEPCs recorded in frog sartorius muscle during long-term
treatment with 3 uM prostigmine.

only 61% of the control level; in most experiments T did not reach the initial
value during the long washing period (1-2 hours). This relation of MEPC
amplitude and 7 changes could not be the result of reduction of resting ACh
receptors number. Actually, the same shortening of MEPC decay (to 61%)
induced by a-bungarotoxin on the anti-AChE-treated preparations was
accompanied by amplitude fall to 66 %.

3. Prominent shortening of MEPC without decrease of amplitude was
observed in prostigmine-treated muscle during the action of desensitization-
promoting drug proadifen (Giniatullin et al., 1989).
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4. Short-lasting (10-15 min) pretreatment of muscle with 10 uM carba-
choline did not affect MPCs but AChE inhibition by prostigmine led to much
smaller increase of T (2 instead of 4.4 times in control). During permanent
presence of ACh the effect of prostigmine was even less prominent (r
increased only in 1.4 times).

We supposed that the desensitized ACh receptors can serve as traps for
free ACh (Magazanik et al., 1990). In comparison with resting receptors the
desensitized ones do not open the channels but have about 20 times higher
affinity to ACh (Cachelin and Colquhoun, 1989). During an exposure to ACh
the number of desensitized receptors increased and during the washing period
these receptors lost bounded exogenous ACh (and thereby became ready to
catch quantal ACh) much more rapidly than converted to the resting state.
Hence, increase of the number of desensitized receptors (traps) after exposure
to ACh leads to qualitatively same results as ACh hydrolysis by AChE.

Interaction between postsynaptic potentiation and desensitization

When AChE is fully active the time course of EPC practically does not
depend on quantal content and EPCs evoked by paired stimuli have similar
decay duration (Hartzel et al., 1975; Magazanik et al., 1984; Magazanik and
Giniatullin, 1989). Inhibition of AChE brought about drastic changes. The
time constant of multiquantal EPCs decay (m > 80 in frog and m > 15 in rat)
increased 2.5-3 times more than of MEPCs. The decay of second EPC was
much slower than the first one. These manifestations of postsynaptic potentia-
tion are due to accumulation of Ach molecules in the synaptic cleft and
prolonged period of receptor activation. The molecular mechanism of these
long-lasting traces of transmitter action is not clear yet. But a more plausible
explanation of the phenomena observed could be based on the assumption
that desensitized receptors can serve as traps for free ACh. Thus the
mechanisms of postsynaptic potentiation and desensitization should have much
in common.

Pre-_and postsynaptic effects of AChE inhibition in sympathetic ganglia

Treatment of isolated frog or rabbit sympathetic ganglia with prostigmine
or armin caused a depression of the postsynaptic responses elicited by
preganglionic nerve stimulation at moderate frequency. There were no
difference in the effects of these two inhibitors. The block was accompanied
by sustained depolarization of postsynaptic neurons, which was more
pronounced in rabbit than in frog ganglia (Lukomskaya et al., 1988). The level
of membrane potential drop depended on the frequency of stimulation.
Depolarization and synaptic blockade could be removed by the reactivation of
AChE (in the case of armin application) or by treatment with ACh
antagonists (d-tubocurarine and atropine) (Bolshakov et al.,1986). Evidently,
phenomena observed are due to accumulation of ACh molecules in the
synaptic cleft and their long-lasting effects on ACh-receptors. This suggestion
was supported by the results of experiments on ganglia treated with
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cholinergic agonists either nicotinic (suberyldicholine, tetramethylammonium,
dimethylphenylpiperazin) or muscarinic (methylfurmethide, methyldilvasen,
oxotremorine).

Analysis of effects of AChE inhibition on the amplitude and time course
of spontaneous (MEPSPs) and nerve-evoked (EPSPs) revealed obvious
involvement of presynaptic mechanisms (Bolshakov et al.,1985). Amplitude
and duration of MEPSPs recorded in frog ganglia increased approximately
1.4-1.5 times, while enhancement of EPSP amplitude was transient and after
30-40 min treatment with armin or prostigmine EPSPs decreased due to the
fall of EPSP quantal content (Table I). Inhibition of AChE not only decreased
the quantal content of synaptic responses but blocked the presynaptic
facilitation. In control the response to second stimulus (after 20-40 ms
interval) was much larger than the first one, but this excess practically
disappeared after treatment with armin or prostigmine (Table I). Both
presynaptic phenomena could be removed by the application of AChE
reactivator TMB-4 (in the case of treatment by armin) or after application of
atropine at concentrations which did not affect the synaptic transmission and

TABLE 1. Presynaptic effects of AChE inhibition in frog sym-
pathetic ganglia.

EPSP quantum Facilitation
Dose, uM content, %% *A2/A1

Control - 100 1.6 £ 0.1 (35)
Armin 1 47 + 14 (6) 12 £0.2 (19)
Armin 1
TMB-4 10 94 £ 17 (2) 1.5 £ 02 (6)
Armin + 1
Atropine 3 100 + 10 (11) 1.6 +0.1 (3)
Oxotremorine 1 60 = 8 (5)

* A,/A, is the ratio of the amplitude of the 2nd and 1st EPSPs; interval
between the 1st and 2nd stimuli - 40 ms (Bolshakov et al., 1985)

amplitude of synaptic responses in control. Application of muscarinic agonist
oxotremorine reproduced only presynaptic effects of AChE inhibition.
Evidently, accumulated ACh activated presynaptic muscarinic receptors related
to M, type. The sustained depolarization induced by AChE inhibition is due
to activation both the muscarinic (related to M, type) and nicotinic receptors.
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The main role seems to play activation of muscarinic receptors since nicotinic
ones are much given to desensitization.

Peculiarities of synaptic effects of tacrine.

It has been suggested that tacrine (9-amino-1,2,3,4-tetra-hydroacridine;
THA) a compound widely used for the treatment of Alzheimer's discase may
produce its curative effects through the AChE inhibition and activation of
central nicotinic cholinoreceptors (Becker and Giacobini, 1988). We
compared effects of tacrine and "classical" AChE inhibitors (prostigmine and
armin) on neuromuscular frog preparation (m.cutaneous pectoris).
Application of 20 uM THA induced the same increase of MEPC and EPC
amplitude as prostigmine and armin (1.3-1.5 times). But unlike prostigmine
or armin, in the presence of THA postsynaptic current decay became biphasic
(Fig. 2). The first fast component of MEPC or EPC decay fitted to
exponential with time constant only 2 to 2.5 times longer than control one.

\M‘

THA

|2nA
2ms

FIGURE 2. Effect of tacrine on the time course of EPC recorded in frog
muscle. C - control; THA - 25 min after application of 20 uM tacrine; -
80 mV, 21°C.

The second component was very slow and fitted to exponential with time
constant of 8-12 ms, The amplitudes of these decay components and their time
constants possess an obvious dependence on the holding potential: after
hyperpolarization the fast component became faster and slow component
slower then at resting potential level. This phenomenology of THA effect is
quite typical for drugs which are able not only inhibit the AChE but to block
open channels activated by ACh also (Bakry et al,, 1989). When THA
concentration was increased (50-100 uM) current amplitudes decreased 2-3
times in comparison of control value. In the similar experiments higher
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concentrations of prostigmine and armin (10 and 5 uM, correspondingly) did
not depress current amplitude. The interaction of effects of THA and
prostigmine or armin was studied in two modes of experiments: a) prostig-
mine or armin were applied after THA effect reached its steady state level
(approximately 40 min); b) prostigmine or armin were applied 30 min before
THA. In both cases additional application either classical anticholinesterase
or THA (20 pM) induced a prominent (several times) fall of current
amplitude. This effect was reversible only in the case then THA was removed
from the bath. These results could be interpreted as an evidence that in the
presence of excess of ACh the effect of THA is greatly potentiated. The last
suggestion was confirmed when 1- 3 uM carbacholine were applied into the
bath. It induced a drastic fall of currents amplitude. Besides the prominent
anticholinesterase effect THA may modify the function of nicotinic cholino-
receptors, in particular, can block the open ACh channels.

CONCLUSION

The main body of evidences speaks in favor of suggestion that long-lasting
changes of MEPC time course induced by AChE inhibition are due to
retention of ACh in bound form. There are several sites capable for trapping
of ACh differed in affinity. Binding to these sites and especially to
desensitized receptors can partly compensate the lack of enzymatic ACh
removal and thereby attenuate slowly the changes of postsynaptic currents.
On the other hand a bound ACh is in equilibrium with free ACh which is
capable to prolong the period of activation of pre- and postsynaptic cholino-
receptors.
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IMMUNOCYTOCHEMISTRY OF MUSCARINIC
AND NICOTINIC RECEPTORS IN HUMAN BRAIN

Hannsjorg Schrider
Institut I fiir Anatomie, Universitit zu Kéln, K6ln, Federal Republic of
Germany

INTRODUCTION

This chapter is concerned with recent efforts to visualize nicotinic and musca-
rinic acetylcholine receptors (nAChRs, mAChRs) in the human brain on the cel-
lular and subcellular level by means of immunocytochemistry.

Conventional techniques using receptor autoradiography are limited to the le-
vel of cortical layers or central nervous nuclei as to their anatomical resolution.
We were interested in more detailed informations in order to assess (1) the cell-
type specific distribution of AChRs, (2) the ultrastructural, especially the synap-
tic location of cholinoceptors, (3) the cellular expression of AChR-protein in the
cerebral cortex in senile dementia of the Alzheimer type (SDAT) and, (4) the co-
localization of AChR-proteins in the human cerebral cortex.

The properties of the monoclonal antibodies (mAb) used are shown in Table I.

M Anti - i i R
M35 Bovine telence- IgM ligand binding site 1
(rat) encephalic membranes (mAChHR)

WF6  Torpedo, electro- IeG a-subunit, ligand bin- 2,3
(rat) cyte membranes ding site (nAChR)

TABLE I. MAbs used for the immunocytochemical visualization of mAChRs
and nAChRs in the human cerebral cortex. (1) André et al., 1984 (2) Watters and
Maelicke, 1983 (3) Fels et al., 1986.
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M35- and WF6-immunoreactive (ir) sites were visualized by a biotin-strept-
avidin-peroxidase protocol in 50um thick Vibratome sections of human biopsy
or autopsy cortical samples (Schrider et al., 1989b, 1990). Numbers of ir and
cresylviolet-stained neurons were counted in a standard volume (1 mm3)
(Schréder et al., in press). Statistical evaluation of the data was performed by
analysis of variance. For ultrastructural evaluation ultrathin sections were
examined under the electron microscope (Schroder et al., 1989b, 1990).

RESULTS

11- ific distribution of A in the hym X

Both, mAChR and nAChR-immunoreactivity (IR) were mainly present in lay-
er II/III and V pyramidal perikarya and their apical and basal dendrites (Fig.
1A,B). In addition, some non-pyramidal neurons, mainly in layer VI, were ir
(Schroder et al., 1989b, 1990).
S_QMMMMH_OLAM

Ulwrastructurally, numerous ir postsynaptic densities opposed to clear vesicle-
containing terminals were seen (Figs. 1A',B"). No presynaptic labeling was
found neither for the mAChR nor the nAChR. Immunoprecipitate was also seen
in neuronal perikarya (outer membrane of nuclear envelope, endoplasmic
reticulum, Golgi apparatus) and in dendrites (Schréder et al., 1989b, 1990).

FIGURE 1. Human cerebral cortex. (A,A") WF6-IR [nAChR]. (B,B") M35-IR
[mAChHR]. (A,B) Layer V. Note ir pyramidal neurons (arrows) with ir apical and
basal dendrites and some ir non-pyramidal neurons (arrowheads). (A',B") Clear ve-
sicle-containing terminals (t) opposed to ir postsynaptic densities (arrows). Re-
printed with permission of Elsevier Amsterdam from Schréder et al., 1989a,
Schréder et al., 1990.
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11 i in in SDA

Densities of AChR-expressing neurons assessed in the frontal cortex (A10) of
(A) middle-aged [n=3; 55+5yrs] and (B) age-matched controls [n=3; 73+6yrs] and
(C) SDAT cases [n=6; 74+5yrs] did not show significant differences for M35-ir
neurons (p>0.05) (Fig. 3A) but for WF-6-ir neurons (A,B>C, p<0.001; A>B,
p<0.05) (Figs. 2,3B) (Schrdder et al., in press). Densities of cresylviolet-stained
neurons did not differ statistically significant between groups (data not shown).

FIGURE 2. Human frontal cortex (A 10). Layers I/III. WF6-IR [nAChR]. (A)
Middle-aged control. (B) Age-matched control. (C) SDAT Case. Note the scar-
city of labeled neurons in the SDAT cortex. Reprinted with permission of Perga-
mon Press New York from Schrder et al. (in press).
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FIGURE 3. Densities of M35- (A) and WF-6-ir neurons (B) in the human fron-
tal cortex (A 10). (MA-CO) Middle-aged controls. (A-CO) Age-matched con-
trols. (ALZ) SDAT Cases.
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localization of in the hum X

Using immunofluorescent double-labeling techniques the coexistence of
mAChRs and nAChRs in at least 30% of all cerebrocortical cholinoceptive
neurons could be demonstrated (Schréder et al., 1989a).

DISCUSSION

The distribution of AChR protein fits well in with previous findings concer-
ning cholinergic fiber distribution and ligand binding sites in the human cerebral
cortex (Table II).

ChAT-Immu- AChE- Receptor Autoradio- Immunohistochemistry

noreactivity ~ Staining graphy [Ligand] Perikarya ; Dendrites
Layers Layers Layers Layers
n-1vl Superficial mAChR: /111, V, VI3; IV, TMI-I
layers? II - IVa [NMS, Piren-
zepine] (Oc)34

IVa, IVc, V [Oxotre-
morine] (Oc)3+4
I - I [NMS, Piren-
zepine] (Fr)3-4
I-III [NMS]6
O-Ivl Superficial nAChR: IV/V7 /1, v, vis; 1v, 1-18
layers? [Nicotine]

TABLEII. Synopsis of cholinergic and cholinoceptive sites in human cerebral
cortex. (1) Hornung and Hersh, 1988 (2) Geula and Mesulam, 1989 (3) Zilles et
al., 1988 (4) Zilles et al., 1989 (5) Schréder et al., 1990 (6) Cortés et al., 1987
(7) Whitehouse et al., 1988b; (8) Schrder et al., 1989b. ChAT- Cholineace-
tyltransferase AChE - Acetylcholinesterase Oc - Occipital Cortex Fr - Frontal
Cortex NMS - N-methylscopolamine.

Both, ChAT- and AChE-labeled fibers are concentrated in cortical layers rich
in M35- and WF-6-ir neuronal perikarya and dendrites, respectively. Further-
more, the distribution of muscarinic as well as of nicotinic binding sites is in
accordance with the immunocytochemically assessed distribution of cholino-
ceptor protein-ir neurons. While autoradiography produces composite pictures of
radiolabel in different cellular compartments, receptor immunocytochemistry
now enables the cell-type and compartment-specific demonstration of AChRs
(cf. Figs. 1A,B). Increasing the resolution, even an organelle-specific localiza-
tion of AChR protein can be obtained (Figs. 1A",B"). Thus, it was possible to
show mAChRs and nAChRs being located at postsynaptic thickenings opposed
to clear vesicle-containing terminals. The exclusively postsynaptic location of
cholinoceptors is not consonant with pharmacological data on additional pre-
synaptic AChR sites (cf. Giacobini et al., 1989). However, the presently used
antibodies may detect epitopes not present on all kinds of mAChRs or nAChRs.
The use of subtype-specific mAbs will complete our knowledge on the subcellu-
lar distribution of AChRs in the human cerebral cortex.
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The presence of nAChR and mAChR immunoprecipitate in perikaryal orga-
nelles and in dendrites most likely reflects different stages of intracellular recep-
tor protein processing, including the synthesis of cholinoceptor proteins (nuclear
membrane, endoplasmic reticulum), their storage and assembly (Golgi apparatus)
and their transport to synaptic sites (dendrites) (cf. Metlie et al., 1984).

Compared to age-matched controls, in SDAT cortices the density of mAChR-
ir neurons showed an upward tendency, while that of nAChR-ir neurons was sig-
nificantly decreased. The latter is not attributable to a mere loss of neurons since
no significant differences were observed for total neuron numbers. Obviously, in
SDAT cortices, the expression of mAChR and that of nAChR proteins tend to
behave in opposite ways. With regard to the nAChR our findings are in keeping
with receptor binding studies showing regularly a significant decrease of
nicotinic binding sites (Shimohama et al., 1986, DeSamo et al., 1988, Nordberg
and Winblad, 1986, Whitehouse et al., 1986, Kellar et al., 1987, Whitehouse et
al., 1988a). Muscarinic binding sites have been reported to be unaltered (Lang
and Henke, 1983, Rinne et al., 1985, Shimohama et al., 1986, Jenni-Eiermann
et al., 1984, London and Waller, 1986, Kellar et al., 1987, DeSarno et al.,
1988), decreased (Nordberg and Winblad, 1986, Danielsson et al., 1988) or
increased (Wood et al., 1983, Mash et al., 1985, Reinikainen et al., 1987).

As shown in our double-labeling studies (vide supra, Schroder et al., 1989a),
a rather high percentage of human cortical neurons contains both mAChR and
nAChR protein. Pharmacologically, nAChRs are known to mediate excitatory
responses upon cholinergic stimulation (Kelly and Rogawski, 1985), while
mACHR stimulation may result in excitatory or inhibitory effects depending on
the subtype activated (Halliwell, 1989). On the cellular level, in SDAT the redu-
ced cholinergic input (Geula and Mesulam, 1989) most likely will activate
mainly mAChRs. The histochemical elucidation of the mAChR-subtypes invol-
ved will offer a chance for a better functional understanding of the disordered cho-
linergic and cholinoceptive system in SDAT on a cellular basis.
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INTRODUCTION

It is now well accepted that cholinergic nerve terminals possess muscarinic
autoreceptors which mediates the inhibition of acetylcholine (ACh) release in
rat brain (Molenaar and Polak, 1970; Marchi et al,, 1981). A muscarinic
receptor mediated mechanism similar to that present in the rodent was
proposed to exist, on the basis of indirect evidence, also in human brain
(Marek et al.,, 1982; Nordstrom et al., 1982; Nilsson et al., 1987).

To study the existence and the pharmacology of muscarinic receptors in
human brain is important since the cholinergic system has been involved in a
number of neurological disorders, some of them related to the aging.

We report in this chapter on the existence in human cortex of a
muscarinic receptor located on cholinergic nerve endings whose activation by
ACh mediates inhibition of ACh release. This receptor was highly sensitive
to atropine but rather insensitive to pirenzepine or AF-DX 116.
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FIGURE 1. Release of 3H-ACh and 3H- Ch from superfused human cortical
synaptosomes: effect of high-K* and Ca®* ions.

MATERIALS AND METHODS

Samples of human cerebral cortex were obtained from patients
undergoing neurosurgery. The tissues used were removed to reach deeply
located tumours. The samples represented parts of frontal, temporal, parietal
and occipital lobes either of female (12) and male (7) patients. The release
of ACh was studied from isolated nerve endings in superfusion as previously
described (Raiteri et al., 1984; Marchi et al., 1990).
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FIGURE 2. Basal (a) and K*-evoked (b) release of 3H-ACh from super-
fused human cortical synaptosomes.
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RESULTS

When human neocortex synaptosomes, prelabeled with 3H-choline were
exposed in superfusion to a depolarizing concentration of KCI (15 mM) the
release of tritium was enhanced (Fig. 1). The K*-evoked tritium overflow
gtotal release - basal outflow) was almost entirely accounted for by intact

H-ACh and was totally Ca®*-dependent (more than 90%; Marchi et al., 1990
and Fig. 1). Both the basal and the K*-evoked overflow were decreased by
about 30% in aged patients (Fig. 2a,b). Figure 3 illustrates the effects of ACh
on the K*-evoked release of *H-ACh in absence and in presence of atropine,
pirenzepine and AF-DX 116. When exogenous ACh was added to the
superfusion medium, in the absence of an AChE inhibitor, the release of
3H-ACh was decreased. The inhibitory effect of 10 uM ACh on 3H-ACh
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FIGURE 3. Antagonism by different antimuscarinic drugs of the effect of
exogenous ACh on the release of 3H-ACh from synaptosomes of human
cortex. Reprinted with permission of New York Academy of Sciences.

release was antagonized in a concentration-dependent manner by the
non-selective muscarinic antagonist atropine. In contrast the selective receptor
antagonists pirenzepine (M;) and AF-DX 116 (M,), at 1 uM, did not modify
the effect of ACh. At the higher concentration (10 uM) AF-DX 116
completely counteracted the inhibitory effect of ACh (Raiteri et al., 1990 and
Fig. 3).

The potency of ACh as an inhibitor of the depolarization-evoked release
of 3H-ACh was very similar in the 4 cortical lobes examined (Fig. 4).
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DISCUSSION

In rat cerebral cortex, cholinergic autoreceptors have been well
characterized. They have been shown to be activated by the natural
transmitter ACh, to be sited on ACh releasing terminals and to belong to
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FIGURE 4. Effect of acetylcholine on 3H-ACh release from synaptosomes
prepared from different lobes of human cerebral cortex.

releasing terminals and to belong to the muscarinic type (Marchi et al., 1981).
Moreover, these receptors are pirenzepine-insensitive (Marchi and Raiteri,
1985) while receptors sited on non-cholinergic neurons, i.e. postsynaptic
receptors, appear to belong to the pirenzepine-sensitive M; subtype (Marchi
and Raiteri 1985; see also Nahorski et al., 1986).

It is obvious that receptors which have been shown to be present in the
rodent brain may or may not exist in human brain. For instance
release-regulating GABAR autoreceptors have been found both in rat and in
human neocortex (Bonanno et al., 1989). However, 5-HT autoreceptors are
likely to differ between the two species. In fact, these autoreceptors are
5-HT, g subtype in the rat brain (Engel et al., 1986; Maura et al., 1986), while
the human brain has been reported to lack 5-HT, g binding sites (Hoyer et al.,
1986). Thus it is essential to verify whether receptors present in the
experimental animal exist and play the same role also in the human brain.

The present results show that the natural transmitter ACh inhibited the
release of 3H-ACh from human neocortex nerve endings through the
activation of muscarinic autoreceptors which seem to be similar to those
present in rat cortical or hippocampal synaptosomes (Raiteri et al., 1984). The
maximal effect of ACh amounted to about 40% in both rat and human nerve
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endings. The EC, values for ACh as an inhibitor of 3H-ACh release were 1.5
#M and 1.7 uM in human and rat cortical synaptosomes, respectively (Raiteri
et al,, 1984).

In human cholinergic nerve terminals, 1 uM pirenzepine did not affect
inhibition of 3H-ACh release caused by 10 uM ACh, whereas atropine
significantly antagonized 10 uM ACh already at 0.01 uM. Thus pirenzepine
appeared to be at least 100 times less effective than atropine. Similar results
had been obtained in rat cortex synaptosomes (Raiteri et al., 1984).

In previous studies it was found that rat hippocampal muscarinic
autoreceptors displayed relatively low affinity for pirenzepine, dicyclomine or
AF-DX 116, while pirenzepine-insensitive muscarinic receptors located on
glutamatergic terminals were much more sensitive to AF-DX 116 (Marchi and
Raiteri, 1989). Therefore the autoreceptors reported in the present study
resemble more those present on cholinergic nerve terminals of rat
hippocampus (Raiteri et al., 1990).

Interestingly, ACh displayed similar potencies in decreasing the
K*-evoked release of SH-ACh in the four human cortical lobes tested (frontal,
temporal, parietal and occipital). Considering that the cholinergic innervation
is not homogeneous throughout the cortex these data (which are expressed as
percent inhibition of >H-ACh release) suggest that the autoinhibitory potential
of cholinergic terminals does not differ significantly among the cortical
subregions examined. ,

In conclusion, cholinergic nerve endings in human cerebral cortex take up
3H-Ch and, upon depolarization, release newly synthesized H-ACh in a
calcium-dependent manner. The depolarization-evoked H-ACh release can
be inhibited by ACh through the activation of muscarinic autoreceptors sited
on the cholinergic terminals themselves. The autoreceptors show low affinity
for pirenzepine (M,) and AF-DX 116 (M,). These results are very similar to
those obtained in the rat (Marchi and Raiteri, 1985). Therefore this
experimental animal appears to represent a useful model for studying the
properties of muscarinic autoreceptors in human brain and for testing new
cholinergic drugs of potential therapeutic use.
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Nicotinic acetylcholine receptors (AChR) are key molecules that mediate
chemical communications between cells in various parts of the body: at the
neuromuscular junction, in autonomic ganglia and in several areas of the
brain. The activation of AChR by the acetylcholine (ACh) released from
nerve terminals induces an influx of cations, mainly Na* ions, through the cell
membrane, consequently depolarizing the target cell.

The function, structure and fine topology of this molecule in muscle is well
known and has been the subject of recent reviews (Stroud et al.,, 1990;
Changeaux, 1990). The muscular nicotinic receptor is a pentameric complex
composed of four different subunits, a, B, v, 8, in a stoichiometric arran-
gement of (a), B, v, 8. In plasma membrane, the subunits delimit a cationic
channel opened by nicotinic agonists and blocked by curare and
a-Bungarotoxin (aBgtx).

NEURONAL NICOTINIC RECEPTORS

Neuronal AChRs are different from those of the muscle. Their phar-
macological specificity has been recognized since the early days of phar-
macology, although their molecular peculiarities have been unraveled only
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quite recently. Neuronal nicotinic receptors have heterogeneous functions,
pharmacological properties and structure. They can be grouped in at least two
families: nicotinic acetylcholine receptors (nAChR) and a-Bungarotoxin
binding sites (aBgtxBS).

Nicotinic acetylcholine receptors are cationic channels gated by nicotinic
agonists which are differently responsive to the snake venom toxins, neuronal
bungarotoxin (NBT) and aBgtx.

Different approaches have been used to purify nAChRs from the brain of
various mammalian species.

These receptors are made up of two types of subunit: a major Mr subunit,
labeled by tritiated MBTA [4-(N-maleimido) benzitrymethylammonium iodide]
and bromo acetylcholine, and thus called the "ACh binding" or a subunit, and
a minor Mr subunit which does not bind cholinergic ligands and is thus called
the "structural”, or B subunit. The MW of these subunits varies according to
the species from which they have been purified (Lindstrom et al., 1987).

Several structural and ACh binding subunits have been cloned and their
combination has been proved to create different subtypes of functional
nAChRs. Three ¢cDNAs (a,, a3 and a,), corresponding to ACh binding
subunits in that their deduced amino acidic sequences include the cysteines
involved in ACh binding, and three structural subunits (8,, 85, 8,) have been
cloned in rat and chicken and shown to be differently distributed through the
rat brain (reviewed in Deneris et al.,, 1991).

In the rat, it has also been possible to show a correspondence between a
large subunit of the immunopurified receptors with a,, and that of a small
subunit with 8, (Lindstrom et al., 1988). The stoichiometry of these nAChR
subunits has been recently investigated and the most probable configuration
is (a), (B); (Cooper et al., 1991).

When injected into Xenopus oocytes, the combinations a,B,, asB,, a,B,,
a,By, asBy, ayB, form functional nAChRs activated by nicotine and resistant
to aBgtx. However, only the a3;B, and the a,B, subtypes are blocked by
NBT (Deneris et al., 1991).

Nicotinic acetylcholine receptors blocked by aBgtx have been purified
from chick optic lobe by means of affinity chromatography using aBgtx as
ligand (Gotti et al., 1991). When reconstituted in a planar lipid bilayer this
receptor forms a cation channel opened by ACh and blocked by curare. This
purified chick optic lobe receptor is composed of three bands of 67, 57 and
52 Mw, the 57 Mw band being shown to bind aBgtx. Using different
approaches, two groups have cloned a subunits involved in the formation of
a-Bgtx binding proteins from the chick nervous system (Couturier et al., 1990;
Schoepfer et al., 1990). When injected in Xenopus oocytes, the cDNA coding
for one of subunits, called a7, forms a channel with properties similar to
those described for the reconstituted receptor of chick optic lobe.

Alpha-Bungarotoxin binding sites are the most intriguing of the members
of the neuronal nicotinic receptor family because they do not seem to possess
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any agonist-gated ionic channels, although they bind aBgtx and other nicotinic
agents.

Alpha-Bungarotoxin have been purified from the PC12 cell line and from
IMR32, a human neuroblastoma cell line (Gotti et al., 1989). They are made
up of three major peptides, 67 kD, 60 kD and 52 kD, the last of which binds
aBgtx. Immunological, pharmacological and biochemical experiments have
shown that this molecule is different not only from muscle AChRs but also
from neuronal nAChRs.

A similar protein has also been purified from rat brain. It was composed
of three subunits of 55 kD, 53 kD and 49 kD, the 55 kD being the one subunit
which binds aBgtx (Kemp et al., 1985).

Recently, an ag subunit has been cloned which might be involved in the
formation of aBgtx binding proteins which do not form nicotine-gated
channels. This subunit is functionally inactive when expressed in Xenopus
oocytes (Boulter et al.., 1990; Couturier et al., 1990), and synthetic peptides
— constructed on the basis of their cDNA sequence — bind aBgtx (McLane
et al., 1990).

THE ROLE OF NICOTINIC RECEPTORS IN AGING AND
PATHOLOGY

The precise functions of the different groups of nicotinic receptors present
in the CNS have still to be defined, although they have been shown to be
involved, through pre- and postsynaptic action, in the control of temperature,
neuronal excitability, memory, motor functions and hormone secretion
(Deneris et al., 1991).

There is evidence that the nicotinic cholinergic system is impaired in aging
and, to a greater extent, in Alzheimer’s disease (AD) (Perry et al., 1987).

Together with a reduction in choline acetyltransferase activity, a decrease
in the number of nicotine high affinity binding sites during aging has been
observed in the cortex and hippocampus, whereas in other brain regions, such
as the thalamus, an increase in the number of such sites has been reported
(Nordberg et al., 1988).

A loss of presynaptic nicotinic cortical receptors probably regulating ACh
and dopamine release, accompanied by a reduction in ChAT activities, has
been demonstrated in AD, senile dementia of the Alzheimer type, Parkinson'’s
disease and in middle-aged subjects suffering from Down’s Syndrome.

On the basis of these data, therapeutic approaches for the enhancement
of cholinergic activity have been developed over the last ten years and tested
in AD patients with some encouraging results (Hollander et al., 1986).
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CLONING OF HUMAN NICOTINIC RECEPTORS

Although the reported findings indicate that nicotinic receptors play an
important role in human physiological and pathological events, few data exist
on the primary structure of human neuronal nicotinic subunits or their
localization in the human brain (Anand and Lindstrom, 1990; Fornasari et al.,
1990). The possibility of being able to map single AChR subunit subtypes in
human brain and study their pharmacology and function is very attractive,
because it may allow the correlation of their expression with defined
physio-pathological conditions, thus offering new pathways for therapeutic
strategies. For these reasons, we began a study aimed at isolating and cloning
human nicotinic receptors, concentrating on the IMR32 neuroblastoma cell
line since it expresses both nicotinic receptors and aBgtx binding sites which
are apparently unrelated to ionic channels (Gotti et al., 1989).

An IMR32 cDNA library in Agt10 (kindly provided by Dr. H. Soreq) was
screened using a 32P-labeled probe encoding rat « and B neuronal nicotinic
receptor subunits (a gift from Dr. J. Boulter and S. Heinemann) in order to
isolate the human nicotinic subunits present in IMR32 cells.

Alpha, ¢DNA. Using ACA48, a probe for the rat a, subunit, ten highly
positive clones were identified. Sequence analysis showed that a series of
overlapping clones formed an open reading frame encoding a protein of 502
amino acids (Fig. 1) with a signal peptide of 28 residues. Excluding the signal
peptide, comparison of the amino acid sequence to rat a, protein showed an
identity of 93% (falling to 88% at nucleotide level). It is thus possible to
conclude that we have cloned a human as-nicotinic subunit. The hydropathy
profile reveals four potential transmembrane domains and an N-terminal
hydrophilic segment in which four cysteines are present at canonical positions
128, 142, 192 and 193. Three potential N-linked glycosylation sites are present
at residues 24, 68 and 141.

Alphas cDNA. Screening of the IMR32 library with a fragment PC1321
clone, which codes for the rat ag subunit, revealed several positive clones that
were analyzed by DNA sequencing. Sequence analysis of three overlapping
clones revealed an open reading frame of 1406 nucleotides, encoding a protein
of 446 amino acids (Fig. 1). The deduced protein exhibited all of the basic
characteristics of nicotinic subunits: four hydrophobic segments corresponding
to putative transmembrane regions; two pairs of cysteines localized in the
presumed extracellular domain at positions 170, 184, 234 and 235; and three
potential sites of N-glycosylation at positions 134, 162 and 208. The 87%
homology of the encoded protein with the rat ag nicotinic subunit indicates
that we have cloned a human ag nicotinic receptor subunit. The main
difference between human ag and other nicotinic subunits can be seen in the
N-terminal region. In the human ag subunit, a signal peptide of 22 amino
acids is followed by an additional segment of 22 amino acids, something which
has never been described in any other mature nicotinic subunit.
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FIGURE 1. TOP: Alignment of deduced amino acid sequences for the aj;
and a5 human nicotinic receptor subunits. The regions corresponding to the
putative leader sequences, the four putative membrane spanning regions
MSR I, MSR II, MSR III, MSR 1IV) and the conserved cysteines are enclosed
in boxes. e indicates potential N-Glycosylation sites. BOTTOM: Schematic
representation of deduced amino acid sequences of the a3, as and 8, human
nicotinic receptor subunits. M1, M2, M3, and M4 represent the putative
membrane spanning regions, CC indicates the pair of cysteines conserved in
all the nicotinic subunits, C*C indicates the pair of cysteines conserved in all
the a type nicotinic subunits. The dashed line indicates the uncloned region
of the B, human nicotinic receptor subunit.

B4 cDNA. Screening of the same library with PCX49, a probe for the rat
B, subunit, allowed the identification of two overlapping clones that have a
similar sequence to that of rat B4, Although we do not have the complete
sequence of this subunit, the structure of the deduced protein reproduces the
general features of the nicotinic structural subunits,with the absence of the two
adjacent cysteines characteristic of the a subunits (Fig. 1).
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Expression of a,, as and B, transcripts in IMR32 cells

The expression of the human subunits in IMR32 neuroblastoma cells was
investigated by Northern blot analysis, under high stringency conditions.
AIMR2A, the human probe for aj, detected one band of 3.5 Kb. The full
length IMR a5 cDNA probe detected five bands. Two transcripts, 2.7 Kb and
2.1 Kb in size, were more abundant, whereas the 4.8 Kb, 1.6 Kb and 1.3 Kb
transcripts were less expressed. The AIMRB421 clone coding for human g,
identified a major transcript with a size of 3.1 Kb (Fig. 2).

FIGURE 2. Northern Blot analysis
of a3, as and B, transcripts in
IMR32 neuroblastoma cells. Poly
(A)* mRNA was extracted from
IMR32 cells and electrophoresed in
agarose-formaldehyde gels (10 mg per
line), transferred to nylon membranes
and hybridized in high stringency
conditions with full-length cDNA
probes for the a; and as subunits,
and with a cDNA clone encoding part
of the B, subunit.

Human a5 and a, subunit expression in neuronal and non-neuronal cell lines
The expression of the human ag subunit was then studied by Northern blot

analysis of total RNA extracted from a number of human cell lines in culture
derived from neuroblastoma (IMR32, SK-NB-E), small cell lung carcinoma
(SCLC) (NCI-N-592, GLC-8, NCI-H-69), lung (A549), rectal (HRT), and
vulvar carcinoma (HeLa), hepatoma (Hep2), embryonic kidney (293), and
teratocarcinoma cells (NT2/D1). Despite their different embryological origin,
all of these cell lines contained at least two major as transcripts of 2.7 Kb and
2.1 Kb (Fig. 3). We conclude that the human ag subunit is expressed in
several cultured cell lines of both neuronal and non-neuronal origin. Different
results were obtained using the human a, nicotinic subunit. In this case, a 3.5
Kb transcript was detected in the neuroblastoma cell lines (IMR32,
SK-NB-E), as well as in the SCLC cell lines (NCI-N-592, GLC-8, NCI-H-69),
but none of the other non-neuronal cell lines expressed any transcripts of the
human a; subunit (not shown). The results of this distribution study show
that, while a5 gene expression is confined to neuronal or neuroendocrine cell
lines, the ag gene is actively transcribed in all of the tested cell lines. This
suggests that the ag subunit might also be involved in assembling aBgtx
binding proteins in non-neuronal cells. Moreover, the presence of as
transcripts in a number of cell lines growing in vitro opens up a new
perspective on the role of nicotinic subunits outside the nervous system,
particularly when it is borne in mind that nicotinic agonists and antagonists
have been shown to interfere with the growth of human lung cancer and
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epithelial thymic cells (Shuller et al.,, 1990). The presence of ag transcripts
in a number of immortalized cells growing in vitro might then be related to
the proliferative state of these cells.

Chromosome localization of human subunits genes
In rat and chick it has been reported that the a;, a5 and 8, genes form

a gene cluster and are transcribed with convergent polarity (Boulter et
al.,1990; Couturier et al., 1990). We have isolated several genomic clones for
studying the organization of the a,, B, and a5 genes in the human genome.

FIGURE 3. Northern Blot analysis of as transcripts in neuronal and
non-neuronal human cell lines. Total RNA was extracted from cells at
confluency, electrophoresed in an agarose-formaldehyde gel (30 ug per line),
transferred to a nylon membrane and hybridized in high stringency conditions
with the full-length cDNA probe encoding the ag subunit.

By Southern blot and restriction mapping analysis of two overlapping
genomic clones, we have demonstrated that the a,, 8, and ag human genes
are also organized in a cluster. Furthermore, in situ hybridization on
metaphase chromosomes allowed the a3, 8, and a; human genes to be
localized to the same locus on chromosome 15. The strict linkage of the three
genes, from chicken to man, leads to the suggestion that these genes might be
co-regulated at the transcriptional level. However, since the a; and ag genes
are not co-regulated in the human non-neuronal cells that we have studied,
nor in the rat central nervous system (Wada et al., 1989; Boulter et al., 1990;
Deneris et al., 1991), the functional role of the gene cluster remains unclear.

CONCLUSIONS

Neuronal nicotinic receptors are a family of related but different molecules
and the physiological and pharmacological evidence obtained so far has shown
the fundamental role of these molecules in several brain functions. However,
we are still unable to assign to each one of these molecules a particular cffect
among the several elicited by nicotine in CNS.

The regionally selective decrease in the number of AChRs in some CNS
degenerative pathologies further underlines the importance of these molecules.
It is possible to foresee that, in the near future, selective drugs for a single
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type of nicotinic receptor might be found and that these may open new
strategies in the early treatment of some mental disturbances common in
aging and in the early stages of degenerative discases.
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INTRODUCTION

Alzheimer’s disease, senile dementia of Alzheimer type (AD/SDAT) is a
progressive neurodegenerative disease which entity can be described in terms
of clinical symptoms, neuropsychological tests and laboratory investigations
during life and postmortem histopathological examinations. For the definitive
diagnosis of AD/SDAT both clinical and histopathological investigations are
required. Improved diagnostic resolution is needed since there is still some
lack of agreement between histopathological and clinical diagnosis.
Neurochemical studies performed in autopsy or biopsy brain tissue have
revealed that AD/SDAT afflicts several neurotransmitter system in the brain.
Among them the cholinergic system is the one that shows the most consistent
changes and also best correlates with cognitive function. Presynaptic
cholinergic defects are present in autopsy AD/SDAT brain tissue such as
losses in choline acetyltransferase activity, synthesis and release of acetylcho-
line and nicotinic receptors. Positron emission tomography (PET) is a
technique suitable for in vivo studies of neuronal activity in the brain. PET has
already shown a great potential for psychopharmacological research. Is it
possible to study central cholinergic activity in vivo by PET? This strategy was
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initiated using 'C-choline (Gauthier ct. al, 1985 ; Eckernds ct al. 1965). A
low penetration of intact 'C-choline to the brain combined with a rapid
conversion of formed 1C-acetylcholine to labelled metabolites hampered this
effort. An alternative to measuring precursor transport and transmitter
turnover would be to study the cholinergic receptors in brain. Attempts to
visualize nicotinic receptors by 1'C-nicotine and PET was initially performed
in monkeys (Mazie're et al., 1976; Nordberg et al., 1989a) and later on in man
(Nybick et al., 1989; Nordberg et al., 1990a,b). Recently, Dewey et al. (1990)
described the use of 11C-benztropine for visualization of muscarinic receptors
in human brain. Attempts have also been made to use single photon emission
computerized tomography (SPECT) and 1211_quinuclidinyl-4-iodobenzilate for
tracing brain muscarinic receptors (Hollman et al., 1985; Weinberger et al.,
1989). Imaging techniques such as PET must thercfore be considered as
putative diagnostic tools in neurodegenerative diseases. The aim of this study
is to describe the use of 'C-nicotine and PET to study in vivo changes of
nicotinic receptors in AD/SDAT patients and the effect of therapeutic
interventions.

NICOTINIC RECEPTORS IN THE HUMAN BRAIN

Multiple nicotinic receptors exist in the human brain. The presence of
heterogenous nicotinic receptors has been characterized by in vitro binding
studies in autopsy brain tissue. The nicotinic agonist binding sites in human
brain can be rationalized in terms of super-high, high and low affinity binding
sites (Nordberg et al., 1988b). The existence of multiple nicotinic receptors
in the brain is supported by the isolation of a whole family of genes coding for
neural nicotinic receptors (Patrick et al., 1989). The high affinity nicotinic
binding sites show a regional distribution in the brain with high content in the
thalamus, putamen, caudate nucleus, intermediate in the cortical areas,
hypothalamus, cerebellum and low in the hippocam{)us, medulla oblongata,
globus pallidus (Nordberg et al, 1989b). When ‘1C-nicotine is injected
intravenously to healthy non-smoking volunteers the regional distribution of
1 C.radioactivity in the brain, measured by PET, agrees fairly well with the
distribution of nicotinic receptors measured by in vitro binding techniques
(Nybéck et al., 1989; Nordberg et al., 1990a). The time course of U nicotine
in brain differs from the blood flow marker !!C-butanol. The elimination
curve for 1XC-butanol in brain is steeper than for 11C-nicotine (Nordberg et
al.,, 1990b). The observations are supported by kinetic calculations indicating
that 'C-nicotine shows a binding ;1)roﬁle in human brain (Nordberg et al., to
be published). A high uptake of !C-nicotine, especially (S)(-)!'C-nicotine,
has been measured by PET in young smokers compared to age-matched non-
smokers (Nybéack et al.,1989). The observation agrees with findings of
enhanced number of high affinity nicotinic receptors in autopsy brain tissue
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from smokers (Benwell et al., 1988) and from rats repeatedly treated with
nicotine (Romanelli et al., 1988).

NICOTINIC RECEPTOR DEFICITS IN AD/SDAT BRAINS

Marked losses in the number of high affinity nicotinic receptors in autopsy
AD/SDAT brains was initially reported in 1986 by us and others (Nordberg
and Winblad, 1986; Whitehouse et al., 1986; Flynn and Mash, 1986) and have
now been reconfirmed by numerous research groups (for review, see
Giacobini, 1990). A change in the proportion of high to low affinity nicotinic
receptors has been observed in the temporal cortex of AD/SDAT brains
suggesting a possible interchange in the proportion of nicotinic receptor
subtypes (Nordberg et al., 1988a). Furthermore, functional transmitter release
studies in autopsy cortical tissue have revealed that acetylcholinesterase
(AChE) inhibitors such as physostigmine and tetrahydroaminoacridine (THA)
increase and restore the release of acetylcholine in AD/SDAT tissue via the
nicotinic receptors (Nilsson et al., 1987; Nilsson-Hakansson et al., 1991).

Intravenous injections of the two stereoisomers (S)(-)- and
(R)(+)-'C-nicotine have showed a marked reduced uptake of the both
stereoisomers to the brain of AD/SDAT patients as compared to age-matched
healthy volunteers (Nordberg et al., 1990a). A significantly lower uptake of
(S)(-)-"'C-nicotine is observed in the temporal and frontal cortices of
AD/SDAT patients in comparison to controls (Nordberg et al., 1990a,b;
1991).

Interestingly, there is an inter-individual variation in (S)(-)-!!C-nicotine
uptake between the AD/SDAT patients (Nordberg et al., 1990a). In addition,
a regional difference in the reduced cortical uptake of (S)(-)-!1C-nicotine can
be observed between AD/SDAT patients (Nordberg et al., 1991). In a group
of AD/SDAT patients who had obtained different results when they
underwent a battery of neuropsychological testings, such as Luria’s neuropsy-
chological methods, trail making tests, subtests from WAIS-R, WMS logical
memory immediate recall and cued recall and recognition (Erkinjuntti et al.,
1986; Reitan, 1958; Wechsler, 1981) the Mini Mental State Examination
(MMSE) Scores (Folstein et al., 1975) were plotted against their individual
cortical uptake of (S)(-)-!'C-nicotine to the brain. A significant positive
correlation between the MMSE score and (S)(-)-1!C-nicotine was observed.
Corresponding data for a control group was also added (Figure 1). The mean
MMSE score was for the AD/SDAT group 17.5 + 1.9 out of 30 while the
controls all obtained the maximal score of 30.

The uptake of (R)(+)-!!C-nicotine has also been found to be significantly
lower in brain of AD/SDAT patients compared to controls (Nordberg et al.,
1990a). While the uptake of (S)(-)- and (R)(+)-!!C-nicotine to the brain is
very similar in healthy non-smoking volunteers the AD/SDAT patients show
a markedly lower uptake of (R)( +)-1C-nicotine compared to (S)(-)-"C-nico-
tine (Nordberg et al., 1990a). This difference in the uptake of the two
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CORRELATION BETWEEN TEMPORAL CORTICAL
(-)(S)-11C-NICOTINE UPTAKE AND MMSE
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FIGURE 1. Mini Mental State Examination Score (MMSE) plotted against
uptake of (S)(-)-1!C-nicotine to the temporal cortex of 8 AD/SDAT patients
and four controls. The regression coefficient indicates a significant correla-
tion, p < 0.01.

stereoisomers can be observed early in the progress of the disease (Figure 2)
at a time point when the cerebral blood flow is not affected. The larger
difference in uptake of (S)(-)- and (R)(+)-1'C-nicotine in AD /SDAT patients
compared to controls might therefore be of diagnostic value. In vitro binding
studies have revealed that both stereoisomers of nicotine bind to nicotinic
receptors although the (S)(-)-nicotine preferentially binds to high affinity
nicotinic receptors while (R)(+)-nicotine to low affinity receptors (Copeland
et al,, 1991). Although the stereoisomers of 'C-nicotine in the PET studies
are given in tracer doses the specific radioactivity might not be high enough
to enable a clear distinction between high and low affinity nicotinic receptors
in normal brains but possibly easier in AD/SDAT brains where receptor
changes are known (Nordberg et al,1988a). Further studies are needed to
evaluate the significance of the difference in uptake between (S)(-)- and
(R)(+)-nicotine to AD/SDAT brains measured by PET.
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FIGURE 2. Uptake and time course of !C-radioactivity in the left temporal
cortex following intravenous injection of (S)(-)-!!C-nicotine and
(R)(+)-1*C-nicotine to a 68-year-old patient with a mild AD/SDAT (MMSE
24/30). The PET investigations were performed before and after 3 weeks of
THA treatment (80 mg daily). The uptake is expressed in nCi/cm3/dose bw™.



112 A. Nordberg et. al.

EFFECT OF DRUG TREATMENT IN AD/SDAT AS VISUALIZED BY
PET

A major goal of research on AD/SDAT dementia is to develop effective
treatments. The cholinergic hypothesis has been in the focus as one of the
major strategies for developing putative drugs in AD/SDAT. Presynaptic
compounds supposed to increase the synthesis and release of acetylcholine as
well as postsynaptic muscarinic agonists have not shown any significant effects
in clinical trials. The effects of AChE inhibitors like physostigmine and THA
have been evaluated in numerous clinical trials during recent years mainly by
neuropsychological testings. In attempts to visualize by PET the effects of
THA on the cholinergic system in the brain the uptake of (S)- and
(R)-1C-nicotine was measured during THA treatment. The theoretical
rationale beyond the design of this investigation is the assumption that
inhibition of AChE by THA will increase the content of acetylcholine in the
synaptic cleft which will stimulate / increase:/ change the nicotinic receptors
and thereby increase the cholinergic activity in the brain. PET investigations
performed in a 68 years old patient with a mild AD/SDAT (MMSE 24/30)
reveal a normalization of the uptake values for the (R)(+)-!C-nicotine in the
frontal and temporal cortlces following THA treatment. The uptake of the
two stereoisomers of 1C-nicotine was found to be rather equal after 3 weeks
of THA treatment (Figure 2). The patient was at that time point receiving
orally 80 mg /kg THA daily and showed a plasma concentration of THA of
2 ng/ml and an inhibition of ChE of 20%. Improvement in various
neuropsychological testings was also observed especially in tests measuring
episodic memory (selective reminding) but also in block design and trail
making tests. These positive effects observed after THA treatment both by
PET studies of cholinergic mechanisms in the brain and by neuropsychological
testings are encouraging and warrant further exploration in an increased
number of AD/SDAT patients and after longer periods of THA treatment.

Neurotrophic factors, such as nerve growth factor (NGF), are also
candidates in the search for treatment strategies in AD/SDAT. Animal data
support the assumption that NGF can stimulate axonal growth, stimulate
cholinergic neurons and improve cholinergic function. This treatment strategy
for AD/SDAT has now clinically been explored. A 69-year-old AD/SDAT
patient with a moderatc AD/SDAT (MMSE 16/30) showed an increased
uptake of (S)(-)-''C-nicotine to the frontal and right temporal cortices after
having received intraventricular mfusmn of NFG (6.6 mg) during three
months. The increase in uptake of (S)( ) 1C-nicotine had disappeared when
the PET study was performed again 3 months after stop of the NGF treat-
ment (for further details see Olson et al., this book). Also, this treatment
strategy warrants further studies by PET.
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CONCLUSIONS

The nicotinic receptors in brain are involved in neuronal events observed
in neurodegenerative diseases such as AD/SDAT. Monitoring of nicotinic
receptors in brain in vivo by PET might be a valuable tool in the search for
an carly diagnostic marker of the disease as well for evaluating treatment
strategies in AD/SDAT.
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INTRODUCTION

Since the early reports of cortical cholinergic deficits in Alzheimer’s
disease (AD) and loss of cholinergic cells in the basal forebrain a great deal
of research effort has been directed towards strategies to affect recovery from
the consequences of cholinergic deficits. Nucleus basalis of Meynert (nbM)
lesions in non-human mammals have been found to consistently produce
dramatic deficits in cortical cholinergic marker activity, as well as profoundly
disrupting learning and memory functions (Olton and Wenk, 1987). Recovery
of function at a neurochemical as well as a behavioral level has been
demonstrated in animals with such lesions. Evidence can be cited for
spontaneous, as well as experimentally induced recovery. Recovery from nbM
lesions, and basal forebrain cholinergic systems can most readily be induced
experimentally. In general, recovery has been induced by pharmacological or
neurotrophic means.

nbM Lesion-Induced Cortical Neurochemical Deficits
Literally hundreds of studies have been reported documenting lesion-
induced cortical cholinergic marker deficits (for review see Olton and Wenk,
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1987). These findings have been true irrespective of the agent or techniques
used to affect the nbM lesions. Cortical cholinergic marker deficits have been
reported after electrolytic lesions of the nbM, kainic acid-induced lesions,
colchicine induced lesions, ibotenic acid lesions, quisqualic acid lesions, N-
methyl-D-aspartic acid lesions, AF64A induced lesions, and quinolinic acid-
induced lesions. The great majority of these studies have reported significant
deficits in cholinergic marker enzymes, and only rarely have non-cholinergic
systems been found to have been directly affected (Wenk et al., 1989).

Spontaneous Recovery from nbM Lesions

In general, significant or complete recovery of neurochemical deficits
does not occur spontaneously after nbM lesions (but see Wenk and Olton,
1984). An extensive time sampling study (El-Defraway et al., 1986) failed to
find significant reversal of lesion-induced neurochemical deficits. Similarly, a
number of long-term studies, often spanning 12-18 month post-lesion periods,
have generally reported a relatively stable lesion over time (Thal et al., 1990).
In one study, we induced both unilateral and bilateral lesions of the nbM in
different groups of 2 month old rats and sacrificed them for cortical
cholinergic / aminergic marker studies, Bielschowski silver staining and
cortical area analysis 18 months later. As the results of this experiment show
(summarized in Table I), significant lesion-induced cortical ChAT and AChE
deficits persisted, but no other neuropathological changes were observed.
Similar findings have been reported by others (Thal et al., 1990).

TABLE 1. Effects of nbM lesions on cortical cholinergic activity and
morphology 18 months post-lesion. (* ps < 0.01)

ChAT AChE Cortical
Treatment nmol ACH /hr nmol ACH/hr area
Lesioned 313+ 06 1114 £ 52 10.5 + 0.07
Control 47.6+09" 1967456 109 + 0.03

Spontaneous recovery of nbM lesion-induced behavioral deficits is more
difficult to define. In most cases recovery of lesion-induced cognitive deficits
has been observed following extensive training on the index behavioral task or
following training on a different behavioral paradigm (Bartus et al., 1986).
Whether this experimentally-induced type of recovery should be characterized
as spontaneous or experimentally evoked is subject to interpretation.
However, since recovery as a function of previous behavioral experience does
occur, this paradigm provides a good opportunity for future studies to
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ascertain the conditions under which recovery is blocked. Such a paradigm
would provide a potentially better model of AD than those currently available.

Experimentally-Induced Recovery from nbM Lesions (pharmacological
approaches)

A variety of techniques and measures have been used to affect a recovery
of lesion-induced deficits. These varied paradigms can be broadly
characterized as restorative approaches or pharmacologic approaches.

Pharmacological approaches have utilized cholinergic replacement
therapies based on the administration of cholinomimetics. As a number of the
chapters in this book are devoted to this topic directly, I will review these
studies in general terms only. Pharmacological approaches based on
cholinomimetic administration can be classified as presynaptic or postsynaptic.
Presynaptic strategies have been most often described and have in general
been based upon the use of various acetylcholinesterase inhibitors with
physostigmine serving as the prototypic agent (Haroutunian et al., 1986).
Other presynaptic strategies have employed drugs aimed at increasing the
release of ACh (eg, 4-aminopyridine) (Haroutunian et al., 1986). Post-synaptic
trials have relied upon the use of muscarinic and nicotinic receptor agonists
such as pilocarpine and oxotremorine (Haroutunian et al., 1986). It should be
emphasized that each of these drugs have been administered to nbM lesioned
rats by us in a standardized one trial passive avoidance paradigm, as well as
by other investigators using a variety of different paradigms (see Olton and
Wenk, 1987 for review). Although the specific paradigms may have differed
between laboratories the general findings have been similar. Irrespective of
the specific cholinomimetic agents used, recovery from nbM lesion-induced
cognitive deficits can be induced by a wide variety of cholinomimetic agents.

Since cholinomimetic therapies in AD have, to date, failed to affect
recovery of cognitive function on the same order of magnitude as the animal
model studies, it has become important to determine the conditions under
which cholinomimetic induced recovery of cognitive function can be inhibited
or altered. One approach toward this end is to determine the role of some of
the other, non-cholinergic, deficits present in AD on the efficacy of
cholinomimetic drugs. Of the myriad of structural and neurochemical deficits
characterized in AD brain, deficits in somatostatinergic, noradrenergic and
serotonergic systems are among the most frequently cited neurochemical
changes. We have adopted the approach of studying the consequences of
combining cholinergic lesions with lesions of each of these non-cholinergic
transmitter systems on the efficacy of cholinomimetic agents. In a number of
early studies we demonstrated that although experimentally-induced somato-
statinergic deficits did produce significant impairments in cognitive function,
somatostatinergic deficits failed to significantly alter the efficacy of
physostigmine to induce recovery of cognitive function. More recent studies
have suggested that noradrenergic and serotonergic deficits may play a more
prominent role in this context.
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Combined lesions of the nbM and the dorsal ascending noradrenergic
bundle (ANB) with 6-hydroxy dopamine (Haroutunian et al., 1990), fail to
dramatically alter cognitive deficits beyond those observed with nbM lesions
alone. Combining nbM and ANB lesions, or nbM and DSP-4 induced
noradrenergic deficits does, however, inhibit the activity of those
cholinomimetic agents, such as physostigmine and oxotremorine, investigated
to date (Haroutunian et al., 1990). Recovery of cognitive deficits can be
induced in these combined nbM + ANB lesioned rats by the simultaneous
administration of clonidine (0.01 mg/kg) and physostigmine (0.06 mg/kg),
which are ineffective when administered individually. We have conducted
similar studies of the effects of combining excitotoxic lesions of the nbM with
5-7-DHT-induced lesions of the dorsal raphe nucleus. Dorsal raphe lesions,
producing an approximately 65% depletion of cortical 5-HT, like noradren-
ergic lesions of the ANB, do not significantly affect learning and memory on
a one trial passive avoidance task, nor do they produce a greater impairment
of performance when combined with nbM lesions. Recent evidence from our
laboratory suggests however, that combined nbM and DR lesions produce a
shift to the right in the physostigmine dose response curve. Larger, but still
well tolerated, doses of physostigmine are required to affect recovery of
memory deficits in nbM+DR lesioned rats than are needed for enhanced
performance in sham operated or nbM alone lesioned rats.

Experimentally-Induced Recovery from nbM Lesions (restorative approaches)

A variety of studies have attempted to achieve a more permanent recovery
of function in forebrain cholinergic system lesioned rats than that which can
be expected through pharmacological means. Among these studies are those
attempting to affect recovery through the administration of neurotrophic
factors such as nerve growth factor (NGF; see Chapter by Appel for a
comprehensive review). There is little question that NGF can affect significant
recovery of some functions of the lesioned forebrain cholinergic systems
(Haroutunian et al., 1989). The exogenous administration of NGF through
indwelling central cannulae can prevent or retard the degeneration of
axotomized medial septal cholinergic cells projecting to the hippocampus
(Montero and Hefti, 1989). Long-lasting partial recovery of cortical cholinergic
marker activity in nbM lesioned rats, as well as aged rats suffering age related
cholinergic deficits has also been produced by NGF (Santucci et al., 1991;
Haroutunian et al., 1989). The results of these studies are summarized in
Table II. After excitotoxic lesions of the nbM, different groups of rats received
NGF (please refer to the articles cited for exact doses and description of the
protocols) intracerebrally. In different experiments NGF was administered a)
into the lateral ventricles by 4 acute infusions during the first 12 days post-
lesion; or b) continuously for 28 days through osmotic pumps into the lateral
ventricle; or ¢) directly into the lesioned nbM. In the studies of NGF effects
in aged animals, NGF was again administered by osmotic pump for 28 days
into the lateral ventricle. In some studies the rats were sacrificed immediately
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following the termination of NGF treatments, while 3-6 week delays were
imposed in other studies. As the results summarized in Table II. indicate, the
various modes of administration, duration and locus of administration all had
similar effects. The administration of NGF to nbM lesioned rats affected an
approximately 50% recovery of nbM lesion-induced cortical cholinergic
marker activity. Choline acetyltransferase activity and acetylcholinesterase
activity were similarly affected by NGF. An interesting finding in aged rats was
that while the administration of NGF led to the recovery of cholinergic
marker activity in the hippocampus and the cortex, the hippocampal recovery
was short-lived and did not persist when assessed 3 weeks following the
termination of a 28 day NGF administration regimen. The cortical recovery
of cholinergic marker activity was still clearly evident 3 weeks after the pumps
had been removed.

TABLE II. Effects of different modes of NGF administration on cortical
choline acetyltransferase activity in nbM lesioned rats.

ChAT

Treatment nmol ACh/h/mg. prot.
ICV cytochrome-C acute 7507

ICV NGF acute 113+ 05

ICV cytochrome-C chronic 78 £ 09

ICV NGF chronic 128 £ 0.6

nbM cytochrome-C chronic 75+£08

nbM NGF chronic 132+12

Aged cytochrome-C chronic 98 +12

Aged NGF chronic 127 + 08"

*vs cytochrome-C, ps<0.01.

Whether or not NGF is specifically induced in response to cholinergic
lesions is not clear, however the recovery of function induced by NGF suggests
that other neurotrophic factors or co-factors may also be involved in recovery
from lesion-induced deficits. Recent studies (eg, Mobley et al., 1988) suggest
that B-amyloid precursor protein (8-APP) may play a role in neurotrophism.
The induction of 8-APP by NGF suggests that the B-APP and NGF interact
in the central nervous system. Evidence from our laboratory (Wallace et al.,
1991) has demonstrated that excitotoxic lesions of the nbM result in a 2.6 fold
increase in the synthesis of 8-APP and B-APP mRNA in the cortex ipsilateral
to the lesion. The results of one such study are summarized in Table III.
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TABLE III. Effects of NMDA-induced lesions of the nbM on cortical 3-APP
synthesis (Ns = 11-14).

ChAT AChE B-APP™"

nmolsACh/hr nmolsACh/hr Arbitrary

/mg prot. /mg prot. Units
CONTROL 471%121 1967 % 160 100
LESIONED 21.7%59" 871176 258"

* vs control p < 0.001; ** after densitometry of immunoprecipitated S 8-
APP autoradiograms.

These results were derived from animals sacrificed seven days after
lesioning. Newly conducted experiments show that the induction of 8-APP is
evident in the cortex ipsilateral to the lesion one hour after the infusion of the
excitotoxin and persists for at least 7 days. The observed elevation of the
synthesis of B-APP is not related to the use of excitotoxins since a similar
induction can be observed in the cortex following 6-OHDA induced lesions of
the forebrain noradrenergic system and 5-7-DHT lesions of the dorsal raphe.
These results also demonstrate that the induction of B-APP by forebrain
lesions is not specific to the cholinergic system but reflects lesion-induced
deficits in at least two other neurotransmitter systems affected in AD. The
demonstrations that NGF can induce the expression of 8-APP (Mobley et al.,
1988) and the neurotrophic properties ascribed to some fragments of B-APP
(Yankner et al., 1990) raise the possibility that the induction of B8-APP may
be among the restorative responses of the lesioned central nervous system.
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EXPERIMENTAL AUTOMIMMUNE DEMENTIA (EAD):
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TION AND ALZHEIMER'S DISEASE
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INTRODUCTION

Alzheimer's disease (AD) is associated with the degeneration of
cholinergic neurons in the basal forebrain. Several reports implicate the
involvement of immunological mechanisms in the cholinergic degeneration in
AD, which include the demonstration of antibodies to such neurons in the
sera and cerebrospinal fluid of AD patients (Fillet et al., 1985; Chapman et
al,, 1986; McRae-Degueurce et al., 1987; Foley et al., 1988). Whether these
anti cholinergic antibodies play an active role in the pathogenesis of AD is still
unclear.

We have previously shown that sera from AD patients contain high levels
of antibodies to the cell bodies and axons of the purely cholinergic
electromotor neurons of the electric fish Torpedo (Chapman et al., 1986, 1988)
and that prolonged immunization of rats with these cholinergic neurons
induces a specific impairment in short term memory (Chapman et al., 1989a).
These data suggested that antibodies to cholinergic neurons may be involved
in the pathogenesis of AD. To further investigate this possibility the Torpedo
cholinergic antigens against which the AD antibodies are directed were
purified and characterized. This revealed that AD antibodies (IgG) bind
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specifically to the 200 kD heavy molecular weight neurofilament protein
(NF-H) of Torpedo cholinergic neurons (Chapman et al., 1988; 1989b).

In the present study we examined the possibility that the AD anti
cholinergic NF-H antibodies play a role in the pathogenesis of this disease by
utilizing a rat model in which the behavioural and cellular effects of repeated
immunization with purified Torpedo cholinergic NF-H were examined.

RESULTS AND DISCUSSION

Three months old, male Sprague-Dawley rats were immunized subcutane-
ously monthly for up to 15 months with either purified Torpedo cholinergic
NF-H (NF-H rats) or with adjuvant alone (controls). Examination of the sera
of these rats by immunoblot assays revealed that the cholinergic NF-H rats
had high levels of anti cholinergic NF-H antibodies which reached a plateau
about two months following the initial immunization. The rat anti NF-H
antibodies, like those of AD patients (Chapman et al., 1989b), were found to
react more strongly with Torpedo cholinergic NF-H than with the chemically
heterogeneous Torpedo spinal cord NF-H and to cross-react with rat brain
NF-H (Chapman et al., 1991).

The possibility that IgG accumulates in the brains of NF-H immunized
rats was examined immunohistochemically in the rat forebrains. Figure 1

FIGURE 1. IgG in neurons of the dentate gyrus, septum and corpus
callosum of a rat immunized with cholinergic NF-H (A, B & C) and of a
control rat immunized with adjuvant (D, E & F). Sections were stained with
biotinylated anti-rat IgG (Chapman et al, 1991). Original magnification
X 200 (A, B, D & E), and X 100 (C & F).
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depicts the results thus obtained with brains of rats which were immunized for
12 months. Neurons staining for IgG were found in the dentate gyrus and
CA3 area of the hippocampus and in the medial septal nucleus of the NF-H

immunized rats (Figure 1A, 1B). No such neurons were found in these areas
in control rats (Figure 1D, 1E). Examination of other brain areas revealed
a small number of large cortical pyramidal perikarya which stained for the
presence of IgG in both cholinergic NF-H and control rats. In addition, high
levels of IgG were found in white matter tracts such as the corpus callosum
(Figure 1C), fimbria and external capsule. Examination of the time course of
accumulation of brain IgG revealed that it was slow. The number of septal
neurons which contain IgG increased progressively with the time of immuniza-
tion and reached a plateau (~ 12 neurons per field; magnification X 100) at
10 months (Figure 2). A similar pattern was observed with the IgG containing
hippocampal neurons except that in this case less neurons were observed and
their number reached a plateau following 7 months of immunization (Figure
2). The accumulation of IgG in white matter tracts was also time dependent
and levelled off after 7 months of immunization (Figure 3). Histological
examination (hematoxiline eosine) of NF-H rat brains following 12 months of
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FIGURE 2. The effect of the duration of immunization with cholinergic
NF-H on the extent of accumulation of IgG in brain neurons. Brains of
cholinergic NF-H rats (filled symbols) and of controls (empty symbols) were
excised at the indicated times and the number of IgG containing neurons in
the septum (circles) and in the hippocampal dentate gyrus neurons (squares)
were determined immunohistochemically utilizing biotinylated anti rat IgG.
Results presented (stained neurons per field at a magnification of X 100)
correspond to the average + S.E. of three sections per brain area which were
obtained from three cholinergtic NF-H and three control rats.
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immunization revealed occasional vacuoles and necrotic nuclei in the granular
layer of the dentate gyrus as well as some degeneration in white matter tracts
such as the corpus callosum. More pronounced morphological changes were
obtained by immunohistochemical studies, utilizing anti synaptophysin
monoclonal antibodies (Weidenman & Frank, 1985), which revealed a marked
reduction in synaptic density in the medial septal nucleus (not shown).

Two possible mechanisms may be proposed to explain the entry of IgG
into the brain despite the existence of the blood-brain barrier, and they are:
leakage from the blood into the cerebrospinal fluid and intraneuronal space,
or endocytosis by neurons projecting outside the blood-brain barrier followed
by retrograde transport (Fabbian & Petroff, 1987; Meeker et al., 1987).
Examination of the cerebrospinal fluid of cholinergic NF-H rats revealed that
they contain high levels of anti cholinergic NF-H IgG (Figure 4), which
correspond to more than ten percent of the anti cholinergic NF-H IgG
present in the sera of these rats (see insert to Figure 4). This may suggest
that the IgG which accumulate in septal and hippocampal neurons (Figure 1)
leak into the brain across the blood-brain barrier and are then taken up by
these neurons. However, since high IgG levels were found in white matter
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FIGURE 3. The effect of the duration of immunization with cholinergic
NF-H on the extent of accumulation of IgG in the corpus callosum. Brains of
cholinergic NF-H (¢ ) and control rats ( O ) were excised at the indicated
times. IgG in sectioned corpus callosum tracts were visualized immunohisto-
chemically utilizing biotinylated anti rat IgG and their levels were estimated
from the intensity of labeling on a scale of 0-4. Results presented correspond
to the average + S.E. of three sections per brain which were obtained from
three cholinergic NF-H and three controls rats.
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tracts of the cholinergic NF-H rats, it is also possible that they enter the brain
by retrograde axonal transport from neurons projecting outside the blood-
brain barrier. In fact, both mechanisms may contibute to the penetration of
IgG into the brain.

Any animal model attempting to replicate features of AD related to anti
cholinergic NF-H IgG should manifest cognitive impairments. This possibility
was examined utilizing T-maze alternation and discrimination tests (Tonkiss
et al., 1990). Both the cholinergic NF-H and the control rat groups exhibited
improved performance during the acquisition phase of the T-maze alternation
test. However, the cholienrgic NF-H group demonstrated a deficit relative to
the controls in choosing the correct arm on the choice trials throughout the
course of acquisition (Chapman et al., 1991). After the cholinergic NF-H rats
reached a level of performance similar to that of the controls (no delay phase
in Figure 5) a 30 second delay was introduced between the information and
choice runs and the experiment was continued for an additional 5 days. This
delay caused a severe impairment in the performance of the cholinergic NF-H
rats compared to controls (Figure 5). Administration of the acetylcholinester-
ase inhibitor physostigmine (0.5 mg/kg subcutaneously 30 min prior to testing)
virtually abolished the impairment in performance of the cholinergic NF-H
rats. This suggests that the deficit in short-term memory of the cholinergic
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FIGURE 4. Measurements by means of enzyme linked immunosorbent assay
(ELISA) of anti Torpedo cholinergic NF-H IgG in the serum (A) and
cerebrospinal fluid (B) of NF-H (' ) and control rats ( O ). The insert
depicts serum and cerebrospinal fluid dilutions of cholinergic NF-H rats
which yield similar anti cholinergic NF-H IgG levels. Results presented are
average + S.E. of seven rats in each group. The ELISA was performed
according to Chapman et al. (1991).
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NF-H rats is associated with central cholinergic dysfunction. In contrast with
the T-maze alternation test, the cholinergic NF-H and control rats perform
similarly when tested by a position discrimination paradigm on the T-maze
(Chapman et al., 1991), suggesting that the reference memory of the rats is
not impaired by immunization with cholinergic NF-H.

The impairment in“short term (working) memory of cholinergic NF-H
immunized rats is similar to deficits previously observed following
septohippocampal lesions of the cholinergic nuclei which project to the
hippocampus (Smith, 1988). This similarity together with the observation that
IgG accumulates in the septum and the hippocampus and the associated
histopathological findings, all suggest that the cognitive impairment of the
cholinergic NF-H rats is due to IgG induced neuronal dysfunction of the
septohippocampal system.
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FIGURE 5. The effect of physostigmine on the performance of cholinergic
NF-H and control rats in a T-maze alternation test. Rats (n=10 in each
group) were first subjected to a T-maze alternation test with no delay for 15
days. Results presented are the mean # S.E. of the number of correct choices
out of 8 trials per day obtained during four subsequent and consecutive phases
of the experiment (0 delay, 30 sec delay, 30 sec delay + physostigmine and 30
sec delay without physostigmine) each of which lasted for 5 days.
Physostigmine (0.5 mg/kg) was administered subcutaneously 30 min prior to
testing.

This animal model, termed Experimental Autoimmune Dementia (EAD),
mimics some of the cognitive impairments characteristic of patients with AD
(McKhann et al., 1984; Sahakian et al., 1988; Albert et al., 1989) and provides
indirect evidence for the involvement of the AD anti NF-H antibodies in the
pathogenesis of this disease. Continued study of this model will further our
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understanding of the role of anti cholinergic NF-H antibodies in the
cholinergic degeneration in AD. Such autoimmune mechanisms may
ultimately become a target for therapeutic intervention in this disease.
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The decline in cognitive functions in aged humans and in other species,
or their loss in senile dementia of the Alzheimer’s type (SDAT), is attributed
mainly to an impairment of cholinergic activity in the brain cortex and hippo-
campus.

Because of the existence of compensatory phenomena intrinsic to a
defined neurotransmitter system, the morphological and "in vitro" evaluations
have severe limitations in establishing the existence of an age-dependent
malfunction in that system and in its relation with other neurotransmitter
systems, due to loss of supra-molecular and supra-synaptic integration. In
analogy with Wu et al. (1988), we have investigated in rats of various ages
cholinergic activity in the brain by microdialysis coupled with enzymatic and
electrochemical detection in HPLC.

Acetyl-L-carnitine (ALCAR) is an endogenous substance able to stimulate
acutely the release of ACh in the hippocampus of the awake freely moving rat
(Imperato et al., 1989). ALCAR injected i.c.v. in mice increases the brain
concentration of acetyl-CoA (Angelucci et al., in preparation), due to the
presence of carnitine-acetyltransferase (CaAT) co-localized to a significant
degree with pyruvate-dehydrogenase in cholinergic terminals (Sterri and
Fonnum, 1981). The active acetate so produced can be directly utilized for
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ACh synthesis in rat’s brain slices (Gibson and Shimada, 1980; Dolezal and
Tucek, 1981) and synaptosomal membrane preparations (White and Scates,
1990). ALCAR stimulates the synthesis of choline-acetyltransferase in PC12
cells (Taglialatela et al., 1990), as well as of CaAT (White and Scates, 1990).
Long term treatment with ALCAR in rats prevents the age-dependent reduc-
tion in high affinity choline uptake of brain cortex and hippocampus synapto-
somes (Curti et al., 1988), and in NGF binding in hippocampus and basal
forebrain (Angelucci et al., 1988).

Age-dependent changes in basal release of ACh in the striatum and hippo-
campus of male Sprague-Dawley (SD) and Fischer 344 (F344) rats.

As illustrated in Table I, we have found in both striatum and hippocampus
a strong age-dependent dissociation between concentration and basal release
of ACh. While the content showed some tendency to a decrease in the F344
only, the release was strongly reduced in both F344 and SD rat. The decrease
was already evident at 18 months in the F344 strain (30 and 40 % residual vs
4 months, respectively), and very huge at 31 months (16 and 18 % residual vs
4 months, respectively).

STRIATUM HIPPOCAMPUS

Months Fischer (4) Sprague-Dawley Fischer (4) Sprague-Dawley
of age

REL CON REL CON REL CON REL CON
4 625 760 2350 (4) 124 (4) 515 249 950 (4) 73(4)

+60 +65 +50 +9 +114 +35 140 £5
9 670 522" 385 168

+60 +32 18 +31
18 199" 719 203" 313

152 74 +33 246
26 240™ 577 600 (8)™ 107 (8) 100™ 250  180(8)" 53(8)

214 97 93 +11 129 16 +70 35
31 99™ 563 95™ 190

13 +36 +9 +27

TABLE 1. Basal ACh release (REL: fmoles/min) from and content (CON:
pmoles/mg protein) in the striatum and hippocampus of intact freely moving
SD (decapitation) and F344 (head microwave irradiation) at various ages.
and : 5 and 0.1 % significant difference vs 4 months, respectively.

Probing the cholinergic synapse in the hippocampus of the male F344 rat at

various ages with cholinergic agents and glutamatergic agonists.
On the basis of our previous finding of a change in the number of M,

(increase) and M,-M; (decrease) receptors (R) in various brain areas of the
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aged rat (Angelucci et al., 1990), and considering that the impairment in the
release of ACh might be a consequence of this change, we have explored the
pharmacological sensitiveness of the cholinergic synapse. As shown in Fig. 1,
atropine, an aspecific blocker of muscarinic receptors (both pre- and post-
synaptic), administered i.p. in intact freely moving aged male F344 rats pro-
duced, as expected, an increase in the basal release of ACh. However, this
effect was remarkably less when compared with that in young animals. A great
difference between young and aged rats, but in the opposite direction, was
also observed, as shown in figure 1, in the case of the increase in basal release
of ACh produced by pirenzepine (which under condition of brain microdialysis
given i.p. was as active as given in the dialytic fluid), prevalently acting at the
dose or concentration used in these experiments as a specific blocker of the
M, receptor (post-synaptic). AF-DX 116, a relatively specific blocker of the
M, receptor (pre-synaptic), administered i.p., as shown in figure 1, produced
in aged rats an increase in the basal release of ACh of the same magnitude
as in the young ones. 4-DAMP, a relatively selective blocker of the M,
receptor, administered in the dialytic fluid because incapable of
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FIGURE 1. The increase in ACh release in the hippocampus of 3 month ),
24 month (O) and 6 month-ALCAR treated 24 month (T) old 3 F344 rats in
response to atropine 10, pirenzepine 50 (* SD and F344: 3 and 10 in Y, 3 and
15in O, 3 and 3 in T, respectively), AF-DX 116 50, nicotine 3.6 umoles/kg
ip., and 4-DAMP 10 uM in the dialytic fluid. Mean values + S.EM. of the
AUC response as % of the basal value x time (180 min for each drug, except
80 min for 4-DAMP). Significant difference: ~ and ™", 5 and 1 % vs Y;¥,5%
vs O.

crossing the blood-brain barrier when given i.p., produced in aged rats, as
shown in figure 1, an increase in basal release of ACh far smaller than in
young ones.

Nicotine, an agonist of a nicotinic receptor subtype (pre-synaptic auto-
receptor exerting a facilitatory control on the release of ACh), administered
i.p. produced, as shown in figure 1, a large increase in the basal release of
ACh, of the same magnitude in both young and aged rats.
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On the basis of the above results, it would appear that in the aged male
F344 rat, the cholinergic synapse is characterized by an increased sensitiveness
to the pharmacological block of the postsynaptic muscarinic receptor M, and
a reduced one to the block of the pre-synaptic M receptor, the latter credited
as the site of a negative feedback by ACh modulating its own release (De
Boer et al., 1990).

Therefore, and taking into account that the sensitiveness to block of the
M, receptor is unchanged in aged rats, one might expect an increased basal
release of ACh compared with the young ones; but the case being just the op-
posite, one might interpret the above situation as indicative of an impairment
of the cholinergic synapse, leading to the age-dependent decrease in basal re-
lease of ACh in the hippocampus. An impairment not attributable, however,
to loss of cholinergic terminals mainly, since the pre-synaptic M, receptor is
apparently conserved, the concentration of ACh is not reduced, and,
moreover, the sensitivity of the cholinergic synapse to the release increasing
effect of nicotine is fully preserved. The impairment might be caused by age-
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FIGURE 2. NMDA binding capacity (H>-CGS 19755 B,,,, in pmoles/mg
protein) on left, and, on right, % change in ACh release in response to
NMDA and quisqualate 10 uM in the dialytic fluid in the hippocampus of 3
month (Y or circles) and 24 month (O or dots) old male F344 rats. Mean
valuest SEM.. : 5 % significant difference vs young, (Basal value: young,
320; old 199 fmoles/min).

dependent changes in the function of another neurotransmitter and/or recep-
tor with a facilitatory role on the release of ACh, for instance glutamate. That
this mechanism could be in play is demonstrated, as shown in figure 2, by the
reduced number of NMDA binding sites in the hippocampus of the aged rat,
as well as by the reduced increase in the release of ACh in response to
NMDA (class A; glutamate receptor agonist) and quisqualate (class A,
agonist), compared with young animals.



138 L. Angelucci et. al.

On the consideration that at any age and with regard to various neuro-
chemical parameters (and their behavioral expression), a large divergence in
individual values is found in a population assumed to be homogeneous, the
important remark must be made that an ample dissociation between chrono-
logical and biological aging can be encountered, and that, consequently, a
definition of the natural structure of the population is indispensable when
studying the effect of a drug assumed to act as a preventative of age-
dependent deterioration.

Protection from age-dependent changes in the function of the cholinergi
synapse in the hippocampus by long term treatment with ALCAR in the male
rat.

Rats treated with ALCAR 75-100 mg/kg per day in drinking water
starting at the age of 18 months, when 24-26 month-old showed a slightly
higher basal release of ACh in their hippocampus compared with their age-
matched controls; both groups were significantly different vs 4 month-old rats.
However, because the individual values in the total population were neither
normally nor continuously distributed the non-inferential Cluster analysis was
applied, the results of which is illustrated in Table II

CLASSES IN FMOLES/MIN

105-240 240-440 440-885 >885 Probability

Y (53) 132 56.6 2.0 57 YvT: 90x10%
0 (45) 66.0 24.0 9.0 00 OvY:28x107
T (31) 480 52.0 0.0 00 TvO:19x102

TABLE II. Cluster analysis of ACh basal release in the hippocampus of 3-4
month (Y), 24-26 month (O) and 6 month-ALCAR treated 24-26 month (T)
old male F344 rats. Values are % of animals in each class. Statistically signifi-
cant differences between age-groups in the distribution were evaluated by 3x4
Fisher exact test.

It was evident that the young population distributed in four classes, and
that the effect of ALCAR in the aged rat consisted in reducing the population
in the lowest class, while increasing its density in the immediately upper one.
From these results, again the conclusion must be drawn that the knowledge
of the natural structure of a population is a prerequisite to the assay of a drug
assumed to affect age-dependent changes.

Comparing treated rats with their age-matched controls as to the increase
in ACh release in the hippocampus as a response to the administration of the
M receptor blockers and of an N receptor agonist (nicotine), it became
evident, as shown in figure 1, that ALCAR, while not affecting the response
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when this was at the level of the young rat -the case of AF-DX 116 - could
restore to "young" values the response when this was changed age-dependently
- the case of atropine, pirenzepine and 4-DAMP. ALCAR could also increase
the response to nicotine compared not only with the age-matched controls, but
even with the young ones.
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FIGURE 3. From left to right: basal ACh release, NMDA binding capacity
(H-CGS 19755 B, .. in pmoles/mg protein), density of vesicles in giant
synapses (number per field) and length of membrane apposition (total per
field in pm) in the hippocampus of 24-26 month old and age-matched 6
month ALCAR-treated male F344 and SD rats. Mean values + SEM.. : 5
% significant difference vs O.

Measurement of the binding capacity for NMDA, and evaluation of the
number of (glutamate) vesicles in giant synapses, as well the length of their
apposition revealed, as illustrated in figure 3, that long term treatment with
ALCAR was also able to protect from age-dependent changes the glutamat-
ergic system in the hippocampus.

All in all, ALCAR, directly and/or indirectly through the glutamatergic
system, preserved to some extent the functionality of cholinergic synapse in
the hippocampus from the age-dependent impairment. The mechanism of this
protective effect is likely a metabolic one.
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SDAT MODELS AND THEIR DYNAMICS
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INTRODUCTION

Sdat Models Presented At This Meeting

It is a foregone conclusion that the major part of the battle for the cure
of a human disease is won when an appropriate and specifically pertinent
animal-model becomes available.

Three investigators, Daniel Michaelson, Vahram Haroutunian and
Luciano Angelucci, presented at this Symposium three animal models that
appear to be helpful for the understanding or treatment of senile dementia of
Alzheimer type (SDAT); these models concern, respectively, normal aging,
multitransmitter processes and generation of amyloid plaques, and immuno-
biologically inflicted damage.

Do these models fulfill the category of "appropriateness and pertinency",
referred to above? What are the parallelisms - such as those of the time
dynamics - between these models and SDAT? How do these models reflect
some of the hypotheses or speculations that are currently posited for SDAT?
It is useful, before answering these questions, to review all the current models,
including the three models that are presented here, and evaluate them with
respect to these questions.
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Models Available

Many animal models were evolved over the last 20 years; furthermore,
several human models are available. The pertinent paradigms will be listed
and briefly commented upon.

The animal models that are being currently used include the paradigms
presented at this Symposium by Haroutunian, Angelucci and Michaelson, as
well as some fifteen additional paradigms (Tables I and II).

TABLE I. Animal Model I

Aging rodents

NBM and other CNS lesions
Surgical

AF84A (Calhoun-Hanin-Fisher model)

Kainic, ibotenic and quisqualic
acids

NMDA

Colchicine
Multitransmitter damage

Use of antibodies
ChN antibodies
NFTs antibodies

Haroutunian referred in his presentation to the currently popular models
which involve the lesions to nucleus basalis magnocellularis (NBM); depending
on the model, the lesion can be effected by surgical or chemical means (Table
I). In the latter case, the procedure may be more or less specific and involve
antibodies to cholinergic neurons and neurofilaments, a model discussed at
this Symposium by Michaelson, and cholinotoxins such as the aziridinium
derivatives, exemplified by AF64A, employed early by Colhoun and his
associates (see Clement et al., 1975) and subsequently evaluated in detail by
Hanin, Fisher and their associates (see Hanin et al., 1987), or it may employ
generalized neurotoxins such as kainic acid and n-methyl d-aspartate
(NMDA). Related models involve chemical or surgical lesions to the
septohippocampal pathway. An interesting variant of the NBM lesion model
includes the use of neurotoxins or blockers which affect transmitters other
than acetylcholine (ACh; Table I); Haroutunian who pioneered this model
(see Haroutunian et al., 1990) referred to it in his presentation; the theoretical
implications of this model will be discussed subsequently.
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The models listed in Table II, while less popular today than those
involving the NBM lesions, may have a significance with respect to the
possible etiology of SDAT. Thus, the use of aluminum as a model was based
on the early, probably erroneous findings of high aluminum levels in brain of
SDAT cases (see Hetnarski et al., 1980). Similarly, a model approach to
SDAT may be based-on the notion that the generation of superoxides -
products of normal metabolism - when not balanced by the antioxidant

TABLE II. Animal Models II

Aluminum-induced injury

Injury due to bioamine metabolism condensation
products and related compounds

Head injury and trauma

Antioxoidants and free radicals

OP drugs and TOCP-induced effects

Pathogens, prions, scrapie-induced damage

Use of false cholinergic precursors

Metabolic (oxidation) errors and/or anoxia

defense - the storage of catalysts of the superoxide formation such as iron

and aluminum or the action of antioxidants such as flavinoids - may result in
the generation of free radicals and critical neuronal damage (Table II; see
Halliwell, 1989); paradoxically, the overproduction of the natural antioxidants
may also result in neuronal damage. Another etiologic consideration underlies
the head trauma or injury model (Table II). Indeed, there is an significant
epidemiological association between the head trauma and SDAT (see, for
example, Borenstein et al., 1990), and Luria (1973) described a number of
head injury cases who exhibited classical SDAT symptomology; this particular
model was not exploited in the form od an animal paradigm. Still another
model which is based on a possible etiology of SDAT involves faulty choline
and/or acetylcholine metabolism (Table II), including that evoked either by
the use of false precursors (Jenden et al., 1989) or by deficit of free choline
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leading to "self cannibalism" of the membranes of the cholinergic neurons, as
proposed by Wurtman and Blusztajn (see Wurtman, 1987); still another
possible metabolic error may involve a deficit of oxidative metabolism and/or
anoxia which should lead to decrease of ACh synthesis and/or malfunction -
both peripheral and central - of membrane transport systems (Blass and
Zemcov, 1098).

Another etiologic concept which also concerns a metabolic error should
be mentioned here although it was not applied so far in the field of SDAT;
this concept deals with neurotoxicity due to the products of the condensation
of catechol- and/or indole-amine metabolites with endogenous aldehydes
(Collins, 1988; Table II). As this concept was most heuristic in the area of
parkinsonian disease, could an analogous model be developed for the systems
pertinent for SDAT? Yet another model based on still another etiological
concept involves delayed toxicity of organophosphorus (OP) anticholinesterase
agents and /or related drugs such as tri-o-cresyl phosphate (TOCP; Table II),
as these compounds produce long-lasting neuronal and/or axonal toxicity in
animals (Johnson, 1980; Karczmar, 1984) and neurological conditions
resembling ALS and, to an extent SDAT (see Karczmar, 1984).

The prion hypothesis of degenerative nervous disease, proposed first by
Prusiner (see Scott et al., 1987), while well substantiated in the case of scrapie
sickness in animals and Creutzfeldt-Jacob disease in man is lacking in the case
of SDAT (see Scott et al., o. ¢.), mainly because the prion protein appears
unrelated to the proteins of senile plaques and neurofibrillary tangles (NFTs);
yet, this and related models continue yielding information important in the
area of SDAT.

Now, as to the human models. These may be under exploited at this
time; indeed, certain syndromes such as the hebephrenic schizophrenia and
the syndromes - in many respects resembling SDAT - exhibited in some cases
of normal pressure hydrocephalus and ALS with accompanied dementia were
not compared with SDAT in terms of cognitive and memory parameters, or
in terms of such biological entities as neurotransmitter levels, characteristics
of the formed blood elements, etc. On the other hand, this type of studies
were carried out to a degree with respect to Down's, Creutzfeldt-Jacob and
Guam complex disease; while they could be differentiated from SDAT on the
basis of the specific proteins of their respective plaques and tangles, the
comparison between these disease states and SDAT with respect to such
parameters as the transmitter systems is very incomplete (it appears - but is
not by any means certain - that in Down’s disease there is a loss of cholinergic
neurons; see Price et al., 1982). At any rate, farther use of these models is of
obvious interest.
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CERTAIN NOVEL SPECULATIONS WITH RESPECT TO SDAT

Certain notions as to the origin and etiology of SDAT - such as, for
example, the aluminum and free radicals hypotheses - were already referred
to. Certain newer, exciting speculations were posited recently by several teams.
These include the "compensation cascade”, or the Cotman-Butcher-Woolf
model, the Ca*** and excitatory amino acids imbalance, or the Mattson-
Siman-Greenmayre paradigm, and the related concept of abnormal phos-
phorylations, the Ueda-Kosik-Grunke-Igbal model.

The elements of the "compensation cascade" as described by the
originators of this hypothesis, are diagrammatized in the Figure 1 (see Butcher
and Woolf, 1990; Cotman et al., 1990).

Degeneration and/or injury

Free radicals, environmental factors,
changes in GFs, hormones,
neurotransmitters and/or metabolism

J

GFs 2 GIFs
GFs —> APPmMRNA

¥

Altered cytoskeletal proteins

Non-degradable
preplaques & NFTs

¥

Extracellular Accumulation
of plaques and NFTs

v

Senile plaques and NFTs
FIGURE 1. Cascade of Compensatory Events

GFs — < Pps

To comment on the diagram with inexcusable simplicity, the basic
speculation concerns an imbalance between the inhibitory and facilitatory
growth factors (GIFs and GFs), this imbalance speculatively being due to
factors mentioned already in the earlier Section of this presentation, such as
free radicals and/or environmental challenges. This imbalance alters the
cytoskeletal proteins leading to the formation of preplaques and their
subsequent accumulation into senile plaques and NFTs; this final step is
facilitated by the high affinity of GFs and plaque precursor proteins (Pps, see
Figure 1) to the preplaques or plaques.

The speculation which involves high free Ca* * and excitatory aminoacids
(EAAs; Figure 2) was proposed by several investigators including Mattson,
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Siman, Greenmayre and their associates (Greenmayre and Young, 1989;
Mattson, 1990; Siman et al., 1990).

Again in a nutshell, Ca* * misregulation may be induced by abnormal
activity of EAAs, the high free Ca* * levels producing neuronal degeneration
including the formation of NFTs and of the microtubule-associated tau
proteins (MAPs; Table VI). In addition, free Ca* * may catalyze the activity
of the Ca* *-dependent proteinase, calpain, this activity again contributing to
the formation of MAP and amyloid precursor proteins (Pps; Figures 1 and 2).
Other phosphorylations may be also cascaded by the outflow of free Ca* ¥,
leading to additional formation of tau proteins (Table IV and Figure 2), as
suggested by Kosik et al. (1988), Ueda et al. (1990) and Igbal and Grunke-
Igbal (Igbal et al., 1989).

EAAs" and loss of EAARs

\l/ <

[Cat+]

Excitotoxic calcipain;
Effect phosphorylations

N
Abnormalization of T
and NFT proteins

MAPSs, NFTs

R Other speculative factors: GFs, amyloid,
mineral-hormonal-nt imbalance

FIGURE 2. Ca** and EAAs Imbalance.
DYNAMIC CHARACTERISTICS OF THE VARIOUS MODELS

Do these various models and speculative mechanisms represent faithfully
SDAT? How do they compare in this respect, as well as each other?

In this context, let us remind ourselves of the main characteristics,
organic and behavioral, of SDAT (Tables IIT and IV). What needs stressing
is that, as prevalent and as marked are the changes in the course of SDAT in
ACh synthesis, many other transmitters are involved as well, and, among
those, serotonin (5-HT), somatostatin and GABA are quite markedly affected
(Table IV). Second, SDAT is particularly characterized by the degenerative
accumulation of senile plaques and NFTs and their constituents, high
molecular weight proteins (NF-HPs), microtubule-associated proteins (MAPs)
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or tau proteins, amyloid precursor proteins (APPs) and specific proteins such
as A68, A100, etc. (Table IV; see Brocklehurst et al., 1991). Furthermore, the
proteins and structures in question are insoluble under laboratory conditions
and resistant to the proteolytic attack (the extent of this resistance is being
discussed at this time), and the organic and behavioral parameters shown in
Tables III and IV, respectively, are irreversible and progressive.

TABLE III. SDAT: Main Organic Manifestations

NEUROTRANSMITTER CHANGES

ACh (CAT; AChE), NE (DA -hydroxylase),
5-HT (Sq & Sp; SHIAA). DA?

Somatostatin, CRF, galanin, glutamic acic, GABA

Degenerative Elements

Excessive accumulation of perikaryonic, fibrous
proteins

NFTs (PHFs): MAPs (tau Ps); ubiquitin; NF-HPs
Vascular amyloidosis

Neuronal and non-neuronal (glia; blood vessels?)
elements: APPs (APP 675, APP 757. . .); A68,5100

Now, a number of animal models (see Tables I and II) share with each
other, and with SDAT, the feature of the cholinergic deficit; in fact, the aging
model presented at this symposium by Luciano Angelucci exhibits, besides the
deficit in ACh release and ACh synthesis, also some abnormalities of
phospholipid and choline metabolism as shown be Angelucci and his
associates (Aurelli et al., 1990) as well as in this laboratory (Saito et al., 1986),
this being in keeping with the speculation posited by Wurtman, Blusztajn and
their associates (see Wurtman, 1987). It is even more interesting that some of
the models which exhibit the cholinergic deficit may exhibit as well plaques
and/or NFTs, although this matter may be controversial. Thus, sparse
information exists as to the plaque formation by Al*** and colchicine
(Hetnarski et al, 1980; Represa and Ben-Ari, 1989); furthermore, as
presented by Vahram Haroutunian and his associates at this meeting (see
Wallace et al., 1991), NMDA-evoked lesions of NBM may cause, besides the
cholinergic lesion, also the appearance of APP. Now, does aging, with its
proven cholinergic deficit, exhibit as well characteristic plaques and/or NFTs
So far, the presence of these elements in aged animals was not established; as
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to the aged humans, it is a matter of controversy at this time whether or not
these elements while present in aging in numbers and density lesser than
those exhibited in SDAT, are stereochemically identical with the SDAT
abnormal amyloid proteins (Agnati et al., 1990).

TABLE IV. SDAT: Main Behavioral Manifestations.
FEATURES

Core: Memory and Cognitive Impairments

Secondary:  Impairments in Interpersonal and
Environment - Individual Relations,
and Adaptive and Associative Behavior

STAGE

Early: Change in Mood, Including Appearance of
Aggression; Loss of Spatial Orientation and
Memory

Intermediate: Anxiety, Uncooperativity and
Communication Deficit

Late: Apathy, Loss of Responses to Most Stimuli,
Word Infantilism, Incontinence, Seizures
and Difficulty in Swallowing

What then about the multitransmitter characteristic of SDAT? Paradoxi-
cally, at one time there was a tendency of the pertinent investigators to
demonstrate the cholinergic specificity of such models as the AF64A model;
actually, it may be more to the point to demonstrate a multitransmitter nature
of this and other models; in fact, the deficit in cholinergicity is bound to evoke
changes in other transmitters (see Karczmar, 1981), and, actually, the AF64A
model does involve more than ACh, as does, for example, the Al* ** model
(Hanin, 1990; Zubenko and Hanin, 1989). In this context, an attractive
approach is that of Vahram Haroutunian and his associates as they use a
multimanoeuver approach to involve the major transmitters or modulators
which seem to be affected by SDAT (Haroutunian et al, 1990).

Next, there is the progressive, irreversible aspect of SDAT; there is a
problem here! Initially, there was some indication of relatively fast recovery,
following chemical or surgical lesions of NBM, of neurons and/or cholinergic
system; in fact, overcompensatory sprouting arises as well (Gage and
Bjorklund, 1981) and certain aminoacids become elevated (Millard et al.,
1990). At this time, it appears that the cholinergic deficit evoked by a number
of paradigms, including the use of false cholinergic precursors (Donald
Jenden, personal communication) may be quite long lasting (see, for example,
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Maysinger et al., 1989, and EL Tamer et al., 1991). Yet, this is a far cry from
the progressive aspects of SDAT; furthermore, the background of some
recovery exhibited by the models in question and of the overcompensation
may have a special meaning for the action of remedial agents, such as
gangliosides or antiChEs, a meaning that may be absent in SDAT.

On the other hand, there are the models with respect to which the
cholinergic deficit is not existent or is not demonstrated as yet; such models
include the use of prions and related pathogens and the condensation
metabolites, superoxide generation, and the induction of compensation
cascade, abnormal phosphorylation, and of Ca* * and EAAs imbalance (see
Tables I and II, and Figures 1 and 2). Here, the problem is that while with
some of these paradigms the formation of plaques, NFTs and abnormal tau
proteins could be established, mainly in vitro, there is so far no evidence
relating these changes to the pertinent brain pathways and neurotransmitter
systems, including the cholinergic system.

The final comment must be made with respect to the relevance of the
models with respect to the behavioral and mental aspects of SDAT (Table
IV). It is quite true that many animal models employed, including particularly
those which involve NBM lesions exhibit learning and memory deficits as well
and certain cognitive malfunctions analogous to the pertinent features of
SDAT, and this may be particularly true in the case of the model employed
by Haroutunian and his associates. On the other hand, some features are
lacking in the case of the animal models, such as aggression (see Table IV);
and, some mental features of SDAT may not be observable or measurable in
animals. It may be added that, in correspondence with their unproven relation
to the SDAT-strategic central pathways, the behavioral relevance of certain
models, such as those involving the compensatory cascade is unsubstantiated
as of this time.

FINAL COMMENT

Undubitively, the many models available are useful in developing our
understanding of SDAT and in screening new treatments. Furthermore, many
models, including pertinent human disease were barely evaluated, and their
further development may render them important and pertinent. Also,
additional models should be developed - what about combining several
maneuvers? What about using lesions and other paradigms in aged animals?

However, at this time,it may be unanimously agreed that all the present
models are, to various degrees, unsatisfying and/or incomplete. The main
problem is, of course, that the animals do not suffer from SDAT, or SDAT
was not demonstrated in animals, or, finally, SDAT was not, so far, induced
in animals. In other words, experimental animal models do not produce
symptoms analogous with those of SDAT. The problem here is that, finding
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an analogous animal model for SDAT may be synonymous with discovering
the nature itself of SDAT...
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TOXICOLOGICAL LIMITATIONS TO CHOLINOMIMETIC
THERAPY
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Department of Toxicology, Karolinska Institute, Box 60 208,
S-104 01 Stockholm, Sweden

INTRODUCTION

Within the amount of space available, it is not possible to deal with all
cholinomimetic agents. We have therefore limited ourselves to two com-
pounds, THA (tetrahydroaminoacridine) and metrifonate. Due to its use in
AD, a considerable number of clinical papers exist concerning THA, but basic
toxicology data seem to be largely missing. With regard to metrifonate, a
considerable number of both clinical and toxicological data exist due to its use
as an insecticide and in the therapy of schistosomiasis. A short review of this
compound was given at the last symposium on AD (Giacobini E and Becker
R, 1988) and metrifonate was suggested as a possible treatment in AD. So
far, only one publication has appeared in this particular ficld (Becker et al.,
1990). This review will focus mainly on toxicological data in review papers.
It also includes a section on butonate that can possibly be of use to achieve
a prolonged cholinesterase inhibition (ChEI).
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TETRAHYDROAMINOACRIDINE

No comprehensive modern review of THA seems to exist. A review of
the literature on its use in overdose cases was written by Summers et al., in
1980. This was before the compound had been used in AD.

Measurements of acute toxicity do exist, LDs, has been reported to be
25 mg/kg subcutaneously in mice (Rubbo, 1947), 33 mg/kg i.p. in mice and
35-40 mg/kg in rats (Summers, 1980).

No longtime studies of chronic toxicity/carcinogenicity seem to exist.
With regard to the toxic effects of THA one is largely referred to side-effects
noted during clinical trials. They include abdominal cramps, nausea, vomiting,
pollakiuria, dizziness, diarrhea, ptyalism, excessive sweating, palpitations,
paresthesiasis and rash (Gauthier et al., 1990). Changes in liverfunction tests
have been noted by several authors. The pathological picture is that of a
drug-induced granulomatous hepatitis. Ames et al., (1988) concludes:

"Although the frequency of hepatic reactions with THA is greater than
that with any other accepted drug therapy, the improvement in cognitive
functioning in patients with Alzheimer’s disease treated with continuous THA
suggests that clinical trials should continue because liver biopsy in this patient
did not reveal a primary hepatocellular necrosis. Careful monitoring of liver
function is needed so that early evidence of an adverse drug reaction can be
detected, when the drug should be stopped and not reintroduced."

One patient developed jaundice after receiving the drug for three weeks.
Histologic examination showed extensive hepatocellular necrosis. Recovery
was complete within 5 weeks of drug withdrawal (Hammel et al., 1990).

However, in a study where mice were administered THA in clinical doses
during 4-6 months (Fitten et al., 1987), a lack of toxicity was indicated by a)
a significant but only slight elevation of ornithine transcarbamylase activity in
blood serum; b) no abnormality of liver tissue as revealed with light
microscopy; and c) no gross pathology in visceral organs.

In an isolated hepatocyte system (Dogterom et al., 1988), THA caused
cell death within 3 h at a concentration of 3 mM. Elevation of the cellular
vitamin E content strongly delays the toxicity of THA.

THA is an inhibitor of ChE. According to Dawson (1990), THA has all
the characteristics of a truly reversible inhibitor, namely: inhibition is reversed
by dilution, is independent of time, decreases with increasing substrate
concentration and is reversed by dialysis. ChE activities reported could
therefore be questioned. THA, like other ChEI, decreases the rate of
synthesis of ACh in mouse brain (Nordgren et al. - unpublished results).

The effects of THA on central cholinergic mechanisms may not be
entirely due to enzyme inhibition. THA might also stimulate the release of
ACh by blocking potassium channels, or act directly on nicotinic or
muscarinic receptors, thereby increasing cholinergic activity (Kumar and
Becker, 1989). Thesleff et al.,, (1990) have reported the appearance of a



Limitations to Cholinomimetic Therapy 157

population of miniature endplate potentials with more than twice the normal
amplitude.

METRIFONATE

Metrifonate is also called trichlorfon and bears many other commercial
names. Detailed review articles of toxicological and pharmacological actions
are available [Holmstedt et al, (1978) and Metrifonate and Dichlorvos
Symposium, (1980); Gallo and Lawryk (1991) and Holmstedt and Nordgren
in Giacobini and Becker, (1988)]. Because of the fact that the compound has
been used both as an insecticide and in therapy, a wealth of information is
available which will be summarized here.

Metrifonate is a compound with a moderate to low toxicity. Oral LDg,
values of technical trichlorfon in laboratory animals range from 400 to 800
mg/kg body weight. Metrifonate intoxication causes the usual or-
ganophosphate cholinergic signs attributed to accumulation of acetylcholine
at nerve endings.

Short-term toxicity studies have been carried out in rats, dogs, monkeys
and guinea pigs. Rats exposed for 16 weeks to 100 mg/kg in the diet were
unaffected. At higher dose levels cholinesterase activity was reduced.
Twentysix weeks of oral intubation of 0.2 mg/kg daily to monkeys was well
tolerated. A 12 month dog study at a level of 240 mg/kg diet caused no ill
effects or cholinesterase depression.

Long-term toxicity/carcinogenicity evaluations have been carried out in
several mouse studies following dietary offerings from 100 to 2700 mg/kg
trichlorfon of feed. Cholinesterase inhibition was absent at 100 mg/kg and
below, and increased tumorigenicity was not demonstrated at the highest dose
tested. Data do not provide evidence of carcinogenicity in either rats or mice
following long-term exposure to trichlorfon by the routes of exposure.

Metrifonate has been reported to have a DNA alkylating property. The
trichlorfon mutagenicity data results over the last 20 years have been partly
positive and partly negative, possibly from effects derived from the presence
of its conversion product, dichlorvos. A large number of in vitro mutagenicity
studies of both bacterial and mammalian cells show positive results.

Studies in mice, rats and hamsters indicate that trichlorfon produces a
teratogenic response in rats at high doses producing maternal toxicity.
Metrifonate exposure to pigs and guinea-pigs during pregnancy during specific
time periods results in lack of development of the central nervous system
including the brain and spinal cord.

The major transformation product of metrifonate in mammals is
dichlorvos, which is estimated to be at least 100 times more toxic than
metrifonate. Metrifonate is considered to be a slow release reservoir for
dichlorvos. It undergoes transformation to dichlorvos (2,2-dichlorovinyl
dimethyl phosphate) via dehydrochlorination in water, all biological fluids and
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tissues at pH values higher than 5.5, this product being a physiologically active
anticholinesterase. The main routes of degradation would appear to be
demethylation, P-C bond cleavage and ester hydrolysis via the dichlorvos.
The major metabolites of metrifonate found in vivo are demethyl trichlorfon,
demethyl dichlorvos, dimethyl hydrogen phosphate, methyl hydrogen
phosphate, phosphoric acid, and trichloroethanol, the latter being found in
urine as a glucuronide conjugate. See scheme of degradation and metabolism
for butonate and trichlorfon

There are reports where exposure to metrifonate has caused acute toxic
effects and delayed neurotoxicity. In severe poisoning cases, where the victim
survived following treatment, delayed polyneuropathy mostly of distal motor
type has occurred within a few weeks. This is characterized as weakness of
lower limbs, and associated with inhibition of NTE (Neuropathy-Target-
Esterase). For fatal cases, autopsy findings showed ischemic changes in brain,
spinal cord, and vegetative ganglia, moderate destruction of myelin sheath in
the spinal cord and brain peduncles and structural changes in the axons of the
peripheral nerves (Johnson, M., in Metrifonate and Dichlorvos, 1980).

Metrifonate has been extensively used in the tropics in control and
treatment of schistosomiasis in humans. The most recent dosage used is 5 mg
three times in a single day. This seems to be well tolerated (Aden Abdi,
1990). Higher dose level causes severe cholinergic symptoms.

BUTONATE

The sequence of events leading to the discovery that metrifonate acts
through the formation of dichlorvos has been outlined by Holmstedt et al.
(1978). The toxicology and pharmacology of the latter compound is by now
well documented (Dichlorvos, 1989). That metrifonate acts as a slow release
formulation for dichlorvos in the body was pointed out by Nordgren et al.
(1978), based upon chemical quantitation of metrifonate, dichlorvos,
acetylcholine and cholinesterase activity. The slow formation of a
cholinesterase inhibitor has certain advantages clinically. The question is, if
this slow formation can be additionally retarded by the esterification of
metrifonate?

A series of compounds of this class was prepared by Arthur and Cassida
in 1958. For their specific purposes they singled out the butyric acid ester
(0,0-dimethyl-2,2,2-trichloro-1-n-butyryl-oxyethylphosphonate) whichhascome
to be used as an insecticide. This compound has been further studied by
Dedek (1981). In solution and in tissues it gives rise to dichlorvos via
metrifonate (see scheme). It also gives rise to an additional metabolite
vinylbutonate which, however, has a low toxicity (see table).

Further animal studies and subsequent clinical trials of this series of
compounds might well prove rewarding,
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Scheme of suggested chemical degradation and metabolic pathways of butonate
(Dedek 1981)

Butonate and metabolites, toxicity and inhibition

parameter  butonate vinylbutonate trichlorfon dichlorvos

LDg)mg/kg)

rat oral 1050-1600 1095 m 560-630 56-80
2445 f

I, in vitro*

human plasma

mol/1 8.85x10 10.6x10* 5.3x10° 1.2x10°

*measurement after 1 h incubation at pH 8.
(Table courtesy of W. Dedek)
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LEARNING AND MEMORY ENHANCEMENT BY DRUGS
WHICH INDIRECTLY PROMOTE CHOLINERGIC NEURO-
TRANSMISSION

Harbans Lal and Michael J. Forster
Department of Pharmacology, Texas College of Osteopathic Medicine,
Fort Worth, TX

INTRODUCTION

Brain cholinergic functions severely decline in Alzheimer (AD) patients.
This conclusion is based upon many studies of biopsy samples as well as post-
mortem analyses of brain areas of AD patients. Alzheimer’s disease is usually
characterized by marked reduction in markers of pre-synaptic cholinergic
activity, including choline acetyl-transferase (ChAT), high affinity
choline-uptake, and synthesis of acetylcholine (ACh). More recently, a
reduction in brain content of choline was reported in cortical post-mortem
samples from AD patients. Similarly, there is a correlation between AD and
the tetrameric membrane bound or G4 form of acetylcholinesterase (AChE).
A significant number of efforts are underway to design pharmacotherapeutic
treatment of AD based upon the cholinergic deficit hypothesis. Based upon
the present knowledge of the cholinergic pharmacology, several approaches
are available. For example, any decline in cholinergic activity may be reversed
by application of agonists of cholinergic receptors, inhibitors of AChE, agents
that release ACh in the cholinergic synaptic cleft, and precursors which can
be converted into choline. Not knowing for sure, which approach would be
more effective, at present, all of these approaches are being researched to
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discover drugs which are efficacious in ameliorating AD. Whereas many of
the cholinergic drugs show positive activity in the animal models of memory
deficits, their efficacy in AD patients is not unimpressive and is not long
lasting enough to be useful in providing a meaningful treatment of AD (for
review, see Gamzu and Gracon, 1988; Retz and Lal, 1985).

In considering the cholinergic system for pharmacological manipulation,
several basic facts must be born in mind. First and the foremost of them is
the fact that cholinergic neurons form part of many neuronal systems and
mechanisms which are distributed widely in brain and serve many different
functions.  Cholinergic stimulation in one brain area may produce a
neurophysiological or behavioral effect which is opposed by stimulation of the
cholinergic system in another anatomical region. Secondly, the cholinergic
system works through multiple neuroreceptor systems with opposite
neurochemical, physiological or behavioral consequences. For example,
whereas the nicotinic effects of ACh are facilitatory to brain self stimulation,
the muscarinic actions are inhibitory. Thirdly, drug-induced cholinergic
stimulation often produces biphasic effects based upon the level of
stimulation or the dose of a drug; for example, high doses may produce effects
opposite to those produced by low doses. Fourthly, whereas the biological life
of endogenously released acetylcholine is ultra short, drug-induced
preservation of the released acetylcholine or effects produced by stimulation
of cholinergic receptors may be long-lasting.

With respect to the effects of cholinergic drugs on learning and memory,
Drachman and Sahakian (1979) pointed out that potentially useful drugs
should increase the "gain" in the cholinergic system so that a maximal
separation of signal to noise would be achieved. It is obvious that the drugs
which provide long acting pools of acetylcholine in the whole brain are less
likely to enhance processes of memory storage or retrieval, in comparison to
those capable of promoting endogenous release in discrete areas. Drachman
et al., (1982) summarized this view as:

"Information" is probably presented in the brain as patterns of neural

connectivity, inscribed by facilitation of certain synapses and

inhibition of others. A general increase in ACh precursors might
obscure these patterns by unselective "flooding" of synapses with
available transmitter, masking meaningful signals in an excess of

"noise". More precise selective amplification of special neural signals

may be needed (p. 949)

An alternate approach would be to selectively modulate cholinergic
signals in specific brain systems. This can be readily done because of the fact
that cholinergic systems do not function in isolation. Rather, they are mostly
connected in series or in parallel with neurons that are served by a variety of
different neurotransmitters. Thus, specific cholinergic activity can be often
modulated presynaptically, by way of input from neurons using other
neurotransmitters. For example, the connections between dopaminergic
neurons and cholinergic systems in the basal ganglia have been extensively
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investigated for discovery of drugs for many mental diseases including
schizophrenia (for review see Scheel-Kruger, 1985; Singh and Lal, 1982).
Similarly, there are other instances in which drugs may amplify a cholinergic
signal via receptors associated with non-cholinergic neurons that can modulate
activity within cholinergic systems.

Many of the classes of drugs which are known to enhance learning and
memory may do so via indirect modulation of cholinergic systems (e.g.,
nootropic pyrrolidinones, neuropeptides such as CCK, or phosphatidylserine).
This discussion will focus specifically on the amplification of cholinergic
neurotransmission through one of these classes, the benzodiazepine
antagonists.

FACILITATION OF COGNITION BY BENZODIAZEPINE ANTAG-
ONISTS

Benzodiazepine /GABA Interaction

Benzodiazepines were originally discovered as anxiolytic drugs and were
later found to possess amnesic actions. Electrophysiological, biochemical and
pharmacological investigations of benzodiazepines revealed that benzodiaz-
epines act through increasing the probability of opening of chloride channels
in response to GABA. Thus, benzodiazepines provide a potential for
specificity of action because they are ineffective where receptors are not
activated by GABA. Based upon the receptor research, three types of
benzodiazepine ligands have been recognized. Agents such as diazepam are
classified as benzodiazepine receptor agonists, since they enhance GABA
receptor functions. A second class of ligands are benzodiazepine antagonists,
flumazenil being the prototypic example. These compounds are devoid of
pharmacological activity but competitively interact at benzodiazepine binding
sites to block the actions of either the receptor agonists or inverse agonists.
Benzodiazepine receptor ligands which produce effects opposite to those of
benzodiazepine agonists have been referred to as inverse agonists. Based
upon the desired action, these three types of ligands can be used to affect the
inhibitory action of GABA.

Anatomical Features of Brain Cholinergic Systems in AD

Cholinergic neurons that usually exhibit deficits in AD patients arise
mainly from the basal forebrain and innervate cortex and hippocampus.
There is histochemical and electrophysiological evidence that the cortically
projecting cholinergic neurons of the basal forebrain receive terminals of
GABAergic neurons believed to arise from the nucleus accumbens. The
GABAergic neurons are inhibitory neurons which constitute up to 72% of the
total afferent input to the basal forebrain cells. The pharmacological data (for
review see Sarter et al, 1990) further demonstrate that facilitation of
GABAergic transmission reduces cortical ACh release and turnover. Ridgon
and Pirch (1984, 1986) provided one of the illustrations of the functional
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significance of the GABA-cholinergic interaction. They recorded frontal
cortical neurons in animals trained to associate a cue with stimulation of the
medial forebrain bundle. They demonstrated a complete antagonism of the
cue-clicited responses by localized injections of GABA into the basal
forebrain.

Although there is overwhelming data supporting the hypothesis of
involving dystrophy of cholinergic cells in AD, the cell loss is never absolute.
By various estimates, the relative amount of cell function that remains active
in AD patients varies from 30 to 60%. It has been suggested (for review, see
Sarter et al.,, 1990) that the remaining cholinergic neurons in AD become
subject to increased inhibitory innervation, possibly by sprouting or dendritic
proliferation of GABAergic input which have lost their target cholinergic
neurons. As GABAergic neurons exhibit high affinity binding sites for nerve
growth factor, dendrites are likely to proliferate following cholinergic cell loss.

The inhibitory modulation of cholinergic neurons by GABAergic input
would suggest use of GABA antagonists to enhance cholinergic functions such
as learning and memory. Indeed, GABA antagonists such as bicuculline, have
been shown to improve memory functions. Whereas use of GABA
antagonists makes sense, these drugs would produce many other effects since
GABA inhibition is exhibited in many parts of the brain and is involved in
multiple brain functions. Instead, advantage may be taken of the above
described relationship between GABA neurons and benzodiazepine receptors.
Benzodiazepine receptors modulate the inhibitory action of GABA in basal
forebrain. Thus a class of drugs consisting of benzodiazepine antagonists
would be ideal to release the cholinergic cells from the inhibitory influence of
GABAergic nerve terminals. These drugs are pharmacologically inert,
produce no known toxicity, and have been well characterized in the literature.

Effect of Benzodiazepine Antagonists on Learning and Memory
Use of benzodiazepine antagonists to improve cognitive function in

dementia is further supported by a recent findings of Lal and colleagues (Lal
et al, 1988; Lal and Forster, 1990). These researchers proposed that a
diazepam-like endogenous ligand exerts a tonic inhibitory influence on
learning and memory via GABA modulation of cholinergic neurons.
Antagonizing the actions of the putative endocoid would then be expected to
result in facilitation of learning/memory processes. In support of this
hypothesis, the pure benzodiazepine antagonist flumazenil was found to
facilitate learning and memory in young, otherwise untreated mice which were
tested under difficult parameters (Lal et al., 1988; Prather et al., 1991). These
learning and memory enhancing effects of flumazenil in mice were replicated
with CGS 8216 (Kumar et al, 1988), another benzodiazepine receptor
antagonist with a chemical profile different from flumazenil. The discrete
trials discriminated escape task used in these studies has been described
elsewhere (Forster et al., 1987). Ten minutes following drug injections, mice
received training in which they had to run to the correct goal arm of a T-maze
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in order to escape a footshock from the grid floor of the apparatus. This
training continued until each mouse had made a correct choice on two
consecutive trials. When compared with vehicle-treated controls, both
flumazenil and CGS 8216 resulted in a facilitation of this acquisition phase.

A retention test was given to each mouse one week following training,
with no treatment administered prior to the test. The retention test was
identical to acquisition with the exception that the correct arm of the T-maze
was the reverse of that which was correct during training. Memory was
considered in terms of the number of trials on which mice persisted to the
goal which had been correct during training, and in terms of the percentage
of subjects which made the training-correct turn on the first trial of the retest.
The one-week retest interval is sufficient to allow significant "forgetting” in
vehicle treated mice (Forster et al., 1987). However, both flumazenil and
CGS 8216 led to increases in the number of training-correct turns and in the
percentage of mice recalling the training-correct arm on the first trial (Fig. 1).
These findings suggested that in addition to direct facilitation of acquisition,
the benzodiazepine antagonists may also facilitate memory storage processes.

FIGURE 1. Effect of Flumazenil (left) and CGS 8216 (right) on
discriminated escape retention expressed as the mean number of training
correct turns (bars, left ordinate) and the percentage of mice making a
training-correct turn on the first retention trial (line/symbols, right ordinate).

As a step toward assessment of potential application in treatment of
dementia, flumazenil was tested for its ability to prevent experimental amnesia
induced by the anticholinergic drug scopolamine (Lal et al., 1988). In this
test, mice were trained to avoid entry into a dark box because of a foot shock
delivered upon such entry made 24 hr earlier. Scopolamine produces amnesia
of this training. On the other hand, mice treated with flumazenil before
scopolamine exhibit retention of the training.

In addition to the ability to prevent scopolamine-induced memory
impairment, flumazenil was also found to be effective against spontaneous



Learning and Memory Enhancement by Drugs 167

learning and memory deficits in two animal models of geriatric memory
dysfunction (Lal and Forster, 1990). The inbred autoimmune strain
NZB/BINJ (NZB) was used in these studies because age-related
immunological, neuropathological, and behavioral changes are markedly
accelerated in this genotype relative to the non-autoimmune C57BL/6NNia
(C57BL/6) (for reviews see Lal and Forster, 1990; 1991). For example,
avoidance learning deficits in C57BL/6 mice are first evident by 12 months
of age, whereas similar deficits in NZB mice begin as early as 3 months of
age. When CS7BL/6 and NZB mice aged 12-14 months were injected and
tested daily for acquisition and retention of an active avoidance response,
vehicle treated NZB mice showed much poorer learning and retention when
compared with the C57BL/6 mice. However, flumazenil injections led to a
marked improvement in performance of the NZB mice, and had a small effect
on performance of the C57BL/6 mice as well.

ZK 93 426 (ZK) is another benzodiazepine antagonist derived from the
B -carboline structure. This drug was tested both in animals and humans for
its cognition-enhancing efficacy (for review, see Sarter et al.,, 1990). ZK
reversed the memory impairment produced by scopolamine or by basal
forebrain lesions, although it failed to antagonize the cognition impairing
effects of hemicholinium (which blocks high affinity choline uptake). In a
double-blind and placebo controlled trial with normal human volunteers, ZK
produced enhancement in the subjects’ abilities to process and encode a
stimulus.

Effect of Benzodiazepine Inverse Agonists on Learning and Memory

Benzodiazepine inverse agonists are drugs which block the action of
benzodiazepine agonists (and thus of GABA) and have their own
pharmacological effects which are opposite to those of benzodiazepine
agonists (and thus of GABA). If the anti-amnesic effects of benzodiazepine
antagonists are determined predominantly by the antagonism of endogenous
benzodiazepine agonists and GABA, then it could be expected that
administration of inverse agonists would mimic the effects of benzodiazepine
antagonists in enhancing learning and memory functions, but would not
produce effects greater than those of pure benzodiazepine antagonists. Thus
far, we have tested two benzodiazepine inverse antagonists, Ro 15-4513
(Prather et al,, 1991) and Ro 15-3505 for their ability to modify memory
processes. Pretraining injections of Ro 15-4513 had effects nearly identical to
the antagonists on experimental amnesia and discriminated escape. In
addition, the inverse agonist Ro 15-3505 was found to be effective in reversal
of age-related impairments of memory in 28-30 month-old C57BL/6NNia
mice (unpublished). Thus, it appears that benzodiazepine inverse agonists are
also capable of facilitating learning and memory in normal as well as
impaired animals. However, there is no indication that inverse agonists are
more effective than the antagonists in this respect.
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FUNCTIONAL CHOLINERGIC RECEPTOR SENSITIVITY:
THE ROLE OF DRUG PROBES
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INTRODUCTION

Despite being one of the oldest and best known of the brain neurotrans-
mitters, the central cholinergic system continues to be poorly understood
functionally in humans. Elegant studies of the neuromuscular junction have
helped elucidate many peripheral cholinergic mechanisms, but the central
physiology is still shrouded in mystery, in part due to the elusive nature of
acetylcholine itself and the lack of easily measurable metabolites.

Pharmacologic probes have become important tools in our study of the
central cholinergic system but they, too, are limited, as our knowledge of
molecular biology and the subtyping of receptors has outpaced our
development of pharmacologic probes for those individual receptors (Bonner,
1989). Nonetheless, drug testing in human or animal species continue to
generate valuable information. Before reviewing some of the findings gleaned
from drug challenges, however, three important issues must be addressed with
respect to probing the cholinergic system:

(1) Drug specificity of Cholinergic Agents

(2) Dependent Variables to be Employed

(3) State and Trait Characteristics of Study Populations
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Drug specificity is perhaps the most frustrating of these issues, because in
the study of the cholinergic system at least, our reach does not equal our
vision. In addition to the traditional distinction between muscarinic and
nicotinic receptors within the cholinergic system, we now have the molecular
biological techniques to recognize multiple subtypes of the muscarinic receptor
(Buckley, et al, 1989). Unfortunately, those molecular advances have not yet
translated into a full pharmacological armamentarium, and we are still left
with a grossly incomplete list of drug probes for this diverse brain system.

Even if we possessed a series of specific cholinergic probes, we would still
have to deal with the vexing problem of choosing appropriate and reliable
dependent variables for our drug studies. Physiologic variables such as heart
rate, blood pressure, and temperature are all candidates, but each variable is
multideterminant and can be easily confounded by other non-specific or
non-cholinergic effects. Neuroendocrine measures are similarly multideter-
minant and therefore difficult to interpret. Behavioral measures are also
under multiple influences in pharmacological studies, but they remain
important because of the probable central role of the cholinergic system in
mood and cognition. In addition, physical side effects are often included as
variables to be measured in human cholinergic studies. This fact in part
reflects the remarkable sensitivity of the human cholinergic system to
exogenous manipulation, but these behavioral and physiologic reactions also
represent the limits of experimentation in this area. All too often, unwanted
side effects occur long before any beneficial effect of a pro-cholinergic drug
is realized (Davis et al., 1987). Furthermore, the behavior and physical side
effects can not always be accurately predicted based on the in vitro binding
characteristics of the cholinergic compound (Witkin et al., 1987).

Finally, the underlying condition of the experimental subject is a key
variable in any study of cholinergic function in humans. State and trait
distinctions regarding the absence or presence of serious depression is
obviously important given the data regarding the shortened rapid eye
movement (REM) latency in depression and its relationship to the cholinergic
system (Sitaram et al., 1982), but so too are classifications by age, medical
conditions, and concurrent drug treatments. The specific issue of changing
cholinergic sensitivity with age is particularly important and will be discussed
in more detail later.

Alzheimer’s Disease as a Cholinergic Model System
If one wanted to test the cholinergic system in humans, it would be

perfectly reasonable to take normal adults and give them a series of specific
cholinergic drug probes while assessing multiple variables. Unfortunately,
highly specific pharmacologic probes are hard to come by, and normals tend
to have more in the way of side effects to pro-cholinergic drugs than they do
measurable benefits (Newhouse et al, 1988a; Sunderland et al, 1988;
Janowsky et al., 1986; Nurnberger et al., 1983; Krieg et al., 1987). Alzheimer’s
disease, on the other hand, provides us with a naturally-occurring cholinergic
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deficit state (Whitehouse et al., 1982) with accompanying impairments in
cognition, an area long known to be sensitive to cholinergic input (Deutsch,
1971; Olds and Domino, 1969; Weingartner et al., 1979). In fact, it is just that
combination of biochemical and clinical deficits which led to the cholinergic
replacement strategy in Alzheimer’s Disease research over the last decade.
However, with some notable exceptions (Summers et al., 1986), the results of
this therapeutic strategy have thus far been mostly negative (Bartus et al,
1982; Gottfries CS, 1985).

This juxtaposition of known biochemical deficits in the cholinergic system,
concurrent cognitive impairments, and a lack of overwhelming response to
various cholinergic replacement agents led us in the past to question the
underlying sensitivity of the damaged cholinergic system in Alzheimer’s
patients (Sunderland et al., 1985). Simply put, are subjects with Alzheimer’s
disease still able to respond to cholinergic agents, or is their central nervous
system so impaired that increased cholinergic input can have no beneficial
effect? Rather than attempt to address this question with cholinergic agonists,
we have tested Alzheimer subjects and age-matched controls with the
muscarinic antagonist, scopolamine (Sunderland et al., 1987). The hypothesis
was that if the central cholinergic system was so severely damaged in
Alzheimer’s disease, there may be less of a response to central cholinergic
blockade than in normal controls.

We tested that hypothesis by administering a series of challenges with
increasing doses of the centrally-active antimuscarinic agent scopolamine or
placebo. If there was a difference in sensitivity to cholinergic blockade
between Alzheimer subjects and age-matched normal controls, we might
expect a shift in the dose-response curve across groups. The doses of
scopolamine were 0.1, 0.25, and 0.5 mg, given intravenously in a bolus fashion,
followed 90 minutes later by a battery of cognitive tests. Behavioral and
physiologic measures were tested at 0, 1 and 2 hours post-drug. Scopolamine
and placebo were administered in a double-blind but pseudo-randomized
fashion to avoid testing with the highest scopolamine dose before subjects
were exposed to one of the lower doses.

Our initial studies revealed that the Alzheimer subjects were more
sensitive to the effects of scopolamine than age-matched controls; this
increased responsiveness was noted along behavioral and cognitive but not
physiologic parameters, suggesting a possible centrally-mediated "functional
hypersensitivity" in this group (Sunderland et al., 1987). As we have increased
our number of Alzheimer subjects, this apparent increased functional
sensitivity to scopolamine continues to be evident, especially at the 0.25 mg
dose (See Figure 1). This same increased sensitivity was not seen until the 0.5
mg dose in age-matched normal controls (Sunderland et al., 1987) and elderly
depressives (Newhouse et al., 1988b) but may well be found at lower doses in
Parkinson's (Dubois et al, 1987) and Korsakoff's patients (Sunderland et al.,
1990). While functional hypersensitivity to cholinergic blockade is certainly
not limited to Alzheimer’s disease, the increased sensitivities found in other
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brain degenerative conditions may also be related to the underlying
dysfunction of the cholinergic system in those specific illnesses. Further study
of other non-Alzheimer dementias is still needed to address this question
more completely.

FIGURE 1. Performance of Alzheimer’s subjects (n=17) across a host of
cognitive measures one hour after receiving 0.25 mg IV Scopolamine. Data
expressed as percentage of performance under placebo conditions. (FR=Free
Recall; CON=Consistency Score; Wrds=Words; Lts=Letters;
Attn=Attention; Rec=Recognition. See Sunderland et al., 1987 for more
complete description of tests).

Cholinergic Modelling of Human Memory
Because scopolamine, atropine, and other anticholinergic medications can

create temporary impairments in memory, it has been assumed that such
drugs might also be modeling agents for human conditions which affect
memory (ie., Alzheimer’s Disease). In fact, it is fair to say that there has
been quite an academic controversy in this area (Beatty et al, 1986; Kopelman
and Corn 1988; Callaway et al, 1985; Sunderland et al., 1986; Grober et al.,
1989; Flicker et al., 1990). Indeed, anticholinergics can induce a temporary
memory impairment in multiple animal and human test paradigms, but so too
can several classes of drugs, including benzodiazepines, barbiturates, tricyclic
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antidepressants, and others (Block et al., 1985; Wolkowitz et al, 1987,
Sulkowski, 1980; Miller and Branconnier, 1983; Cawley et al., 1973; Pandit et
al., 1971; Glass et al., 1981; Branconnier et al., 1982).

Of all the drugs tested and resultant models proposed, it is the
"scopolamine model" which has perhaps received the most attention. In fact,
there is little question that scopolamine has a definite memory-impairing
effect at relatively low doses. At higher doses and in older subjects, the
scopolamine effect is more profound and has been compared to the cognitive
findings in Alzheimer’s disease (Sunderland et al., 1987; Kopelman and Corn,
1988; Broks et al., 1988). It is here that the controversy exists. The key
questions surround the possible "non-specificity" of scopolamine’s memory
effect and the lack of full "dementia profiling" following pharmacologic
challenges with scopolamine.

To start with the issue of scopolamine’s non-specificity, it is well-known
that multiple agents entering the central nervous system can temporarily
induce memory impairments. However, researchers have questioned the
cognitive mechanisms by which scopolamine exerts its memory-impairing
effects (Callaway et al., 1985; Beatty et al., 1986; Grober et al., 1989) and
demonstrated that the pattern of cerebral blood flow following scopolamine
in normals is quite different than that found in resting, drug-free Alzheimer
subjects (Honer et al., 1988). Furthermore, there are questions of specificity,
even within the cholinergic system itself, as the relative importance of nicotinic
versus muscarinic deficits in Alzheimer’s disease is still debated (Whitehouse
et al., 1986; Meyerhoff et al., 1985; Newhouse et al., 1988a).

While this debate cannot be resolved currently, it should be pointed out
that most pharmacologic agents associated with amnesia have one behavioral
side effect in common, sedation, and it has long been recognized that sedation
can lead to apparent memory impairments. One obvious question therefore
is whether the sedation is a contributing or confounding variable in memory
testing after scopolamine administration. In an attempt to answer this
question, we compared a low dose of lorazepam, a benzodiazepine with known
amnestic effects at higher doses (Preston et al., 1988; Block and Berchou,
1984; Kumar et al., 1987; Patat et al., 1987), to scopolamine in groups of
Alzheimer subjects and age-matched normal controls (Sunderland et al.,
1989). Despite similar levels of sedation between lorazepam and scopolamine,
only scopolamine had a significant memory-impairing effect in both groups.
Lorazepam alone did not impair memory at the 1 mg oral dose tested in this
paradigm. Since the subjects simultaneously experienced both cognitive effects
and mild sedation following administration of scopolamine, we can not rule
out any contribution of sedation to the memory effect, but we can say that
mild drowsiness alone was not the cause of these significant cognitive changes.
The implication therefore, is that the memory-impairing effects of benzo-
diazapines and possibly other CNS depressants are primarily dependent on
their sedative profile. Conversely, it might be said that scopolamine’s
amnestic effects are more specific than those of other agents.
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Another question in this "specificity debate resolves around the
pharmacologic profile of scopolamine itself. Scopolamine is known as a
centrally-active muscarinic cholinergic antagonist, but the drug also interacts
at other receptors, including the nicotinic (Vige and Briley, 1988).
Furthermore, little data is available in the selectivity of scopolamine against
each of the five reported muscarinic receptor subtypes or what each of these
five subtypes (M;-Ms) has to do with cognitive processes. What is thus far
reported is that scopolamine may have more M, affinity than M,, but this
suggestion comes from assays of receptor-mediated second messenger systems
(Gil and Wolfe, 1985) and not from the cloned receptor techniques now
available. Unfortunately, scopolamine is not even included as a test agent in
several of the more recent muscarinic receptor subtype classification studies
(see Table I) (Witkin et al., 1987; Avissar and Schreiber, 1989; Buckley et al.,
1989). Until more selective pharmacologic probes are available, our
knowledge is limited, and any interpretations regarding scopolamine’s
specificity should be thought of as relative selectivity.

TABLE 1. Relative potencies of selected anticholinergic agents against
specific muscarinic receptor subtypes transfected into Chinese hamster ovary
cell lines (CHO-K1). Values expressed relative to IC-50 results found with
atropine.

M, M, M, M, M,
Atropine 1 1 1 1 1
Pirenzipine 74 592 1170 267 785
Af-DX 116 3583 138 3100 857 8500
Hexocyclium 11 15 9 2.6 4.6
Methoctramine 77 23 770 124 34
Dicyclomine 48 160 67 46 66

(Data adapted from Buckley et al., 1989).

Regarding the thorny issue of dementia profiling, numerous authors have
correctly pointed out that scopolamine does not exactly reproduce in normals
the full cognitive profile generally seen in Alzheimer subjects at baseline
(Callaway et al., 1985; Beatty et al., 1986; Mohs et al., 1986; Broks et al., 1988
Kopelman and Corn, 1988; Troster and Beatty, 1989; Flicker et al., 1990). It
is this lack of exact profiling of dementia that leads these authors and others
to question or criticize the validity of the scopolamine model. Before
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discarding the drug-induced mode! of memory impairment, however, we must
examine these key issues:

(1) Variable Sensitivity to Scopolamine

(2) Variability of Baseline Cognitive Profiles in Dementia

(3) Non-Cholinergic Involvement in the Alzheimer Brain.

One of the major misunderstandings in the scopolamine literature is that
normal controls are not all created equal. Following Drachman and Leavitt's
original 1974 paper profiling the memory impairing effects of scopolamine in
young normal subjects, there was a frequent misconception in the literature
that cholinergic blockade mimicked dementia. As noted above, this is not the
case. In fact, Drachman and Leavitt very eloquently demonstrated that
scopolamine could briefly recreate in young normals some of the cognitive
changes found with normal aging (Drachman and Leavitt, 1974). Later, we
further demonstrated that when applied to normal elderly subjects,
scopolamine could briefly mimic some of the cognitive deficits associated with
mild-to-moderate Alzheimer's disease (Sunderland et al., 1986).

Thus, the age of the normal control population thus appears to be very
important as there may be variable sensitivity to scopolamine and possibly
other centrally-active compounds. To underscore this point further, we are
now just completing an experiment administering scopolamine to over 50
controls of various ages which clearly reveals a relationship between age and
cognitive sensitivity to scopolamine (Molchan et al., submitted). These data
are consistent with published animal literature regarding age and sensitivity
to cholinergic blockade (Bartus and Johnson, 1982; McMahon et al., 1987) and
suggests that the central cholinergic system does indeed change with age. If
this age-related change is receptor subtype or topographically selective, as
suggested by some (Mesulam et al., 1987; Watson and Roeske, 1988; Schwarz
et al,, 1990) but not all (Surichamorn et al., 1988) authors, then the response
to scopolamine or other anticholinergic drug challenges may be qualitatively
as well as quantitatively different in older compared to younger subjects. This
could help explain some of the discrepant findings in the literature.

Groups with different neuropsychiatric illnesses have also been tested with
scopolamine (i.e., Alzheimer’s disease, elderly depression, and Parkinson’s
disease), and each group appears to have its own profile of responses to
anticholinergic challenge (Sunderland et al., 1986; Newhouse et al., 1988a;
Dubois et al, 1987). It could be postulated that each neuropsychiatric
population has a different cognitive baseline and would therefore be expected
to react differently to cholinergic blockade. Whether these differences across
diagnoses are due to so called "ceiling" or "floor" effects cannot be definitively
determined at this time, but evidence that there may be selective muscarinic
receptor changes within the cholinergic system of Alzheimer patients (Mash
et al,, 1985) suggests a rationale for differential effects, at least within that
neuropsychiatric population. In addition, it has been demonstrated in
non-human primates that selective experimental lesioning of the cholinergic
system can lead to increased sensitivity to scopolamine (Aigner et al., 1987).
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Therefore, before any final statement is made about a study group’s response
to cholinergic blockade, it should be set in the context of age, diagnosis, and
the underlying condition of the cholinergic system.

The issue of cognitive profiling in dementia has received great attention
over the last decade (Weingartner et al,, 1983; Emery and Breslau, 1989;
Esliner et al., 1985; Grober et al., 1985; Rissenberg and Glaner, 1986; Martin,
1987; Snodgrass and Corwin, 1987), but there is far from complete consensus
amongst neuropsychologists on this subject. This continuing controversy is at
least in part due to the variable clinical presentation of the dementias,
especially Alzheimer’'s disease. = Dementia is certainly a complex,
heterogeneous condition with evolving cognitive and behavioral symptoms, and
no one "snapshot" (i.e., cognitive profile) or drug-induced state could be
expected to fully imitate this pattern. Scopolamine does not generate, even
briefly, all the cognitive manifestations of Alzheimer’s disease, but it does
precipitate some of the expected findings when applied to older normal
controls (Sunderland et al., 1986) and therefore presents intriguing questions.
Why, for instance, are certain areas of cognition more affected by scopolamine
than others (e.g., episodic versus semantic memory)? Could scopolamine be
modelling only a part of the dementia process, and if so what areas of the
brain are involved with these deficits? These and other questions are not yet
answered, but with the advance of brain imaging techniques and the possible
use of selective ligands, they can now at least be approached.

Related to the issue of cognitive heterogeneity of Alzheimer's disease is
the increasingly well-recognized fact that this syndrome involves multiple
non-cholinergic brain systems (Davies et al., 1980; Bondareff et al., 1982;
Bowen et al,, 1983; Cross et al., 1986; Gottfries, 1985; Francis et al., 1985;
Davies, 1988). If noradrenergic, serotonergic, dopaminergic, gaba-ergic, and
peptidergic systems are all known to be damaged in Alzheimer’s disease, how
can we expect the relatively selective cholinergic antagonist, scopolamine, to
completely model the cognitive deficits created by multiple system
destruction? The answer, of course, is that we cannot have such expectations
and that scopolamine could only be expected to mimic a part of the cognitive
profile of dementia, perhaps that seen early in the illness before the other
non-cholinergic systems are so involved (assuming that the cholinergic system
is indeed impaired before other neurotransmitter systems in Alzheimer's
disease). More importantly, however, this realization leads us to a new
pharmacologic strategy which employs scopolamine in combination with other
non-cholinergic antagonists to better model the dementia process in the
future.

FUTURE DIRECTIONS
Given that cholinergic input is known to be important in the process of

encoding and retrieving centrally stored information (i.e., memory), it is not
surprising that a cholinergic blocker such as scopolamine might be an
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important challenge agent. What perhaps is surprising is how little we really
know about the cholinergic system to date and how few pharmacologic probes
we have thus far developed to test underlying functional receptor sensitivity.
With the increasing awareness of the importance of the nicotinic system in
normal aging and Alzheimer’s disease, more attention should be paid in the
future to pharmacologic challenges with nicotine and the nicotinic blocker,
mecamylamine. There should also be an increased emphasis on the specificity
of the muscarinic probes, particularly as the pharmacology of the muscarinic
M,-Mj; receptor subtypes catches up with the rapidly advancing molecular
biology in this area. And finally, the use of drug combinations strategies, one
which no longer focuses on the cholinergic system alone, may well help us
better understand the relative contribution of the cholinergic and other
systems to the behavioral and cognitive processes involved in illnesses such as
Alzheimer’s disease.
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