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Abstract—In the symptomatic treatment of mild to moderately severe dementia associated with Alzheimer’s disease, donepezil
(E2020) has been introduced for the inhibition of acetylcholinesterase activity in the human brain. However, there is no morpho-
logical evidence as to how this chemical agent affects the acetylcholinesterase-positive structures in the various areas of the human
and the rat CNS. This study demonstrates by histochemical means that donepezil exerts a dose-dependent inhibitory effect in vitro
on acetylcholinesterase activity. The most sensitive areas were the cortex and the hippocampal formation. Within the different
layers of the cortex, the cholinoceptive acetylcholinesterase-positive postsynaptic pyramidal cell bodies were more sensitive than
the presynaptic cholinergic axonal processes. In the cortex, the cell body staining was already abolished by even 2x 108 M
donepezil, whereas the axonal staining could be eliminated only by at least 5 X 10-% M donepezil. In the hippocampus, the axonal
acetylcholinesterase reaction end-product was eliminated by 5 107 M donepezil. The most resistant region was the putamen,
where the staining intensity was moderately reduced by 1 106 M donepezil. In the rat brain, the postsynaptic cholinoceptive and
presynaptic cholinergic structures were inhibited by nearly the same dose of donepezil as in the human brain. These histochemical
results provide the first morphological evidence that, under in vitro circumstances, donepezil is not a general acetylcholinesterase
inhibitor in the CNS, but rather selectively affects the different brain areas and, within these, the cholinoceptive and cholinergic
structures. The acetylcholinesterase staining in the nerve fibers (innervating the intracerebral blood vessels of the human brain and
the extracerebral blood vessels of the rat brain) and at the neuromuscular junction in the diaphragm and gastrocnemius muscle of
rat, was also inhibited dose dependently by donepezil.

It is concluded that donepezil may be a valuable tool with which to influence both the pre- and the postsynaptic acetylcholin-
esterase-positive structures in the human and rat central and peripheral nervous systems. © 2000 IBRO. Published by Elsevier

Science Ltd. All rights reserved.
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Donepezil (R,S-1-benzyl-4-[(5,6-dimethoxy-1-indanon)-2-
yllmethylpiperidine hydrochloride) (E2020) is a central-
acting second-generation cholinesterase inhibitor that is
used in the treatment of Alzheimer’s disease (AD).124557.65.73
Neuropathologically, the affected brain is characterized by
the presence of senile plaques and neurofibrillary tangles, 647
and the loss of different transmitter-containing axons. Brain
regions that are associated with cognitive, learning and
memory functions, and particularly the neocortex and hippo-
campus, are most affected by the characteristic neuropathol-
ogy of AD. It has been proposed that the degeneration of
cholinergic neurons that is associated with the loss of cholin-
ergic neurotransmission in the neocortex and other brain areas
may contribute significantly to the cognitive function deterio-
ration observed in subjects with AD. It has therefore been
suggested that pharmacological enhancement of cholinergic
neurotransmission may alleviate the symptoms in AD.
According to the cholinergic hypothesis of the disease,32
the inhibition of acetylcholinesterase (AChE) activity may
be one of the most realistic approaches to the symptomatic
treatment of AD.

1To whom correspondence should be addressed. Tel./Fax: +36-62-544569.

E-mail address: kp@comser.szote.u-szeged.hu (P. Kasa).

Abbreviations: ACh, acetylcholine; AChE, acetylcholinesterase; AD,
Alzheimer’s discase; NBM, nucleus basalis of Meynert; OD, optical
density; PNS, peripheral nervous system; SO, supraoptic nucleus.
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Many neuropharmacological,2 pharmacokinetic**® and
clinical**35 studies have been performed on the effects of
donepezil on the cognitive functions.!%% Its mechanism of
action is to increase the central cholinergic activity by inhi-
biting AChE activity in the brain,? thereby increasing the
level of acetylcholine (ACh) at the synaptic sites. Donepezil
has been shown to be clinically effective and well tolerated in
the treatment of the symptoms of mild to moderately severe
AD."2 Although the use of AChE inhibitors is the most
highly developed approach for the treatment of AD,* there
has as yet been no demonstration of the precise morphological
site(s) of its action. Nor is it known how AChE inhibitors with
known central effects influence the enzyme activities in the
peripheral nervous system (PNS). Biochemically, donepezil
has been demonstrated to inhibit AChE activity in the
cortex,*>3! the hippocampus, the striatum and the hypo-
thalamus of the rat brain.’ Histochemical procedures, how-
ever, display advantages over biochemical methods because
they allow detection of the effects of donepezil at a single
cell level and at the single synaptic site, such as the periph-
erally located neuromuscular junction. In the present histo-
chemical study, therefore, our aims were: (i) to investigate the
regional selectivity of donepezil on AChE activity in the non-
demented human brain; (ii) to compare the AChE inhibitory
effects of donepezil in the non-demented human brain with
those observed in the rat brain; and (iii) to investigate the
AChE inhibitory effect of donepezil at the myoneuronal
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junction. It was also necessary to establish the effects of this
agent on the intensity of AChE staining, in the cholinergic
axons innervating the extra- and intracerebral blood vessels.

EXPERIMENTAL PROCEDURES

Materials

Donepezil (R,S-1-benzyl-4-[(5,6-dimethoxy-1-indanon)-2-yljmethyl-
piperidine hydrochloride) was generously donated by Y. Kay (Eisai
Co., Tsukuba Research Laboratory, Ibarakai, Japan). Acetylthiocholine
iodide, copper sulfate, potassium ferricyanide, sodium maleate, 3,3’
diaminobenzidine.4HCI, nickel chloride, hydrogen peroxide (H,0,),
sodium citrate and Tris—HCI buffers were from Sigma Chemical Co.
(St Louis, MO, USA). Paraformaldehyde was purchased from Merck
KGaA (Darmstadt, Germany). The DPX histological mountant was
from Fluka Chemie Ag (Buchs, Germany).

Tissue preparation from human brains

Five brains with no history of previous mental disturbance were
obtained at autopsy (mean age 64.8 + 3.6 years). The interval between
death and autopsy was less than 4 h. The left half of the human brain
was sliced coronally into approximately 1 cm slabs, which were fixed
by immersion for 24-36 h in an ice-cold 0.1 M phosphate-buffered
(pH 7.4) 4% paraformaldehyde solution. After fixation, the samples
were cryoprotected in 30% sucrose solution until they sank to the
bottom of the container. The samples contained cortical areas, the
hippocampal complex and the basal part of the brain. Forty-micrometer-
thick sections were cut on a freezing microtome and incubated for
ACHhE activity. 5

Tissue preparation from rat brains

These investigations were performed in accordance with the ethical
guidelines for animal investigations of the Hungarian Ministry of
Welfare. Experiments were carried out in accordance with the
European Communities Council Directive (24 November 1986; 86/
609/EEC) and the Albert Szent-Gyorgyi Medical University Guide-
lines for Ethics in Animal Experiments. All efforts were made to
minimize to reduce the number of animals used (a total of 30 animals
was used). After ether anesthesia, adult Sprague—~Dawley rats (weigh-
ing 200-250 g) were perfused transcardially for 30 min with cold
(4°C) 4% paraformaldehyde solution (200 ml, freshly prepared from
paraformaldehyde), buffered with 0.1 M Na phosphate (pH 7.4). The
brains were immediately removed and immersed overnight in a similar
fixative at 4°C. After cryoprotection for 24 h in 30% sucrose solution,
coronal sections were cut at 30 um on a freezing microtome. The
samples were collected in ice-cold 0.1 M phosphate buffer (pH 7.4)
and processed as free-floating sections for the histochemical staining of
AChE.®%

Tissue preparation from muscles

After perfusion fixation the left gastrocnemius muscle and the left
part of the diaphragm of rats were dissected and immersed in a 4%
paraformaldehyde solution containing 0.1 M Na phosphate buffer
(pH 7.4). The samples were cryoprotected for 24 h in 30% sucrose
solution. Thereafter under a dissecting microscope with the use of
transparent light, the central area of the diaphragm containing the
phrenic nerve arborization was cut out. Twenty-micrometer-thick
sections were cut with a freezing microtome and incubated for
ACHhE histochemical staining.??¢

Acetylcholinesterase histochemistry

To determine the possible inhibitory effects of donepezil on AChE
histochemical staining, sections from human brain, rat cerebra and
different muscles (diaphragm and gastrocnemius muscle) were pre-
incubated for 20 min in a 0.1 M phosphate buffer solution (pH 7.4)
which contained different doses of donepezil (5x107%, 2x1075,
5%107%, 5% 107 and 1 X 10~¢ M). Thereafter, without washing, the
control and treated brain and muscle samples were placed in an incu-
bation medium that contained the same dose of donepezil as was
present in the preincubation solution. Control samples were incubated
in the absence of donepezil, since it has been demonstrated that
donepezil interacts with Trp279 and Phe330, which are present in

AChE but not in the butyrylcholinesterase.** The muscles were incu-
bated for 7 min, the rat brain tissues for 60 min and the human brain
samples for 2 h at 25°C with constant agitation in a dark box. The
incubation solution was prepared as described previously.?s” The
medium consisted of acetylthiocholine iodide (1.8 mM), sodium
citrate (0.1 M), copper sulfate (0.03 M), potassium ferricyanide
(5.0 M) and sodium maleate (0.1 M; pH 6.0). After incubation the
sections were placed for 30 s at room temperature in a solution contain-
ing 0.05% 3,3'-diaminobenzidine.4HCl, 0.3% nickel chloride and
0.03% hydrogen peroxide in Tris—HCI buffer. All mounted sections
were dehydrated in graded alcohols, cleared in xylene and mounted in
DPX.

Image analysis

The intensity of AChE histochemical staining was evaluated by
measuring the optical density (OD). The OD in an area comprising
the stained neuronal perikarya, dendrites and axons was determined
with a Quantimet SOOMC Image Analysis System (Leica Cambridge)
linked to a JVC-Color camera mounted on a Leica Laborlux “S” Leitz
microscope.

The histochemical reactions were visualized and the digitized image
(256 gray levels) was displayed on a color monitor with 1024 X 768
pixel resolution. The inhibitory effect of donepezil on AChE staining
was evaluated. Each site was sampled within a rectangular box created
on the computer monitor. In the case of the cortical area, the long axis
of the box extended from the cortical surface to the white matter. Five
fields of each site were chosen at random. The fields of interest were
measured and the OD measurements were averaged. The OD of the
white matter in the same section served as the background value. The
absolute OD of the area of interest was obtained by subtracting the OD
of the background from the OD of the area of interest. All measure-
ments were made under the same optical and light conditions. The OD
values obtained are expressed as percentages of the AChE-stained
untreated control section (taken as 100%).

RESULTS

Inhibition of acetylcholinesterase activity in the human brain

The histochemical localization of AChE activity in the
different areas of the human CNS has been well described
in several reports,!%17:303540-43505459 We confirmed the find-
ings of these previous studies, demonstrating that regional
and laminar variations of the AChE-positive structures can
be observed in non-demented control brain samples. The
areas studied contained different amounts of AChE-positive
fibers and various numbers of stained neuronal perikarya in
different cortical layers (Fig. 1A). In the hippocampal
complex very dense AChE staining was present in sectors
CA3 and CA2. Moderate AChE activity was observed in
areas CA4 and CAl (Fig. 2A). Intensive axonal and peri-
karyonal staining was exhibited in the putamen (Fig. 2E)
and in the nucleus basalis of Meynert (NBM) (Fig. 3A).
There was strong cell body AChE positivity in the globus
pallidus externus, the diagonal band of Broca (vertical and
horizontal parts) and the supraoptic nucleus (SO) (Fig. 3B).

The AChE-positive structures in the different areas of the
human brain were sensitive to donepezil in a dose-dependent
manner. Donepezil (2% 108 M) inhibited most of the AChE-
positive neurons and reduced the axonal staining in the
temporal cortex (Fig. 1B) and slightly decreased the staining
intensity in hippocampal areas CAl and CA4 (Fig. 2B). The
application of 2 X 10~8 M donepezil, however, did not affect
the AChE activity in the basal part of the forebrain. At
5% 1078 M, donepezil severely reduced the axonal staining
in sector CAl and inhibited the enzyme activity in the area
CAA4 (Fig. 2C). At 5% 10~7 M, donepezil abolished the peri-
karyonal and axonal staining in the hippocampal formation
(Fig. 2D). The AChE activity in the cholinergic neuronal
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perikarya and axons in the putamen was resistant to
5% 1078 M donepezil (Fig. 2F) and slightly decreased by
5% 1077 M donepezil (Fig. 2G). At 1x107%M, however,
the inhibitor moderately reduced the AChE positivity in the
axons in the putamen, but intense staining persisted in the
cholinergic cell body (Fig. 2H).

The AChE-positive neuronal perikarya present in the
diagonal band of Broca (vertical and horizontal parts), the
NBM, the globus pallidus (external and internal parts) and
the SO nucleus were more resistant than the cholinergic
axons in the same area to different concentrations of done-
pezil. At 5X107°M, donepezil had no effect, 5X10"*M
slightly inhibited the AChE staining, while 5X 10”7 M done-
pezil had a very pronounced reducing effect on the axonal
ACHhE staining. Despite the reduction in the staining intensity
in the cell processes, the reaction end-product in a large
number of the neuronal perikarya in the NBM was only
moderately reduced by 1X107°M donepezil (Fig. 3C). In
the SO nucleus, an inhibition similar to that in the NBM
was observed, except that the dendritic processes were
eliminated and the perikaryonal staining was reduced (Fig.
3D) by 5% 1077 M donepezil.

A more detailed microscopic evaluation of the inhibitory
effects of different doses of donepezil on AChE-positive cell
bodies and axons in the entorhinal cortex, temporal cortex,
insular cortex and hippocampus is presented in Table 1. The
effects of donepezil on axonal and cell body staining in the SO
nucleus, the globus pallidus (external and internal parts), the
diagonal band (vertical and horizontal areas), the NBM and
the putamen are demonstrated (Table 2).

Inhibition of acetylcholinesterase activity in the rat brain

In general, our study accords well with the earlier histo-
chemical results in revealing the AChE-positive structures in
the different areas of the control rat brain.?® In the coronal

Fig. 1. Photographs showing the differences in AChE activity between the control (A) and the donepezil-treated (B) human temporal cortex. Note the presence

of intensely stained pyramidal cells (arrows) and the AChE-positive nerve fibers in the control sample (A), and the disappearance of AChE activity from most

of the neuronal perikarya (arrows) in the 2 X 10~ M donepezil-treated sample (B). A stained neuron can rarely be observed in the donepezil-treated sample,
although some AChE positivity is still present in many cholinergic nerve fibers (arrowheads) (B). Scale bar = 50 pm.

section of the control, untreated brain at the interaural 6.2 mm
level,® AChE staining is present (among others) in the fronto-
parietal cortex (Fig. 4A), the hippocampus (Fig. 4C) and the
caudate—putamen (Fig. 4F).

The various concentrations of donepezil (5X 1077,
2%x1078 5% 1078, 5% 1077 and 1 X 105 M) dose-dependently
inhibited the AChE staining in the various areas of the treated
brain. In detail, the histochemical staining revealed that
5%107°M donepezil reduced the reaction end-product in
the cell bodies more effectively than that in the axons in the
frontoparietal cortex. The AChE reaction end-product was
significantly reduced in the cortical cholinergic axons and
abolished from the neuronal perikarya with 2 X 10~% M done-
pezil (Fig. 4B). All the axonal AChE staining disappeared
from the cortex and the cell bodies in hippocampal areas
CAl and CA4 on inhibition with 5X 107 M donepezil.
However, in other areas of the hippocampus, and especially
in CA3, CA2 and the supragranular zone of the dentate gyrus,
many AChE-positive axons remained (Fig. 4D). On applica-
tion of 5% 1077 M donepezil, all of the AChE positivity dis-
appeared from the axons in the hippocampus (Fig. 4E), but
ACHE staining surprisingly still remained in some cell bodies
of the medial septum, the diagonal band nucleus, the NBM
and the axons and cholinergic neurons in the caudate—
putamen (Fig. 4G). AChE-positive structures could be
detected in the caudate—putamen and in the basolateral
nucleus of amygdala even after 1 X 10~% M donepezil treat-
ment (Fig. 4H).

Details of the inhibitory effects of various doses of done-
pezil on the AChE-positive cell bodies and axons in the differ-
ent areas of the rat brain are provided in Table 3.

Inhibition of acetylcholinesterase activity in nerve fibers
innervating the cerebral blood vessels

The histochemical demonstration of cholinergic innervation
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Fig. 2. Photographs showing the effects of different doses of donepezil on AChE staining in the hippocampus (A-D) and putamen (E-H) of the human brain.
In the control hippocampus intense perikaryonal staining is present in area CA4 (asterisk). Moderate AChE positivity may be seen in sector CAl (star) (A).
The application of 2 X 10~* M donepezil slightly reduced the axonal staining in the sectors CAl and CA4 (B), while 5 X 10~8 M donepezil eliminated most of
the axonal AChE reaction in sector CA1 and severely reduced it in area CA4 (C). No AChE positivity could be discerned in any part of the hippocampus after
the application of 5 10~7 M donepezil (D). In the control putamen (pu), intense enzyme staining is present in the cholinergic fibers and cell bodies (E). No or
a slight reduction in AChE activity could be detected after the application of 5 X 1078 M (F) or 5x 10”7 M donepezil (G). At 1 X 107% M, donepezil slightly
inhibited the AChE staining in the cholinergic axons, whereas intense AChE positivity remained in the neuronal perikarya (arrowheads) (H). Note the intense
ACHE staining in claustrum (cl) (E) and the dose-dependent reduction of the AChE reaction end-product (F—H). The identical areas in the different sections are
labeled (stars). Scale bar =500 pm.
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of the cerebral blood vessels is an important issue in the
normal human brain, in individuals with AD and in animal
models. This study has demonstrated the cholinergic innerva-
tion of the different extracerebral (Fig. SA) and intracerebral
(Fig. 5B, D) blood vessels in the rat and human. AChE histo-
chemical staining revealed that donepezil dose-dependently
inhibited the AChE staining reaction in the nerve fibers inner-
vating the blood vessels. In rat brain samples treated in vitro
with 2X 1078 M donepezil, the number and intensity of
AChE-positive nerve fibers were reduced in the extracerebral
blood vessels (Fig. 5C), while on treatment with 5X 1078 M
donepezil they were abolished from the nerve fibers in the
extracerebral blood vessels in the rat (Fig. 5E) and in the
intracerebral vessels in humans (Fig. SF).

Inhibition of acetylcholinesterase  activity at the

neuromuscular junction

In accord with the earlier findings,”® AChE histochemical
staining is present at the control neuromuscular junction of
the rat (Fig. 5G). With the same doses as in the brain, it was
demonstrated that 2X 10™® M donepezil only slightly (Fig.
5H), while 5% 1077 M donepezil effectively (Fig. 5I) reduced
the AChE-positive staining at the neuromuscular junction in
the diaphragm and gastrocnemius muscle of the rat.

Fig. 3. Photographs showing the AChE-positive structures in the control (A, B) and the donepezil-treated (C, D) NBM and SO of the human brain. In the
control NBM, the AChE positivity is present in the cholinergic cell bodies and the neuropil (A). At 1 X 107 M, the drug reduced the neuropil staining, but it is
still present in the neuronal perikarya (C). In the control SO nucleus, the large multipolar neurons display AChE positivity in the neuronal perikarya and its

dendrites (B). On application of 5 X 107 M donepezil abolished the AChE reaction end-product from the dendrites and reduced the staining in the cell bodies
(D). Scale bar= 100 p.m.

Densitometric demonstration of the inhibitory effect of
donepezil on acetylcholinesterase staining in different areas
of the human and the rat brain

For a quantitative analysis of the inhibitory effect of
donepezil we measured the changes in the OD of the AChE
histochemical staining. The results revealed a dose-dependent
inhibitory effect of donepezil in the various areas of the
cortex, the hippocampus, the caudate—putamen and the
NBM. The quantitative OD results, relating to the inhibitory
effects of donepezil, on the AChE histochemical staining in
the human and the rat brain are summarized in Fig. 6A and
6B, respectively.

DISCUSSION

We confirmed the results of previous biochemical and
neuropharmacological studies that donepezil inhibits AChE
activity in the rat brain. In addition, the present histochemical
study reveals for the first time the AChE-inhibitory effect of
donepezil in various human brain areas and its effects on
different cholinergic and cholinoceptive neuronal structures
in the human and rat CNS.

Our AChE histochemical study resulted in four principal
findings. First, an important feature of this study is that
AChE-positive postsynaptic neuronal perikarya in the cortex
and the hippocampus are structures that are more sensitive to
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Table 1. Microscopic evaluation of the inhibitory effects of different doses of donepezil on the
histochemical staining in acetylcholinesterase-positive axons and cell bodies in different cortical
and hippocampal areas of the human brain

Brain area

effecton Control

Inhibitory Dose of donepezil

Entorhinal cortex Cell body +
Axon *
Temporal cortex Cell body +
Axon +
Insular cortex Cell body +
Axon e
Hippocampus CAl Cell body +
Axon *
Hippocampus CA3-2  Cell body +
Axon +
Hippocampus CA4 Cell body +
Axon 2

5x107 & 2x10% ¢ “5x10® 4isx107" M
mlE e s S ek aen
+/- +/- P 5
I+ 2 & Ry
He fs aEe
-+ s : v =
= -+ 2t | -
+ ‘ +/.-: ; f/; G
- +/i-'“» +- =
+ Shdih A+/’- o 5
+ + +/- -
it YR +/_ PHELE
-

The effects of various concentrations of donepezil on the AChE histochemical staining in the
various human brain areas, axons and neuronal perikarya are indicated: no effect: +; slightly
reduced: +/ — ; moderately reduced: — /+; severely reduced or abolished: —.

The shaded area emphasizes the inhibitory effects of the different doses of donepezil.

donepezil than the presynaptic cholinergic fibers in the cortex
and in the hippocampus. Second, the most resistant cholin-
ergic fibers are present in the putamen, the basolateral
nucleus of the amygdala, the olfactory tubercle and the
lateral habenular nucleus. Third, the most resistant cholin-
ergic neuronal perikarya are present in the NBM, the medial
septum, the diagonal band (vertical and horizontal parts)
and the globus pallidus. Fourth, the staining intensity in
the cholinergic cell bodies of the putamen, which are margin-
ally involved in AD, was only slightly inhibited with
donepezil.

Effects of donepezil on the human CNS

In biochemical experiments, donepezil has been shown to
inhibit AChE activity in the human brain* and in human
erythrocytes.** Neurochemical studies have demonstrated
that presynaptic cholinergic markers, such as choline acetyl-
transferase activity, the ACh level and the high-affinity
choline uptake are significantly reduced in the cortex, the
hippocampus and the NBM in AD. Since the neocortex and
the hippocampal formation are known to be major sites of the
neuropathological changes in AD, inhibition of the residual
AChE activity in these areas might well be beneficial in
alleviating the cholinergic hypofunction in AD.'®*? Indeed,
in clinical applications, donepezil is used for the treatment of
memory loss and the behavioral deterioration associated with
the ACh deficit in AD.

Biochemical experiments have demonstrated that AChE

and its different molecular forms (soluble and membrane-
bound) are reduced in the brain in AD"!! and anomalous
ACHhE activity appears in the senile plaques!®®! and cerebro-
spinal fluid.% This histochemical study revealed the note-
worthy finding that the AChE activity present in the
postsynaptic cholinoceptive cortical pyramidal cell body is
more sensitive than the presynaptic cholinergic axons to
donepezil. (It is interesting to note that the cholinergic
neurons present in the NBM, which receives cholinergic
innervations and may therefore be regarded as cholinoceptive,
are not as sensitive to donepezil as the purely cholinoceptive
pyramidal cells within the cortical layers.) In other brain
areas, such as the putamen, which is not involved in the AD
neuropathology, the cholinergic axons and the cell bodies are
very resistant to donepezil treatment. Our results therefore
provide the first morphological evidence of a difference in
the effects of donepezil on the presynaptic cholinergic and
postsynaptic cholinoceptive sites in the human brain. This
study has demonstrated that the selectivity of donepezil is
more pronounced towards the soluble form of AChE (Gl
form), which is known to be located mainly in the cell
body, than towards the membrane-bound AChE (G4 form),
which is to be found predominately on the outer surface of
axonal membranes of the cholinergic cells.?’” Similarly to our
results, in biochemical experiments where donepezil was
added to soluble and crude mitochondrial fractions obtained
from non-demented or AD brain, the AChE activity was
inhibited in the soluble and the particulate fractions at a low
concentration of the inhibitor.* Donepezil inhibits the
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Table 2. Microscopic evaluation of the inhibitory effects of different doses of donepezil on the
histochemical staining in acetylcholinesterase-positive axons and cell bodies in the various
areas of the human brain

Brain area Inhibitory Dose of donepezil
effecton Control 5x10° 2x10%  5x10% 5x107 1x10% M

Supraoptic Axon <+ + + o e T
nucleus Cell body + e + +/f V-/+ -
Globus pallidus ~ Axon  + + " S+ :'»-i’:'_‘/f.b;_. 5
(external part) Cell body + + + B :
Globus pallidus Axon + - +
(internal part) Cell body + + +
Diagonal band Axon + s AL
(vertical part) Cell body + + 3
Diagonal band Axon + a3 T
(horizontal part)  Cell body + + e
Nucl. basalis Axon + 29 4
(Meynert) Cell body + + +
Putamen Axon + + +
Cell body + + +

The effects of various concentrations of donepezil on the AChE histochemical staining in the
various human brain areas, axons and neuronal perikarya are indicated: no effect: +; slightly
reduced: +/—; moderately reduced: —/+; severely reduced or abolished: —.

The shaded area emphasizes the inhibitory effects of the different doses of donepezil.

Table 3. Microscopic evaluation of the inhibitory effects of different doses of donepezil on the
histochemical staining in acetylcholinesterase-positive cell bodies and axons in various areas of
the rat brain

Brain area Inhibitory Dose of donepezil
effcton Control 5x10°  2x10%  5x10%  5x107  1x10°M
Frontoparietal  Cell body +
cortex Axon 5
Hippocampus  Cell body +
CAl Axon H

Hippocampus  Cell body +

CA4 Axon e
Septum Axon +
Cell body +

Nucl. basalis Axon g

(Meynert)  Cell body +

Putamen Axon s

Cell body

+

The effects of various concentrations of donepezil on the AChE histochemical staining in the
various rat brain areas, axons and neuronal perikarya are indicated: no effect: +; slightly
reduced: +/—; moderately reduced: —/+; severely reduced or abolished: —.

The shaded area emphasizes the inhibitory effects of the different doses of donepezil.
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Fig. 4. Photographs showing the AChE positivity in the frontoparietal cortex (A), hippocampus (C) and putamen (pu) (F) of control rat brain. Note the presence

of intensely stained pyramidal cells (arrowheads) and the moderately enzyme-positive nerve fibers (A). At 2X10~% M, donepezil abolished the AChE

positivity in the cortical pyramidal cells (B). In the control hippocampus intense axonal staining is present in area CA2 and CA3 (arrowheads) and in

some neuronal perikarya in sector CA4 (asterisk) (C). On application of 5% 10~® M donepezil all of the AChE positivity disappeared from the cells in area

CA1 and CA4, but many enzyme stained axons remained in sector CA2, CA3 and the supragranular zone of the dentate gyrus (D). At 5 1077 M, donepezil

abolished the AChE staining from the hippocampus (asterisk) (E) and slightly reduced it in the putamen (G). Enzyme-positive axons and neuronal cell bodies
could be detected in the caudate—putamen even after 1X 107¢ M donepezil treatment (H). Scale bar =100 pm.



Fig. 5. Photographs showing the cholinergic innervations of the extracerebral innervation of blood vessels in a control rat (A), an intracerebral blood vessel in
the control human brain (B, D), the neuromuscular junction in the diaphragm of a control rat (G) and the same structures after treatment with different doses of
donepezil (C, E, F, H, I). In the control sample of the rat brain, an extracerebral blood vessel is surrounded by a number of AChE-positive nerve fibers (A). At
2x 10~% M, donepezil reduced (C), while 5x 10~® M abolished the nerve fiber staining surrounding the blood vessels in the rat (E) and in the human brain (F).
In the neuromuscular junction, heavy AChE reaction end-product is present in the diaphragm of the control sample (G). On application of 2x 10 M
donepezil slightly (H), but 5x 10~7 M donepezil strongly reduced the enzyme staining in the motor end-plate in the diaphragm of the rat. Scale bar =50 wm.
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Fig. 6. (A) Changes in optical density (OD) in the AChE histochemical
staining in the various areas of the human brain after treatment with differ-
ent doses of donepezil. The OD of the AChE histochemical reaction in the
control sample is taken as 100%. Five fields of each area of interest were
measured (n=35) and the OD results were averaged. Symbols are as
follows: putamen (@), NBM (A), hippocampus CA1 (M), hippocampus
CA3 and CA2 (V), hippocampus CA4 (OJ), temporal cortex (#), entorhinal
cortex (V), insular cortex (<). (B) Changes in optical density (OD) in the
AChE histochemical staining in the various areas of the rat brain after
treatment with different doses of donepezil. The OD of the AChE histo-
chemical reaction in the control sample is taken as 100%. Five fields of each
area of interest were measured (n=5) and the OD results were averaged.
Symbols are as follows: caudate—putamen (@), NBM (A), hippocampus
CA1 (M), hippocampus CA3 and CA2 (V), hippocampus CA4 (O), fronto-
parietal cortex (O), primary olfactory cortex (A).

postsynaptic AChE activity better than the presynaptic AChE
activity, which is quite remarkable. By slowing down the
hydrolysis of ACh at the synaptic sites, donepezil will
enhance the effect of the residual cholinergic presynaptic
elements in AD. The result of this is similar to that found
for heptyl-physostigmine.**

Effect of donepezil on the rat CNS

In biochemical experiments, donepezil has been shown to
inhibit the AChE activity in the brain,* the cortex*’ and the
hippocampus® of the rat. It elevates the extracellular levels of
catecholamines'® and ACh in the cerebral cortex' and the
hippocampus.? It will affect the N-methly-p-aspartate recep-
tors”! in the rat brain and interact with nicotinic receptors
expressed in fibroblast cells.% In vitro experiments revealed
that the 1Csy of donepezil on AChE activity present in the

homogenate of the rat brain cortex is around 1078 M,*7!
which is somewhat less than suggested by our OD experi-
ments. The differences can be explained, however, in terms
of the methods used in the various studies. In in vivo animal
studies, donepezil has been demonstrated to improve the
working memory.*3

The in vivo inhibitory effect of donepezil on AChE activity
has also been investigated in the frontal cortex, the hippo-
campus, the striatum and the hypothalamus of the rat.’
Biochemical studies suggested that the different doses of
donepezil inhibited the AChE activity in the frontal cortex
more markedly than that can be found in the striatum. Our
histochemical results clearly demonstrate that the different
neuronal elements (cell bodies and axonal processes) in the
various brain regions are differently affected, even within the
same region, such as the cortex, the hippocampus, the NBM
and the striatum. This therefore provides firm morphological
evidence that the cholinoceptive pyramidal neuronal peri-
karya are more sensitive than the cholinergic presynaptic
axons in the cortex and the hippocampus of the rat to a
given concentration of donepezil. In contrast, the neuronal
cell bodies in the NBM, from where the cholinergic axons
emanate to various areas of the cortex, are moderately resis-
tant to donepezil inhibition. We found that the most resistant
AChE-positive neuronal perikarya are located in the putamen,
the NBM, the diagonal band of Broca and some cells in the
hypothalamus. An alternative interpretation is that higher
concentrations of donepezil are needed to inhibit AChE in
basal forebrain neurons and the striatum because of their
higher AChE activity. Via the AChE-inhibitory effect of
donepezil in neuropharmacological experiments, a micro-
dialysis technique has shown that oral administration of
donepezil leads to an increase in the level of ACh in the
cerebral cortex of rats.*

Inhibitory effect of donepezil on the cholinergic nerves
innervating the blood vessels to the brain

It is well documented that the intra- and extracerebral blood
vessels and capillaries are innervated not only with amin-
ergic, but also with cholinergic nerve fibers, in both the
human 314246874 and the rat brain.?%-536070 The brain cortical
blood flow is largely dependent on the normal function of
cholinergic neurons located in the basal forebrain and project-
ing their axons to the cortex3® (see also Refs 60 and 70). A
dysfunction of these cholinergic neurons or their axon ter-
minals innervating the blood vessels may therefore lead to
pathology of the cortical microcirculation. Indeed, a disturbed
cerebral blood flow has been demonstrated.®!#517% The
abnormalities may be dependent on cerebral endothelial
cells, profound irregularities in the course of the vessels,%
thickening of the vascular basement membrane? and a reduc-
tion or loss of innervation in the cerebral microvasculature.?
These factors may play significant roles in the dysfunction of
the blood—brain barrier, in the cerebral microcirculation and
in the pathogenesis of AD.5%6

Factors believed to stabilize or improve the blood circula-
tion may result in an amelioration of the symptoms in AD.
Alternatively, the modulation of the cholinergic neurotrans-
mission may result in changes in memory performance in
AD" patients. Indeed, if AChE inhibitors (e.g., donepezil)
are used to reduce the AChE activity in the cholinergic
nerves, it might be suspected that the ACh remaining in the



Effects of donepezil on AChE-positive structures 99

cholinergic nerves innervating the intra- and extracerebral
blood vessels may regulate the blood circulation in AD
more effectively than without treatment. In our histochemical
experiments, the AChE activity was inhibited by 2x 108 M
donepezil, and totally abolished by 5x 1078 M donepezil.
Application of this drug and/or other AChE inhibitors to
ameliorate the blood circulation in the treatment of AD is
therefore an important possibility.

Effect of donepezil on the rat neuromuscular junction

Both human and animal in vivo studies have demonstrated
a peripheral effect of donepezil. The oral administration of
donepezil inhibited the pectoral muscle cholinesterase activ-
ity in young rats in a dose-dependent manner.*? Donepezil at
or above 2.5 mg/kg caused fasciculation, a peripheral cholin-
ergic sign of the activation of neuromuscular transmission.?
In nerve-hemidiaphragm preparations, an intracellular record-
ing technique revealed that the application of 1xX10™°M
donepezil increased the amplitude, the time-to-peak and the
half-decay time of miniature end-plate potentials.?” In our in
vitro experiments, the AChE activity in the neuromuscular

junction was reduced by 2X 10~8 M donepezil, suggesting a
local effect of donepezil on the postsynaptic membrane of the
neuromuscular junction. In human studies, muscle cramps
were registered as a side-effect in patients receiving a high
dose of donepezil (10 mg daily during a 24 week trial);" this
could be attributed to the inhibition of AChE activity in the
postsynaptic membrane folding at the neuromuscular junc-
tion. When the effects of donepezil on the cholinergic struc-
tures in the CNS and PNS are compared, however, the drug is
observed histochemically to be more selective for the brain
cholinoceptive neuronal perikarya than for the neuromuscular
junction. In the cortex, the AChE positivity in the pyramidal
cells can be abolished by 2% 10~¥ M donepezil, while at the
neuromuscular junction a similar level of inhibition can be
achieved only with 5% 107 M. The results of this study
reveal the importance of the regional, cellular and tissue
specificity of the effects of donepezil on AChE activity.
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Abstract

Human amyloid-B1-42 has been suggested to be a pathogenetic factor in Alzheimer’s disease. The precise mechanism
by which this peptide causes the degeneration of neurons in the affected brain is not yet fully understood. By using
immunohistochemistry we explored the inhibitory effects of human amyloid-1-42 applied in vivo on the fast axonal
transport of acetylcholinesterase, the amyloid precursor protein, the vesicular acetylcholine transporter and synapto-
physin in the sciatic nerve of rat. Our findings provide evidence for the in vivo neurotoxic effect of human amyloid-8
peptide. © 2000 Elsevier Science Ireland Ltd. All rights reserved.
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Characteristic neuropathological features of Alzheimer’s
disease (AD) include the cerebral deposition of human
amyloid-B1—42 (AB1-42) in the senile plaques and the
degeneration of cholinergic nerve cells (see Ref. [9] for a
review). The disease is characterized by a neuronal dysfunc-
tion in which the microtubule-associated tau-protein is
abnormally hyperphosphorylated, which in turn may cause
a disruption of the microtubule network and affect the
axonal transport. If this suggestion is correct, it may be
assumed that substances that are rapidly transported axon-
ally should accumulate in the axon after AP treatment. It
was earlier demonstrated that proteins, including acetylcho-
linesterase (AChE) [6], amyloid precursor protein (APP)
[10), synaptophysin (SYN) [3] and vesicular acetylcholine
transporter (VAChT) [11], accumulate in damaged nerves
and are good markers of axonal lesions. There has been no
previous report of the in vivo effects of human AB1-42 on
the axonal transport of these proteins. We therefore used
membrane-bound proteins to demonstrate the neurotoxic
effects of AB1-42 on axonal transport.

Adult male Sprague-Dawley rats (250-300 g) were
anaesthetized and 1.0 pl human AB1-42 (20 pM) freshly

* Corresponding author. Tel.: +36-62-454-569; fax: +36-62-
454-569.
E-mail address: kp@comser.szote.u-szeged.hu (P. Kasa)

solubilized solution [12] was injected under the epineurium
of the left sciatic nerve. The right sciatic nerve served as
control and was injected with the AB solution vehicle.
Experiments were carried out under a protocol approved
by the Animal Research Committee of the Albert Szent-
Gyorgyi Medical University (No. 2/19/2).

One day postinjection, control and AR1-42-injected
nerves were dissected out and fixed by immersion for 12 h
in 4% paraformaldehyde solution. Twenty micrometers
thick longitudinal sections were cut on a freezing micro-
tome. AChE histochemistry was performed as described
earlier [7]). For immunohistochemistry, the free-floating
sections were incubated either in 1:2000 diluted anti-APP
A4 serum (Mab 22C11, Boehringer) or in 1:64 000 diluted

- polyclonal goat anti-VAChT serum (Ab1578, Chemicon) or

in 1:1000 diluted monoclonal anti-synaptophysin antibody
(clone SY 38, Boehringer). For the detection of AB positiv-
ity, the sections were incubated in 1:16 000 diluted poly-
clonal rabbit anti-AB serum raised against a synthetic
peptide consisting of residues 1-28 of AR (G42CL). The
reaction end-products of histochemistry and of immunohis-
tochemistry were visualized with a solution of 0.05% 3,3'-
diaminobenzidine tetrahydrochloride (Sigma) as chromo-
gen and intensified by nickel chloride. To exclude the
mechanical damaging effect of oedema that may occur in

0304-3940/00/$ - see front matter © 2000 Elsevier Science Ireland Ltd. All rights reserved.
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the injected area, the weights of the excised samples were
measured.

In general, the results demonstrated that exogenously
applied human AB1-42 can disturb the axonal transport of
AChE, APP, VAChHT and SYN in the sciatic nerve of rat.
The accumulation of immunoreactivities was restricted to
the area where AB1-42 was present.

In detail, AB staining could not be detected in the control
nerve trunk of rat (Fig. 1A). After application of the human
AB1-42, however, a dark staining could be observed at the

e L

s i - 1

injection site among the myelinated axons (Fig. 1B) and at
the node of Ranvier (Fig. 1C,D). In control sciatic nerve,
ACHhE staining was demonstrated in the cholinergic axons as
described earlier [6] (Fig. 1E). In the nerve trunk treated
with AB1-42 for 24 h, a considerable accumulation of
AChE occurred at the injected site (Fig. 1F,G).

In the control sciatic nerve, no immunohistochemical
staining of APP, VAChT and SYN could be observed. 24
h after the injection of AB1-42, the APP (Fig. 1H), the
VACHT (Fig. 1I) and the SYN (Fig. 1J) reaction was present

-

el s

Fig. 1. Effects of AB1-42 on the transport of AChE, APP, VAChT and SYN in the sciatic nerve of rat. Ap staining can not be observed in the
control samples (A). After in vivo application AB1-42 is present among the myelinated axons (B) and at the node of Ranvier (arrow, C,D).
The reaction end-product of AChE is revealed in the control samples (E). 24 h after AB1-42 treatment, high accumulations of AChE
(arrows, F,G), APP (arrows, H), VAChT (arrows, |) and SYN (arrows, J) are visible in the axons. Scale bars, 30 um.
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in the axonal swellings, indicating local axonal injuries. No
oedema developed in the vehicle-injected and Ap1-42-trea-
ted samples. The weights of the excised samples did not
vary significantly (vehicle-injected: 5.692 (0.641, SD
(n = 3) mg; APB1-42-injected: 5.809 (0.708, SD (n = 3)
mg, P > 0.5).

The mechanism whereby AB can block the fast axonal
transport of AChE, APP, VAChT and SYN is not clear at
present. Several hypotheses have been put forward to
explain the neurotoxic effect of AB. It has been amply
demonstrated that the aggregated and soluble forms of the
peptide are very harmful to neurons and endothelial cells
both in vitro and in vivo [2,4,5,8,13,14]). Extracellularly
applied AR was internalized selectively by hippocampal
CAL1 neurons [1] and caused the accumulation of amyloido-

genic carboxy terminal fragments of APP. In our experi-

ments, the immunohistochemical localization of the
injected peptide suggests that it could be internalized into
the axoplasm at the nodes of Ranvier. If this is the case, AR
may inhibit the transport inside the axon by affecting
dynein, the dynactin complex [17] and the kinesin system
[15}, which is known to be responsible for the fast axonal
transport. When A is applied exogenously, the accumula-
tion of APP is regulated by tau-protein kinase I/glycogen
synthase kinase-3B, resulting in an impairment of axonal
transport and in the cytoplasmic accumulation of APP [16].

The results of this study support the suggestion that AD
may be initiated by a failure in axonal transport, which is
followed by neuronal degeneration.

This work was supported by OTKA (T022683), ETT
(584/1996) and a Széchenyi Professorship to P.K.
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Abstract

The axonal transport of presenilin-1 was investigated in a spinal cord-sciatic nerve-neuromuscular junction model system in the rat.
The technique of unilateral sciatic nerve ligation, using double ligatures, was combined with immunohistochemical staining and Western
blotting to examine the axonal transport of the protein. Inmunohistochemical studies involving the use of polyclonal antibodies for either
the N-terminal or the C-terminal domain of presenilin-1 furnished evidence that both fragments may be present not only in the neuronal
cell bodies, but also in the motoric and sensory axons and the motoric axon ferminals at the neuromuscular junctions. After double
ligation of the sciatic nerve for 6, 12 or 24 h, progressive immunostaining of presenilin-1 occurred above the upper ligature and to a lesser
extent below the lower ligature. Double staining of the sciatic nerve for presenilin-1 and for amyloid precursor protein revealed
overlapping immunoreactivity. Westemn blotting confirned the accumulation of the ~20-kDa C-terminal and ~25-kDa N-terminal
fragments and the full-length 45-kDa holoprotein of presenilin-1 both above and below the ligature. It is concluded that besides the larger
amounts of C-terminal and N-terminal fragments, a smatler quantity of intact presenilin-1 may be present and conveyed bidirectionally in
the sciatic nerve of the rat, These results lend further support to the suggestion that presenilin-1 may leave the rrans-Golgi network and be

found in the axons and axon terminals of the various neurons. © 2001 Elsevier Science BV. All rights reserved.

Theme: Disorders of the nervous system

Topic: Degenerative disease: Alzheimer’s — beta-amyloid

Keywords: Alzheimer's discase; Axonal transport; Immunohistochemistry; Presenilin-1; Sciatic nerve; Western blot

1. Introduction

Molecular genetic studies [41] have demonstrated that
mutations of presenilin genes (PS-1 and PS-2), and in
particular PS-1, are associated with a majority of the
early-onset cases of familial Alzheimer's disease (AD).
PS-1 has been localized in senile plaques [4,9,16,47], but
see Ref. [46}, and neurofibrillary tangles [4,16] in the brain
of AD individuals. In the brain and in vitro tissue cultures,
PS-1 has been found in the cell bodies, where it is
associated with the perinuclear envelope, the endoplasmic
reticulum and the frans-Golgi network [2,7,9,26,29}. In
some studies, it has been concluded that PS-1 can not be
found beyond the Golgi network (e.g. in the axons) [2,6].

*Corresponding author. Tel./fax: +36-62-544-569.
E-mail address: kp@comser.szote.u-szeged.hu (P. Kasa).

In contrast, other authors have demonstrated PS-1 in the
axons [10,12,27,29,34,40] and the axon terminals [4]. Ray
et al. (36] found that PS-1 may reach the plasma mem-
brane, while Beher et al. [3] provided evidence that
fragments of PS-1 are present in synaptic plasma mem-
branes. They suggested that PS-1 may exit from the cell
body and reach the synaptic organelles. The transport of
PS-1 fragments in neuritic processes has also been post-
ulated {4], but there is no direct morphological evidence
for the axonal transport of PS-1. The existence of PSs in
the axons is therefore debated and further evidence is
needed to clarify this question. Our aim in the present
work was to study the axonal localization and axonal
transport of PS-1 by immunohistochemical means. Western
blot analysis was applied for a semiquantitative demonstra-
tion of translocated PS-1 in the double-ligated sciatic nerve
of the rat. The axonal presence and transport of PS-1 were

0006-8993/01/5 ~ see front matter © 2001 Elsevier Science BV. All rights reserved.
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compared with those of the amyloid precursor protein
(APP) and acetylcholinesterase (AChE), substances which
are well documented in the different types of axons.

2. Materials and methods

The University Committee for the Care of Experimental
Animals approved all experimental procedures. The ex-
periments were performed in accordance with the ethical
guidelines for animal investigations of the Hungarian
Ministry of Welfare and in accordance with the European
Communities Council Directive (24 November 1986; 86/
609/EEC). Efforts were made to minimize animal suffer-
ing and the number of animals used. After surgery, the
animals were kept in cages separately under a 12-h light/
dark cycle, with lights on at 06:00 h; food and water were
freely available.

2.1. Materials

The substances used in this study were acetylthiocholine
jodide, bioMax light autoradiographic film, ethopro-
pazine.HCl, ethylenediaminetetraacetic acid (EDTA), 3,3'-
diaminobenzidine tetrahydrochloride (DAB), horseradish
peroxidase (HRP)-conjugated anti-mouse IgG, leupeptin,
phenylmethanesulfonyl fluoride (PMSF) and pepstatin A,
all from Sigma-Aldrich (St. Louis, MO, USA); anti-
Alzheimer precursor protein A4 (Mab 22C11) from Boeh-
ringer (Mannheim, Germany); polyclonal (AB1575 and
AB5308) anti-PS-1 from Chemicon International Inc.
(Temecula, CA, USA); HMW-SDS marker kit, LMW-SDS
marker kit and Hybond ECL nitrocellulose membrane from
Amersham Pharmacia Biotech (Buckinghamshire, UK);
Supersignal Western blot chemiluminescence reagent from
Pierce (Rockford, IL, USA); sodium dodecylsulfate (SDS)
and paraformaldehyde from Merck KgaA (Darmstadt,
Germany); biotin-SP-conjugated sheep anti-mouse IgG,
biotin-SP-conjugated goat anti-rabbit IgG, biotin-SP-conju-
gated rabbit anti-goat IgG, HRP-conjugated anti-rabbit IgG
" and HRP-conjugated streptavidin from Jackson (West
Grove, PA, USA); DPX histological mountant from Fluka
Chemie AG, (Buchs, Germany); and Histoclear I and
Histomount from National Diagnostics (Atlanta, GA,
USA). All other reagents were of either laboratory or
analytical grade from various suppliers.

2.2. Animals

Adult male Sprague-Dawley rats (4-5 months old,
400-450 g) were used in this study. The animals were
anaesthetized with a cocktail of ketamine (70 mg/kg) and
xylazine (10 mg/kg), administered intraperitoneally. The
left sciatic nerve of the rat was exposed and ligated distally
to the obturator internus muscle, using black silk thread.
To visualize and quantify the anterograde and retrograde

transport of the C-terminal and N-terminal fragments, full-
length PS-1 and the holoprotein of APP, a double-ligation
procedure was applied. The right sciatic nerve was also
exposed and a silk thread was placed loose around the
nerve in the same location in the sham controls. The rats
were allowed to recover for 6, 12 or 24 h prior to sacrifice.
The ligated left sciatic nerve was removed; this contained a
4-mm segment above the proximal ligature, a 4-mm
middle segment, and a 4-mm segment below the distal
ligature, Nerve segments that were similar in size were
excised from the sham-operated animals.

2.3. Tissue preparation for immunohistochemical and
histochemical investigations

After different time intervals, the rats were anaesthetized
with diethyl ether and perfused transcardially (200 ml) for
30 min with cold (4°C) 4% paraformaldehyde solution
(freshly prepared from paraformaldehyde powder), buf-
fered with 0.1 M Na-phosphate (pH 7.4). A segment of the
spinal cord (lumbar intumescentia), the spinal ganglia (L5
and L6), sensory axons distal to the L5-L6 spinal ganglia,
the sciatic nerve from control and ligated animals and the
abductor digiti quinti of the plantar muscle from the
control leg were immediately removed and immersed
overnight in a similar fixative at 4°C. After cryoprotection
for 24 h in 30% sucrose solution, the spinal cord, the
sensory ganglia and the muscle samples were cut at 24 pm
on a freezing microtome, while the sciatic and sensory
nerves were cut at a thickness of 15 um on a cryostat. The
spinal cord, the spinal ganglia and the muscle samples
were collected in ice-cold 0.1 M phosphate-buffered saline
(PBS) (pH 7.4) and processed as free-floating sections,
while the cryostat sections were mounted on glass slides
for immunohistochemical and histochemical staining.

2.4. Immunohistochemistry for single and double-stained
samples

The sections of the spinal cord, the L5 and L6 spinal
ganglia, the control and the double-ligated sciatic nerves,
the connecting sensory nerves and the muscle samples
were soaked for 10 min in 3% H,0,, washed in PBS and
treated with 0.1 M PBS containing 0.3% Triton X-100 for
20 min, and then with 0.1 M PBS containing 5% normal
serum for 60 min. Separate sections were incubated with
0.1 M PBS containing one of the primary antibodies for 2
days at room temperature. This was followed by incuba-
tion in normal serum for 30 min, in biotin-SP-conjugated
secondary antibody (1:500) for 90 min, and then in
streptavidin~HRP (1:1000) for 90 min. The sections were
washed twice in 0.1 M PBS for 10 min between sera.
When single staining was applied, the peroxidase complex
was visualized by incubating the sections with 0.05 M
Tris-HCI (pH 7.6) containing 0.05% DAB, 0.1%. NiCl,
and 0.005% H,0,, resulting in a blmsh-black “Colour.
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When double-stained sections were prepared (stained either
for PS-1 and APP or for AChE and PS-1), the samples
were developed first in DAB dissolved in 0.05 M Tris—
HCI buffer. The staining resulted in a brownish colour.
After this step, the samples were mounted on glass slides
in 0.05 M Tris—HCI buffer and photos were taken from the
areas where the brownish colour was detected. Thereafter,
the sections were treated for 30 min with 0.6% H,0, to
eliminate the possibly persistent activity of the marker
enzyme. In the case of PS-1, the second staining was for
APP, while the histochemical reaction for AChE was
followed by either PS-1 or APP immunohistochemistry.
After staining for the second antibody, the peroxidase
complex was visualized by incubating the sections in a
DAB-NiCl, mixture. In these double-stained sections, a
brownish colour could be detected in some axons; in some
others, the brownish colour was intermingled with a
bluish-black colour; and in yet other axons, the bluish-
black staining appeared as a separate entity. In parallel
incubations, the primary antibody was omitted, and the
specificity of the immunoreactivity was tested. No im-
munostaining was observed in such samples. The sections
were thereafter mounted, air-dried, dehydrated in an ethyl
alcohol series, cleared in Histoclear, and finally coverslip-
ped by using Histomount. Photos were taken under normal
light field microscopy conditions (Nikon Microphot-FXA
microscope).

2.5. Acetylcholinesterase histochemistry

To determine whether PS-1 and/or APP are localized in
sensory and/or motoric fibres in the ligated sciatic nerves,
AChE histochemical staining was performed. Sections
from sensory nerves emanating from the spinal ganglia
towards the spinal cord and the sciatic nerves were
prepared as previously described [22,43]. Some of the
sections which were double-stained for AChE and PS-1, or
for AChE and APP, were mounted in 0.05 M Tris—HCI-
covered glass slides after AChE staining, and the AChE
reaction end-product was photographed for further docu-
mentation.

2.6. Preparation of the sciatic nerve for SDS-PAGE

The control and ligated sciatic nerves were removed
after ligation for 6, 12 or 24 h. Segments 4 mm in length
of the sciatic nerves of the sham-operated control animals,
and 4-mm segments from above the proximal ligature,
from between the two ligatures, and from below the distal
ligature of the sciatic nerve were excised on ice and
immediately placed into a buffer solution which contained
50 mM Tris—HCI buffer (pH 7.5), 150 mM NaCl, 2 mM
EDTA, 2 mM PMSF, 2 pg/ml leupeptin, 1 pg/ml
pepstatin and detergents (1% Nonidet-P-40 and 0.1%
sodium deoxycholate). Thereafter, the samples were
homogenized. As the amount of PS-1 in the sciatic nerve

was expected to be low, samples from two animals were
pooled for PS-1 isolation. After centrifugation (10 000Xg
for 1 h at 4°C), proteins in the supernatant solutions were
measured by the method of Hess [14]. For analysis, 40 pg
of protein was supplemented with Laemmli sample buffer
and, after boiling for 5 min, loaded on 9.0% PAGE for
electrophoresis [28].

2.7. Western blot analysis

To ascertain whether only the C-terminal and N-terminal
fragments, or the holoprotein of PS-1, or all of these, are
transported in the sciatic nerve of rat, we used various
polyclonal antibodies: AB5308 for the detection of intact
45-kDa holoprotein and the C-terminal fragment [amino
acids 275-367] and AB1575 to recognize the full-length
and the N-terminal fragment [amino acids 14-33] of PS-1.

The separated proteins were transferred to nitrocellulose
membranes by using the BioRad Mini-Protean II system.
Membranes were blocked in 5% non-fat dry milk with
0.2% Tween-20 in 50 mM Tris-buffered saline (TBS) for 1
h at room temperature. For the labelling of the fragments
and the holoprotein of PS-1, the antibodies were used in a
dilution of 1:1000 in TBS containing 1% non-fat dry milk.
The membranes were incubated with the different primary
antibodies overnight at room temperature. After the mem-
branes had been washed five times in TBS, the filters were
incubated with HRP-conjugated goat anti-rabbit IgG
(1:5000) or HRP-conjugated rabbit anti-goat IgG (1:5000)
as secondary antibody for 1 h at room temperature,
followed by washing as described above. Bound antibodies
were detected with the Supersignal Western blot chemi-
luminescence reagent, and this was followed by exposure
to an autoradiography film.

2.8. Quantitation of blots

Optical densities of immunoreactive bands were quan-
tified by means of the NIH-Image program (NIH, USA).
The intensity of the control band was taken as 100%, and
changes were calculated with respect to this value. The
reported data are the overall results of three different
experiments. The error bar denotes the S.E. A probability
level P<0.05 was taken to be statistically significant.
Statistical evaluations were performed with Student’s ¢-
test.

3. Resu!ts

3.1. Immunohistochemical localization of presenilin-1 in
the sciatic nerve and sensory axons

To investigate the morphological localization of PS-1 in
the various tissue samples, both the N-terminal (AB1575)
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and the C-terminal loop (AB5308) antibodies were used:
they gave similar immunohistochemical staining. The
immunoreactivity in the sciatic nerve was revealed in a
discontinuous manner in the axons of the myelinated nerve
fibres (Fig. 1A). Similar axonal staining was seen in the

sensory axons (not documented) leaving the L5 and L6
dorsal root ganglia, and in a number of Schwann cells
around the myelinated axons. No staining was present in
the nerve samples from which the primary antibodies were
omitted (Fig. 1B).

Fig. 1. Immunohistochemical demonstration of PS-1 in the various tissue samples, using AB1575 (A,C,E-G) and AB5308 (D) polyclonal antibodies. The
two antibodies resulted in similar immunoreactivity. PS-1 staining appears in a discontinuous manner (arrows) in the axons of the control sciatic nerve
bundle (A). No immunoreactivity was detected in the sciatic nerve samples without primary antibody (B). The arrangement of the double ligation on the
sciatic nerve is demonstrated in C, where U indicates the segment above the proximal ligature (arrow), M the segment between the ligatures, and L the
segment below the lower ligature (arrowhead). After 24 h of double ligation, a pronounced accumulation of PS-1 occurred above the proximal ligature (D,
arrows). In the segment below the lower ligature, the staining for PS-1 was less expressed (E, arrows). PS-1 immunoreactivity occurred in the perikarya of
the motoneurons (F) and the sensory nerve cell bodies of various sizes of the dorsal root ganglia (G). Scale bar=50 um (A,B,F,G); 1.0 mm (C); 25 pm

(D,E).
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3.2. Immunohistochemical localization of presenilin-1 in
the double-ligated sciatic nerve

To examine the bidirectional axonal transport of PS-1 or
its fragments, a double-ligation technique was used (Fig.
1C). The sciatic nerve was ligated for 6, 12 or 24 h. The
staining intensity was already increased after 6 h in the
segments above the upper ligature and below the lower
ligature. Between 6 and 24 h, however, the PS-1 staining
gradually increased further only on the proximal side (Fig.
1D). After 6 h (Fig. 1E), the immunoreactivity did not
increase further in the distal segment. Between the two
ligatures, the immunostaining was observed only in the
cytoplasm of the Schwann cells (not documented) after 24
h. When the N- or C-terminal fragment antibodies were
used for the demonstration of PS-1, the motoric neurons in
the ventral horn of the spinal cord (Fig. 1F) and the
sensory ganglion cells (Fig. 1G) proved immunoreactive.

3.3. Immunohistochemical localization of presenilin-1
and histochemical demonstration of acetylcholinesterase
in the double-ligated sciatic nerve

We next examined whether PS-1 is transported in the
motoric, in the sensory or in both types of axons in the
sciatic nerve. After 24 h, the double-ligated nerve was
double-stained, first for AChE (brown colour) and then for
PS-1 (bluish-black colour). In these samples, the two
proteins appeared to be present in many axons, but
separately within the same axon (Fig. 2A), both above and
below the ligature. This staining pattern suggests that PS-1
and AChE are present in the motoric nerve. However, in
other cases the brown (AChE) and the bluish-black (PS-1)
staining reactions appeared in separate axons (Fig. 2B),
suggesting that PS-1 may be present in the sensory axons
too. In some other fibres the two colours appeared inter-
mingled within the same axonal region. At higher magnifi-
cation (Fig. 2C), the bluish-black end-product DAB-Ni
appeared in dot-like structures within the region where the
brownish DAB reaction product was present.

3.4. Immunohistochemical localization of amyloid
precursor protein and histochemical demonstration of
acetylcholinesterase in the double-ligated sciatic nerve

We have reported previously that AChE and APP are
transported in the sciatic nerve of the rat [19,21,23]. It
appeared necessary to answer the question of whether APP
is conveyed similarly to PS-1 in the motoric and sensory
axons, or whether they are transported in different axons.
A double-staining technique revealed that, when the doub-
le-ligated sciatic nerve samples were incubated first for
AChE activity, the brownish colour (due to the enzyme
activity) appeared in some axons (Fig. 2D). When the
same section was processed further to demonstrate the
presence of APP (bluish-black colour), some of the axons

proved to contain AChE only, some axons were double-
labelled for AChE and APP, and in yet other axons only
APP was present (Fig. 2E).

3.5. Immunohistochemical double-labelling for
presenilin-1 and amyloid precursor protein in the
double-ligated sciatic nerve

Since the PS-1 function is closely linked to vy-secretase
activity for APP processing [8], we investigated the spatial
relationships of these proteins in the sciatic nerve of the
rat. The samples were incubated first for PS-1 and the
reaction end-product was visualized with DAB. After
photos of interesting areas had been ‘taken, the sections
were processed further for APP and the reaction end-
product was intensified with Ni. This double-staining
procedure revealed that those sites in the axons which
reacted for PS-1 (Fig. 2F) were also positive for APP (Fig.
2G), suggesting that PS-1 and APP are either colocalized
or there is an overlap of the staining for the two proteins.

3.6. Immunohistochemical demonstration of presenilin-1
and amyloid precursor protein in the presynaptic axon
terminals at the neuromuscular junction

To demonstrate the sites of the destination of axonally
transported fragments of PS-1, we compared the localiza-
tion of PS-1 immunoreactivity with APP at the neuro-
muscular junction (NMJ) of the plantar muscle of the rat.
In sections stained for APP, the axon varicosities appeared
as discrete dots (Fig. 2H), but some immunoreactivity was
diffuse. This latter staining could possibly be present in the
postsynaptic membrane at the NMJ. When PS-1 was
demonstrated in the muscle samples, similar well-discern-
ible staining structures were revealed in the presynaptic
axon terminals (Fig. 2I). To reveal the precise sites of
these proteins, some of the sections were double-stained
first for AChE (brown) and thereafter for PS-1 (bluish-
black). In this case, the PS-1 reaction end-product was
clearly visible within the NMJ, where the AChE histo-
chemical staining was present (Fig. 2J,K).

3.7. Western blot detection of the accumulation of
presenilin-1 in the double-ligated sciatic nerve

To validate the immunohistochemical results, the West-
ern blot technique was used to detect the presence and the
accumulation of the N- and C-terminal fragments and the
full-length protein of PS-1 in a sciatic nerve which was
double-ligated for 6, 12 or 24 h. The N-terminal of PS-1
was investigated with a polyclonal antibody (AB1575)
directed against residues 14-33, while the C-terminal and
the intact protein of PS-1 were demonstrated with an
antibody (AB5308) directed against residues 275-367 of
the PS-1 C-terminal loop region. The results of this
technique accord well with the immunohistochemical
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Fig. 2. Double-stained samples for AChE and PS-1 (A-C [AB1575], J-K [AB5308]), for AChE and APP (D,E) and for PS-1 and APP (G). In the sciatic
nerve double-ligated for 24 h and double-stained first for AChE (brown, arrowhead) and thereafter for PS-1 (bluish-black, arrow), the two types of staining
appeared either in distinct regions within the same axon (A) or in different axons (B) or in the same areas of the fibres (C) above the proximal ligature. In
C, the PS-1 immunoreactivity is present in dot-like structures (arrow) in the region where the AChE (arrowhead) is present. In samples first stained for
AChE (D, arrowheads) and thereafter for APP, either the two reaction end-products appeared in the same some axon (E, arrowhead plus arrow), or the
ACHhE positivity (arrowheads) and the APP immunoreactivity (arrows) were present in separated fibres (E). The immunoreactivity for PS-1 (F, arrows) and
for PS-1 and APP (G, arrows) could be revealed above the ligature in the same areas of the same axon in the double-ligated sciatic nerve for 24 h. In the
muscle samples, the APP (H) and PS-1 (I) immunoreactivity appears as discrete dots (arrowheads). In double-stained muscle samples, the postsynaptic sites
were delineated by the AChE histochemical reaction (J,K, brown) and the PS-1 immunoreactivity appeared in the motoric axon (J, arrow) and in the
presynaptic axon terminals (J.K, arrowheads) at the NMJ. Scale bar=25 pm (A-G); 10 pwm (H-K).

staining. It was shown that, besides large amounts of proximal ligature and below the distal ligature. After
~20-kDa C-terminal fragment and ~25-kDa N-terminal ligation, the C-terminal fragment (Fig. 3A,B), the N-
fragment, small amounts of the 45-kDa PS-1 holoprotein terminal fragment (Fig. 3C,D) and intact PS-1 (Fig. 3E,F)

are present in the different segments both above the accumulated in a time-dependent manner up to 24 h above
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Fig. 3. Western blot of protein extracts from control samples (a) and from samples double-ligated for 6 h (b), 12 h (c) or 24 h (d) above the proximal
ligature, or for 6 h (e), 12 h (f) or 24 h (g) below the distal ligature of the sciatic nerve. The polyclonal antibody AB5308 detected ~20-kDa (A) protein
corresponding to the C-terminal and intact ~45-kDa (E), while antibody AB1575 detected ~25 kDa (C) protein corresponding to the N-terminal PS-1. The
A, C and E immunoblot results were quantified and are demonstrated in histograms B, D and F, respectively. The optical density is expressed as a
percentage of that for the control sample (100%). The reported data are the overall results of three different experiments. The error bar denotes the S.E.
Statistical evaluations were performed with Student’s ¢-test. Significant difference from the control sample: * P<0.05, ** P<0.001.

the proximal ligature, and up to 6 h below the distal
ligature. No accumulation of these proteins could be
revealed between the two ligatures (not documented). The
accumulation of the C- and N-terminal fragments was
more rapid than that of the full-length PS-1, suggesting a
rapid endoproteolytic cleavage of PS-1 within the axons.

After a 24-h ligation, the amount of the C-terminal
fragment above the proximal ligature (Fig. 3B) was 10
times more than those found in the control, whereas the
intact protein of PS-1 was increased by only five times
(Fig. 3F) in the same segment as compared with the
control sample of the sciatic nerve.
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4. Discussion

This study has demonstrated three important points.
First, N- and C-terminal PS-1 immunoreactivity is present
in a large number of motoric and sensory axons of the
sciatic nerve of rat. Second, the Western immunoblot
technique revealed that not only the ~20-kDa C- and the
~25-kDa N-terminal fragments, but a small amount of the
intact 45-kDa holoprotein of PS-1, is conveyed bidirection-
ally in the sciatic nerve. Third, the morphological appear-
ance of the immunohistochemical staining of PS-1 in the
presynaptic axon terminal is similar .to that of APP.

4.1. Presence of presenilin-1 in the motoric and sensory
axons

Some previous studies on the immunocytochemical
localization of PS-1 suggested that it is restricted to the
cell body and dendrites [6,29]. It was not found in
significant amounts beyond the cis-Golgi compartments [2]
(e.g. in the axons). Other studies have demonstrated the
existence of PS-1 in the axons [10,27,34] and in the
axoplasm [40]. The localization of PS-1 is similar to that
of APP, which has been found in various axons
[1,25,31,39,48] and axon terminals [5,17]. Our results
support earlier data that both APP and PS-1 immuno-
staining may be present not only in the cell bodies and
dendrites, but also in the axons of some neurons. PS-1 is
suggested to have vy-secretase activity [8] and to cleave the
transmembrane domain of APP, producing amyloid-beta
(AB) peptide. In some immunohistochemical studies, no
staining for PS-1 (-y-secretase activity) was demonstrated
in the axons [2,6}). However, we were able to reveal A
staining in a number of axons and axon varicosities near
and inside the senile plaques of the human hippocampus
from AD individuals [49]. If this observation is’ correct,
then AB would be produced in the axons having APP, but
without PS-1. Such a result would indicate a spatial
paradox for AP production. The present study therefore
supports the earlier finding that PS-1 may be present in the
axons [10,12,29,34]. The results presented-here extend the
earlier findings on the axonal localization of PS-1. Our
double-labelling studies on PS-1 and AChE revealed that
PS-1 staining is present not only in the AChE-positive
motoric, but also in the AChE-negative sensory fibres [38].
In the AChE-positive motoric fibres, PS-1 was mostly
localized in a segment where no AChE staining could be
revealed. This result suggests that the two proteins may be
localized in different axoplasmic structures or are trans-
ported at different axonal velocities. Qur finding that PS-1
could be located in the different axons may have several
explanations. First, we used a spinal cord and sciatic nerve
model system, which may be different from the undifferen-
tiated and transfected cell lines. Second, in this study both
N- and C-terminal PS-1 antibodies were applied, with the
same degree of success. Third, in none of the earlier

experiments was a ligature introduced to facilitate the
accumulation of PS-1 in a given segment of the nerve
fibres. Our results therefore strengthen the findings that
PS-1 may be present not only in the axons in some brain
areas in rodents [10,29] and in the axon terminals of
cortical and cerebellar neurons [37], but also in the axons
and axon terminals of the motor neurons at the NMJ.

4.2. Anterograde and retrograde transport of presenilin-
1 in the sciatic nerve of rat

By biochemical and light microscopic immunohistoch-
emical means, PS-1 or its fragments has been demon-
strated to be present at the cell surface [36], at the
intercellular and synaptic contacts [13), in the synaptic
plasma membranes [3], in the axon terminals [4] and in the
axonal growth cones [3,4,12]. In accordance with these
findings, PS-1 was detected ultrastructurally at the cell
surface in transfected COS-7 cells [44], occasionally
within presynaptic elements on typical synaptic vesicles of
the monkey brain [29], and in the cerebellar cortex of the
mouse and the rat [37]. All of these results support the
suggestion that PS-1 may exit from the cell body and reach
the cell surface plasma membrane or the synaptic regions
in the neurons.

The results presented .in this paper provide further
experimental evidence and demonstrate that the N- and
C-terminal fragments and intact PS-1 may be transported
in the motoric and sensory axons. We used double ligatures
that allow a more accurate assessment of bidirectional
transport. Such an experimental set-up clearly indicates
that the accumulation of PS-1 is due to bidirectional axonal
movement, rather than accumulation at a site of axonal
damage. The presence of 45-kDa holoprotein and frag-
ments of PS-1 in the axons, and their accumulation in the
segments above the proximal ligature and in the segments
below the distal ligature, indicate that this protein may be
cycling at all times in the sciatic nerve of the rat. Similarly
to our finding of the bidirectional transport of PS-1, the
fast anterograde [25,33,42] and retrograde [42] axonal
movement of APP has already been demonstrated in the
sensory nerves of the dorsal root ganglia of the rat [25,42].
However, the transport of APP and PS-1 is not restricted to
the sensory nerves. Here, we have presented immuno-
histochemical evidence that the anterograde and retrograde
movement of PS-1 may also occur in the motoric fibres of
the sciatic nerve. The higher levels of the C- and N-
terminal fragments and intact PS-1 adjacent to the proxim-
al ligature as compared with the distal ligature may be due
in part to the greater transport of PS-1 anterogradely. The
mechanism of the transport of PS-1 holoprotein, the N-
terminal and C-terminal fragments, and APP, however,
may differ from that of AChE and choline acetyltrans-
ferase (ChAT), which are also present in the motoric axon.
It has been shown that AChE [19,21] and ChAT [20,21]
accumulate at different rates up to 24 h at the end proximal
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to the ligature. The AChE activity rises not only in the
proximal, but also in the distal segment up to 24 h, while
the activity of ChAT does not change or slightly decreases
distal to the ligature [21]. PS-1 and APP accumulate
steadily up to 24 h above the upper ligature, while the
highest accumulation of PS-1 in the segment distal to the
ligature is observed up to 6 h after the lesion. Our data
support the suggestion and provide further evidence that
the various axoplasmic proteins may be conveyed inside
the axon by various axonal structures [18], (e.g. AChE in
axonal smooth surface endoplasmic tubules and vesicles
[19], ChAT moves freely in the axoplasm {21], while PS-1
may be bound to coated transport vesicles [29], recycling
endosomes [2] or small synaptic vesicles [3], and APP to
clathrin-coated transport vesicles [32]. PS-1, PS-2 and APP
KPI (751/770) immunostaining was recently demonstrated
on the surface of the small synaptic vesicles in the

presynaptic boutons and preterminal varicosities of the °

parallel fibres in the cerebellar cortex of the adult rat and
mouse [37]. The question as to whether PS-1 and APP are
transported in direct or indirect interactions remains to be
answered.

4.3. Localization of presenilin-1 in relation to amyloid
precursor protein in the presynaptic axon terminals at
the neuromuscular junctions

There is an ongoing controversy as concerns the axonal
localization of PS-1 in the central and peripheral nervous
systems. In this study, we hoped not only to clarify the
question of whether PS-1 can be found only in the axons,
but also to reveal its presence in the axon terminals. The
results of the immunostaining for PS-1 were compared
with those for APP. Our findings clearly demonstrate that
the localization of PS-1 is similar to that of APP in the
axon terminals at the NMJ of the plantar muscle of the rat.
APP has already been shown to be present in the axon
terminals of the central nervous system [5,17}. The ques-
tions of whether PS-1 and APP are interconnected directly
[45] or indirectly [24], and whether they are colocalized in
the axon terminals at the NMJ or the immunostaining is
merely overlapping, remain for further investigation.

4.4. The source of axonally transported presenilin-1

AD-associated PS-1 has previously been localized in
various neuronal cell bodies {9-11,34] and in the muscle
tissue [35]. Within the neuronal perikarya, it is present in
the endoplasmic reticulum—Golgi intermediate compart-
ment {2,7,26,29] and in the recycling endosomes [2,30].
Our observations indicate that there are at least three
possible sources of PS-1 present in the axons of the sciatic
nerve: (a) in the motoric axons, PS-1 may originate from
the ventral horn neurons present in the grey matter of the
spinal cord, while in the sensory fibres, PS-1 may be
transported from the spinal ganglia, and (b) it may be

taken up from the PS-1-positive Schwann cells surround-
ing the axons in the sciatic nerve, and (c) from the
postsynaptic muscle tissues. Intensive PS-1 immuno-
reactivity has already been demonstrated in the large
neurons of the grey matter of the spinal cord [10,15], and
in the dorsal root ganglion cells of the mouse [15]. This
and our own results lend strong support to our hypothesis
that the motoneurons and the sensory ganglion cells are the
primary sites of the source of PS-1 in the sensory and
motoric axons in the sciatic nerve bundle. Furthermore, our
results not only confirm the axonal localization of PS-1,
but also extend the earlier findings demonstrating that PS-1
may be present in the motoric and sensory axons, where it
is conveyed bidirectionally. The present immunohistoch-
emical and Western blot study therefore argues against the
suggestion that in general PS-1 can not be found beyond
the endoplasmic reticulum and Golgi cisterna. Our results
favour an axonal localization of PS-1 in the various
neurons.
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Abstract

B-Amyloid peptide (A 8), the principal component of senile plaques in Alzheimer’s disease, has been found to be neurotoxic. The role
of A in the deficits of the GABAergic system in patients with Alzheimer’s disease is unclear. It has been suggested that the cytotoxic
activity of A B is localized to amino acid residues 25-35 of this peptide, which contains a total of 42 amino acid residues. We now report
that the short amyloid peptide fragments corresponding to amino acids 31-35 (A 831-35) and 34-39 (A 834-39) are also toxic in vitro
to the small GABAergic neuron population of basal forebrain cultures. Morphological changes were accompanied by an increased number
of varicosities localized on the processes of the GABA-immunoreactive neurons and by the appearance of round cells without processes.
The neurodegeneration was confirmed by means of scanning electron microscopy. Quantification of the morphological findings by image
analysis demonstrated a size-related dependence of the degeneration of GABAergic neurons. The results suggest that fragments of A 8
shorter than A 825-35 may exert cytotoxic action and demonstrate the toxicity of these A 8 fragments in decreasing the number of small

GABAergic neurons. © 1998 Elsevier Science B.V. All rights reserved.

Keywords: Amyloid; Alzheimer’s disease; Neuronal culture; GABA immunocytochemistry; Scanning electron microscopy; Image analysis

1. Introduction

Previous studies have demonstrated deficits of different
transmitter-containing neurons in patients with Alzheimer's
disease (AD) [9,19,23,27,36,37]. It has also been shown
that B-amyloid peptide (A B8) plays a role in the neuronal
degeneration of AD both in vivo [3,6,15,16,35,38] and in
vitro [1,21,28,31]. Whether there is a relationship between
A B toxicity and the GABAergic deficit is an important
question because controversial data have been reported
concemning changes in GABAergic neurons after A 8 treat-
ment. Studies on the A B neurotoxicity of GABAergic
cells have led to reports both of their resistance [30] and of
their vulnerability [11,12].

A B contains 42-43 amino acid residues. It has been
proposed that its biologically active domain is the discrete

* Corresponding author. Fax: +36-62-312-849; E-mail:
pakaski@comser.szote-u.szeged.hu

0006-8993/98/519.00 © 1998 Elsevier Science B.V. All rights reserved.
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11-amino acid internal sequence of amino acids 25-35
(A B25-35) [21,39). The biological activities of shorter
A B fragments have also been investigated
[13,24,25,31,33). The results indicate that the neurotoxic
action of A 8 is linked to the state of aggregation of the
peptide. Pike et al. [33] demonstrated the formation of
stable aggregates and induction of the neurotoxicity of
synthetic A 8 containing the hydrophobic residues 29-35,
suggesting that this region is vital for amyloid deposition
and bioactivity. -

With regard to these previous data, one purpose of the
present study was to reevaluate the toxicity of A 81-42 on
GABAergic cells in embryonic rat basal forebrain cultures;
a second goal was to compare the toxic effects of different
short fragments of A on this neuron population. The
morphology of neuronal cultures was investigated by means
of GABA immunocytochemistry. To confirm the reliability
of the degeneration process visualized by GABA immuno-
staining, we additionally examined the morphological
changes by using scanning electron microscopy. To quan-
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tify our results, the numbers and sizes of GABAergic
neurons were measured with an image analyser. In view of
the fact that previous data indicated that A 8 kills neurons
by an apoptotic mechanism [7,17], a check was also made
on the manner of neuronal death by staining the cells with
the fluorescent chromatin dye Hoechst 33,258.

2. Materials and methods
2.1. Tissue cultures

Primary basal forebrain cultures were prepared from
16-17-day-old (E16—-17) rat embryos. The collected tissue
samples were incubated for 10 min in 0.25% trypsin
(Gibco) at 37°C. The tissue was mechanically dissociated
by trituration with a fire-polished Pasteur pipette. The
resulting cell suspension was centrifuged for 10 min at
1000 X g. The pellet was resuspended in Dulbecco’s Mod-
ified Eagle Medium (DMEM) (Gibco) containing 10%
fetal bovine serum (FBS) (Gibco), 100 U/ml penicillin
and 100 wg/ml streptomycin. Cells were plated onto
poly-L-lysine (Sigma) coated coverslips (3.5-4 X 10*
cells /cm?) and were plated in 2 humidified 37°C incubator
in air containing 5% CO,.

2.2. Treatment of neuronal cultures

Since untreated neurons were observed to retain their
viability for at least 10 days in this culture system, 4 days
in vitro (DIV 4) after plating the cultures were treated with
20 uM AB1-42, AB31-35 AB34-39 or AB33-35.
A B1-42 and the various fragments were dissolved in 35%
acetonitrile plus 0.1% trifluoroacetic acid (ACN/TFA)
and were diluted 50 X in growth medium as described by
Yankner et al. [39]. Control cultures were maintained in
DMEM/10% FBS for 4 days, and then supplemented with
ACN/TFA. Exposure to A 81-42 and its fragments was
carried out in the incubator (37°C, 5% CO,). Cultures
were assessed on days 1 (DIV4 +1),3(DIV4 +3)and 5
(DIV 4 + 5) after treatment.

2.3. Peptide synthesis

Human A B was synthesized in the Chemical Depart-
ment of our University by a solid-phase technique involv-
ing Boc chemistry [26]. Peptide chains were elongated on
MBHA resin (0.6-0.8 mmol/g) and the syntheses were
carried out manually. Couplings were performed with di-
cyclohexylcarbodiimide, with the exception of Asn, which
was incorporated in HOBt-ester form. The Boc group was
removed by treatment with 50% TFA in CH,Cl,. After
completion of the synthesis, the peptide was cleaved from
the resin with liquid HF. Free peptides were solubilized in
95% TFA, filtered and lyophilized. The crude peptides
were purified by RP-HPLC on an Astec-300 5 C, column.
The purity was checked by RP-HPLC on a W-Porex 5 C,

column. Amino acid analysis demonstrated the expected
amino acid composition, and electrospray mass spectrome-
try gave the expected molecular ion.

2.4. Immunocytochemistry

One to five days after A B8 treatment, the cultures were
fixed in 1% glutaraldehyde for 20 min. The cells were then
incubated by using 0.2% Triton X-100 and 5% normal
bovine serum (NBS) in Tris-buffered saline (TBS) for 4 h.
The monoclonal antibody against GABA (1:3000; Im-
munotech, France) was applied overnight at 37°C. This
was followed by incubation in goat-anti-rabbit IgG (1:30,
Jackson Immunores. Lab., USA) for 1 h, and then in rabbit
peroxidase—antiperoxidase complex (1:200, Nordic Im-
mun. Lab., Germany) for 1 h. The cultures were washed
twice for 10 min between sera. All the washing steps and
the dilution of the antisera were carried out with 0.1 M
TBS (pH 7.4) containing 5% NBS. The peroxidase reac-
tion was developed by using 3,3'-diaminobenzidine tetra-
hydrochloride and NiCl,.

The specificity of the immunostaining was controlled
by omitting the first or second antibody from the incuba-
tion procedure. No residual immunoreactivity was found.

Cells were examined on a Nikon Microphot FXA mi-
croscope equipped with Nomarsky optics (Japan).

2.5. Assessment of neuronal death

The cells of control and A 81-42-treated cultures were
fixed for 30 min in 4% paraformaldehyde and then ex-
posed to 2 uM Hoechst 33,258 (Sigma) for 30 min.
Cultures were washed twice with phosphate-buffered saline
and twice with water. Fluorescence was visualized by
using a 40 X lens: the dye was excited at 365 nm, and the
emission was filtered with a 400 nm barrier filter.

2.6. Scanning electron microscopy

The control and A B-treated cultures were prefixed in
1.0% glutaraldehyde and 2.0% formaldehyde for 4 h,
postfixed in buffered 1% OsO, for 2 h, dehydrated in a
graded series of ethanol, and placed in acetone. Following
critical point drying with liquid CO,, the cultures were
sputtered with gold and examined on a Tesla BS-300
electron microscope.

2.7. Image analysis

A Leica Q500 MC colour image analyser (Germany)
was employed to measure the numbers and sizes of the
GABAergic cells in the control and A B-treated cultures.
The image analyser was controlled by QWIN software.
Since binary operators separately labelled profiles, includ-
ing the fragmentations of GABA-positive cells, the binary
editing operator was used for further manipulation of the
images. In binary editing, the light pen was used by
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drawing the GABA-immunoreactive cells manually. After
this step, a measurement routine was run which computes
the numbers and diameters of GABAergic cells. These
results were stored in a data file that was further analysed
by means of Microsoft Excel 5.0 software. GABA-im-
munoreactive cells were counted in 5 randomly selected
fields (5 X 0.3 mm?) per experiment in 3 separate experi-
ments. All statistical evaluations involved Student’s #-test
analysis.

3. Results

3.1. Demonstration of toxicity of AB fragments by GABA
immunocytochemistry

To determine the neuronal toxic effects of A 8 and its
fragments, the control and A B-treated cultures were im-
munostained for GABA. The staining pattern of the control

Fig. 1. Panels A-F present micrographs of basal forebrain cultures immunochemically stained with GABA antibody exposed for 1-3 days (DIV4 + 1,
DID4 + 3) to the following treatments: A: solvent (control), (DIV4 + 1); B: 20 uM A B1-42 (DIV4 + 1); C: 20 uM A B31-35 (DIV4 + 1); D: 20 uM
A B34-39 (DIV4 + 1); E: 20 uM A B31-35 (DIV4 + 5); F: 20 uM A B34-39 (DIV4 + 5). Essentially, all neurons appeared healthy in the control
culture; in contrast, the vast majority of the neurons have degenerated after treatment (round perikaryons, fragmented neurites). Scale bar = 40 um.
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cultures demonstrated a diffuse intracellular distribution of
GABA localized on the perikarya and long processes of
the neurons (Fig. 1A). Neurons in the culture exposed to
A B1-42 (20 uM) revealed characteristic morphological
changes: 1 day after the A 31-42 treatment (DIV4 + 1)
(Fig. 1B), varicosities could be detected on the processes
of a large number of neurons. In the control cultures, only
a few, spontaneous degenerated GABAergic neurons pos-
sessed fragmented neurites (Fig. 1A). By day 3 after
A B1-42 incubation (DIV4 + 3), not only were varicosi-
ties visible, but the number of GABA-immunoreactive
neurons was decreased. Five days after A 81-42 exposure,
the GABA immunoreactivity was restricted to the perikarya
in most of the positively stained neurons, and the number
of GABAergic cells was further decreased. A 831-35 and
A B34-39 also appeared to cause the degeneration of
GABAergic neurons. One day after treatment with these
fragments (DIV4 + 1), the neurites of GABA-positive cells
exhibited pruning, fragmentation and morphological indi-
cations of process degeneration (Fig. 1C,D). An extended
incubation with these fragments (DIV4 + 3, DIV4 + 5),
revealed that they decreased GABAergic cell survival (Fig.
1E,F). On use of Nomarski optics or counterstaining with
safranine, it was found that the processes of some other
types (non-GABAergic) of neurons were intact. The mor-
phology of GABA-immunoreactive cells in cultures ex-
posed to AB33-35 was similar to that of the control
cultures: the neurons had long, intact processes.

3.2. Demonstration of apoptotic cell death

A B1-42 induced cell death was characterized by the
demonstration of a hallmark of apoptosis in basal forebrain
cultures after 3 days of treatment with 20 uM A B1-42.
Staining of A B-treated cultures with the fluorescent chro-

matin dye Hoechst 33,258 revealed numerous condensed
nuclei (Fig. 2B); at the same time, this apoptotic feature
was very scarce, although not absent, in control cultures
(Fig. 2A).

3.3. Demonstration of toxicity of AP fragments by scan-
ning electron microscopy

One to five days after incubation with the solvent
(DIV4 + 1, DIV4 + 3 and DIV4 + 5), the neurons in the
control cultures were healthy, with long processes (Fig.
3A). Exposure of cultures to A 81-42 rapidly resulted in a
detectable effect on the morphological features of the
neurons: tiny varicosities appeared on the processes of
most neurons (Fig. 3B). A 331-35 (Fig. 3C) and A 34—
39 also resulted in widespread degeneration of the neurons
after a long incubation period. The morphological changes
were similar to the features observed on exposure to
A B1-42. The only fragment which did not alter the
morphology of the cells was A 833-35.

3.4. Quantification of toxicity of AB fragments by image
analysis

To quantify the toxicity of A Bs, we compared the
numbers of GABAergic cells in the control cultures with
those in the cultures after A B treatment. In contrast with
the fact that the early signs of neurodegeneration, such as
fragmentation which could be demonstrated on both small
and large neurons, the numbers of GABAergic cells in the
presence of the various A Bs demonstrated a clear size-re-
lated dependency. Fig. 4 illustrates the effects of the A s
on the numbers of GABAergic cells. On day 1 after
treatment, only A B1-42 caused a significant cell loss. By
day 3 after treatment with A 1-42, A 831-35 or A B34-

Fig. 2. Photomicrograph of basal forebrain cultures stained with the DNA dye Hoechst 33,258. A: control cultures exhibited nuclear staining typical of
healthy cells; a few dying cells contained clumped DNA (arrow) and fragmented DNA (wide arrow); B: a 20 uM A B1-42-treated culture (DIV4 + 3)
contained clumped DNA associated with a large number of apoptotic cells (arrow). Scale bar = 40 wm.
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Fig. 3. Scanning electron microscopic images of basal forebrain cultures
exposed for 3-5 days to the following treatments: A: solvent (control)
(DIV4+3); B: 20 uM A B31-35 (DIV4+3) (a morphological sign of
neuronal degeneration is visible, the arrow pointing to fragmented neu-
rites); C: 20 uM A B31-35 (DIV4 +5). Note the evidence of apoptosis
of neurons: small protrusions on their soma. Scale bar = 20 pm.

39, the number of GABA-immunoreactive cells had de-
creased to 50-60% of that in the control culture. Follow-
ing a 5-day exposure (A 81-42, A $31-35 or A B34-39),
more serious damage to the GABAergic cells was ob-
served. Treatment of cultures with A 333-35 did not
induce a significant decrease in the number of GABA-
positive cells.

Since morphological investigation of A p-treated cul-
tures demonstrated that the small bipolar GABAergic cells

are vulnerable after a shorter incubation period than for the
large, multipolar ones, we analysed the effects of the A Bs
on the cells of different sizes. Three types of neurons were
distinguished by difference in somatic size: large neurons
(longest diameter 15-20 um), these being the least fre-
quent cell type; medium-sized neuronal somata (diameter
10-15 pm); and small neurons (diameter 5—10 wm), these
being the most frequent cell type in these neuronal cul-
tures. Image analysis of the loss of these differently-sized
neurons after A 3 treatment demonstrated that after expo-
sure to A B1-42 for 1 day caused a selective loss of small
GABAergic neurons (Fig. 5A), whereas the number of
these small neurons remained unchanged following treat-
ment with A 331-35, A 834-39 or A B33-35 (Fig. 5A).
At this time, there was no significant decrease at all in the
numbers of medium-sized or large neurons after exposure
to the various A Bs.

On day 3 after treatment, not only A 81-42 but also
A B31-35 and A $34-39 had induced the selective loss of
small GABA-positive neurons (Fig. 5B). The numbers of
medium-sized and large neurons were still not decreased
significantly after any A 8 treatment relative to the con-
trols (Fig. 5B).

On day 5 after exposure to the A Bs, the numbers of
both small and medium-sized neurons were decreased
significantly, but that of the large GABAergic neurons
remained unchanged (Fig. 5C).

100 —
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@ Ap33-35
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Fig. 4. Effects of different A Bs on numbers of GABAergic cells in
embryonic rat basal forebrain cultures. The values for untreated cultures
were taken as 100%. Data are means+S.D. values from 5 randomly
selected fields (5X 0.3 mm?) in each of 3 separate experiments. Signifi-
cant toxicity is observed on day 1 after A 81-42 treatment, and on days 3
and 5 after A 81-42, AB31-35 and A $34-39 treatment (* p <0.001,
paired Student’s t-test).
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4. Discussion

Although post mortem AD brains have typically indi-
cated severe reductions in the cholinergic marker choline
acetyltransferase [5], an ever increasing number of data
have been reported that point to damage to neurons con-
taining other neurotransmitters. GABAergic cell injury in
AD, for example, has been investigated extensively
[9,19,23,37]. The present study revealed that not only
A B1-42 itself, but also two of its fragments (A B31-35
and A 834-39) are toxic to the GABAergic neurons in rat
basal forebrain cultures. The neurotoxic effects of A 81-42
and its fragment A 825-35 have been studied in consider-
able detail in both in vivo [3,6,15,16,35,38] and in vitro
experiments [1,13,20,24,25,28,29,31], but information on
shorter peptide fragments is almost completely lacking. A
correlation has been demonstrated between A 8 aggrega-
tion and neurotoxicity [3,21,28,29,33]. Although we have
not assessed their aggregation status, we suggest that
A 31-35 and A 834-39 might aggregate at a slower rate
than A B1-42, with the result that their toxic effects
therefore would be more moderate during a given incuba-
tion period. The different effects of these fragments and
A B33-35 may be due to their different aggregation states.
We suggest that since A 833-35 cannot aggregate and so
cannot be toxic, whereas A 831-35 and A $834-39 can
presumably assemble and induce a neurotoxic effect.

Assessment of the mechanism of neuronal death proved
that neurons in our experiments also died by apoptosis
[7,17]. Although the apoptosis test and GABA immuno-
cytochemistry were not performed on the same samples, it
may be suggested that A 8 induces an apoptotic mecha-
nism in the GABAergic neurons.

It is interesting to note that the Leu and Met at positions
34 and 35 of the amino acid sequence are common in
A B31-35, AB33-35 and A B34-39. Our data suggest
that Leu* and Met* may play a critical role in the
biochemical mechanism of A 8 neurotoxicity. Since aggre-
gation is important for toxicity, we concluded that a neuro-
toxic effect may be induced by Leu** and Met* in those
fragments which contain more than three amino acids,
which are long enough to be in a stable aggregation state.
In agreement with the present data, the role of Met® in
A B toxicity has been indicated in earlier papers [10,18].
Manelli and Puttfarcken [18] found that the amino acid
substitution A 81-42(Nle*) decreased the toxicity to-
wards rat hippocampal cells.

The image analysis data demonstrated the toxicity of
AB1-42, AB31-35 and A B34-39 in decreasing the
number of small GABAergic neurons. We do not know the

reason for the prevailing loss of small GABAergic neu-
rons. A subset of GABAergic neurons has been reported to
express calcium-binding proteins [8,22,34]. There are sug-
gestions that A 8 neurotoxicity involves an apoptotic cas-
cade, driven in part by the destabilization of intracellular
calcium [20,33]. Cells containing calcium-binding proteins
are stated to reduce intracellular calcium levels more effec-
tively than those that cannot bind calcium [4]. Although
the sizes of neurons containing calcium-binding proteins
have been investigated only in the striatum of rat [2] and
human [14], both studies concluded that these neurons are

_medium to large in size. Based on the above data, we

suggest that the small GABAergic neurons in our neuronal
cultures may not contain any calcium-binding protein, and
therefore the most vulnerable to A B8s. Pike and Cotman
[32] investigated the vulnerability of calretinin-im-
munoreactive neurons. They reported that calretinin-posi-
tive neurons in hippocampal cultures are resistant to A 8
toxicity [32] and suggested that calretinin, with its en-
hanced calcium-buffering capacity, is responsible for the
resistance of GABAergic cells. To prove or disprove our
suggestion regarding the possibility of different contents of
calcium-binding proteins in neurons of different sizes,
further investigations are necessary, involving double im-
munocytochemical studies for different neurotransmitters
colocalized with calcium-binding proteins (ongoing study).

In conclusion, the present study, aimed at obtaining a
deeper insight into the cellular events leading to neuronal
death, has provided morphological evidence that not only
A B1-42 and its biologically active fragment A 825-35
are toxic to neuronal cells: A 831-35 and A 834-39 also
induce neuronal degeneration in rat basal forebrain cul-
tures. Our results lead us to conclude that Leu** and Met*
may be responsible for the toxicity of amyloid peptides. It
is presumed that the different sizes of neurons may be
related to their different neurochemical phenotypes, which
is one of the many factors influencing the neuronal vulner-
ability to amyloid toxicity. These observations suggest that
the degeneration of small GABAergic neurons is an indica-
tor of early pathological changes and of functionally and
morphologically vulnerable sites.
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Fig. 5. Effects of different A Bs on numbers of GABAergic cells of different sizes in embryonic rat basal forebrain cultures after different treatment
periods. A: day 1 after treatment (DIV 4 + 1); B: day 3 after treatment; C: day 5 after treatment. Data are means + S.D. values from 5 randomly selected
fields (5 X 0.3 mm?) in each of 3 separate experiments (* p < 0.001, paired Student’s #-test).



246 M. Pakaski et al. / Brain Research 796 (1998) 239-246

References

[1] C. Behl, J.B. Davis, R. Lesley, D. Schubert, Hydrogen peroxide
mediates amyloid B protein toxicity, Cell 77 (1994) 817-827.

{2] B.D. Bennett, J.P. Bolam, Characterization of calretinin-im-
munoreactive structures in the striatum of the rat, Brain Res. 609
(1993) 137-148.

[3] J. Busciglio, A. Lorenzo, B.A. Yankner, Methodological variables in
the assessment of beta amyloid neurotoxicity, Neurobiol. Aging 13
(1992) 609-612.

[4] B. Cheng, M.P. Mattson, NGF and bFGF protect rat hippocampal
and human cortical neurons against hypoglycemic damage by stabi-
lizing calcium homeostasis, Neuron 7 (1991) 1031-1041.

[5] J.T. Coyle, D.L. Price, M.R. DeLong, Alzheimer's disease: a disor-
der of cortical cholinergic innervation, Science 219 (1983) 1184~
1190.

[6] M. Emre, C. Geula, B.J. Ransil, M.-M. Mesulam, The acute neuro-
toxicity and effects upon cholinergic axons of intracerebrally in-
jected B amyloid in the rat brain, Neurobiol. Aging 13 (1992)
553-560.

[7] G. Forloni, R. Chiesa, S. Smiroldo, L. Verga, M. Salmona, F.
Tagliavini, N. Angeretti, Apoptosis mediated neurotoxicity induced
by chronic application of beta amyloid fragment 25-35., Neurore-
port 4 (1993) 523-526.

[8] T.F. Freund, GABAergic septohippocampal neurons contain parval-
bumin, Brain Res. 478 (1989) 375-381.

{9] J. Hardy, R. Cowburn, A. Barton, G. Reynolds, P. Dodd, P. Wester,
A.-M. O’Carrol, E. Lofdahl, B. Winblad, A disorder of cortical
GABAergic innervation in Alzheimer’s disease, Neurosci. Lett. 73
(1987) 192-196.

[10] K. Hensley, J.M. Camey, M.P. Mattson, M. Aksenova, M. Harris,
JF. Wu, RA. Floyd, D.A. Butterfield, A model for S-amyloid
aggregation and neurotoxicity based on free radical generation by
the peptide: relevance to Alzheimer disease, Proc. Natl. Acad. Sci.
U.S.A. 91 (1994) 3270-3274.

[11] P. Kasa, M. Pakaski, B. Penke, Synthetic human beta amyloid has
selective vulnerable effects on different types of neurons and glial
cells in in vitro cultures derived from embryonic rat brain cortex,
Neurobiol. Aging 13 (1992) S104, Suppl. 1.

[12] P. Kasa, M. Pakaski, B. Penke, Synthetic human beta amyloid has
selective vulnerable effects on different types of neurons, in: M.
Nicolini, P.F. Zatta, B. Corain, (Eds.), Alzheimer’s Disease and
related disorders, Advances in the Biosciences, Vol. 12, Pergamon
Press, Oxford, 1993, pp. 311-312.

[13] P. Kasa, Z. Farkas, M. Pakaski, K. So6s, B. Penke, Effects of
B-amyloid peptides and their fragments on acetylcholine release in
in vitro studies, Clin. Neurosci. 49 (1996) 48-49.

[14] H. Kita, T. Kosaka, C.V. Heizmann, Parvalbumin-immunoreactive
neurons in the rat neostriatum: a light and electron microscopic
study, Brain Res. 536 (1990) 1-15.

[15] N.W. Kowall, MF. Beal, J. Busciglio, L.K. Duffy, B.A. Yankner,
An in vivo model for neurodegenerative effects of 8 amyloid and
protection by substance P, Proc. Natl. Acad. Sci. U.S.A. 88 (1991)
7247-7251.

[16] N.W. Kowall, A.C. McKee, B.A. Yankner, M.F. Beal, In vivo
neurotoxicity of beta amyloid [ 8(1-40)] and the [ B(25-35)] frag-
ment, Neurobiol. Aging 13 (1992) 537-542.

[17] D.T. Loo, A. Copani, C.J. Pike, ER. Whittemore, AJ. Wa-
lencewicz, C.W. Cotman, Apoptosis is induced by beta-amyloid in
cultured central nervous system neurons, Proc. Natl. Acad. Sci.
U.S.A. 90 (1993) 7951-7955.

[18] A.M. Manelli, P.S. Puttfarcken, B-Amyloid-induced toxicity in rat
hippocampal cells: in vitro evidence for the involvement of free
radicals, Brain Res. Bull. 38 (1995) 569-576.

[19] T.J. Marczynski, GABAergic deafferentation hypotheses of brain
aging and Alzheimer's disease revisited, Brain Res. Bull. 45 (1998)
341-379.

[20] M.P. Mattson, B. Cheng, D. Davis, K. Bryant, I. Lieberburg, R.E.
Rydel, B-amyloid peptides destabilize calcium homeostasis and
render human cortical neurons vulnerable to excitotoxicity, J. Neu-
rosci. 12 (1992) 376-389.

[21] M.P. Matison, K.J. Tomaselli, R.E. Rydel, Calcium-destabilizing
and neurodegenerative effects of aggregated B-amyloid peptide are
attenuated by basic FGF, Brain Res. 621 (1993) 35-49.

[22] R. Miettinen, A L. Gulyas, K.G. Baimbridge, D.M. Jacobowitz, T.F.
Freund, Calretinin is present in non-pyramidal cells of rat hippocam-
pus: II. Co-existence with other calcium binding proteins and GABA,
Neuroscience 48 (1992) 29-43.

[23] P. Mohanakrishnan, A.H. Fowler, J.P. Vonsattel, M.M. Husain, P.R.
Jolles, P. Liem, R.A. Komoroski, An in vitro 'H nuclear magnetic
resonance study of the temporoparietal cortex of Alzheimer brains,
Exp. Brain Res. 102 (1995) 503-510.

[24] M. Pakaski, K. So6s, B. Penke, P. Kasa, Neurotoxic effects of
beta-amyloid and different amyloid peptides on cholinergic, gabaer-
gic and parvalbumin containing neurons, Clin. Neurosci. 49 (1996)
24.

[25] H. Papp, M. Pakaski, B. Penke, P. Kasa, Effects of B-amyloid and
its fragments on cholinergic and cholinoceptive neurons in vitro,
Clin. Neurosci. 49 (1996) 49-50.

[26] B. Penke, K. So6s, Z.E. Szabé, J. M4rky-Zay, M. Pakaski, P. Kasa,
Synthesis and investigation of the S-amyloid 1-42 polypeptide and
its analogs, in: C.H. Schneider, A.N. Eberle, (Eds.), Peptides, Escom
Science Publishers, 1992, pp. 792-793.

[27] EK. Perry, J.A. Court, S. Lioyd, M. Johnson, M.H. Griffiths, D.
Spurden, M.A. Piggott, J. Turner, R.H. Perry, Beta amyloidosis in
normal aging and transmitter signalling in human temporal lobe,
Ann. New York Acad. Sci. 777 (1996) 388-392.

[28] C.J. Pike, A.J. Walencewicz, C.G. Glabe, C.W. Cotman, In vitro
aging of B-amyloid protein causes peptide aggregation and neuro-
toxicity, Brain Res. 563 (1991) 311-314.

[29] CJ. Pike, A.J. Walencewicz, C.G. Glabe, C.W. Cotman, Aggrega-
tion-related toxicity of synthetic B-amyloid protein in hippocampal
cultures, Eur. J. Pharmacol. 207 (1991) 367-368.

13(5] C.J. Pike, C.W. Cotman, Cultured GABA-immunoreactive neurons
are resistant to toxicity induced by B-amyloid, Neuroscience 56
(1993) 269-274.

[31] C.J. Pike, D. Burdick, A.J. Walencewicz, C.G. Glabe, C.W. Cot-
man, Neurodegeneration induced by B-amyloid peptides in vitro: the
role of peptide assembly state, J. Neurosci. 13 (1993) 1676-1687.

[32] C.J. Pike, C.W. Cotman, Calretinin-immunoreactive neurons are
resistant to B-amyloid toxicity in vitro, Brain Res. 671 (1995)
293-298.

[33] C.J. Pike, A.J. Walencewicz, J. Kosmoski, D.H. Cribbs, C.G. Glabe,
C.W. Cotman, Structure-activity analyses of B-amyloid peptides:
contributions of the $25-35 region to aggregation and neurotoxic-
ity, J. Neurochem. 64 (1995) 253-265.

[34] 1.H. Rogers, Immunohistochemical markers in rat cortex: co-locali-
zation of calretinin and calbindin-D28k with neuropeptides and
GABA, Brain Res. (1992) 147-157.

[35] D.K. Rush, S. Aschmies, M.C. Merriman, Intracerebral B-amyloid
(25-35) produces tissue damage: is it neurotoxic?, Neurobiol. Aging
13 (1992) 591-594.

[36] D. Storga, K. Vrecko, J.G. Birkmayer, J.G. Reibnegger, Monoamin-
ergic neurotransmitters, their precursors and metabolites in brains of
Alzheimer patients, Neurosci. Lett. 203 (1996) 29-32.

[37] H. Tohgi, T. Abe, S. Takahashi, M. Kimura, A selective reduction
of excitatory amino acids in cerebrospinal fluid of patients with
Alzheimer type dementia compared with vascular dementia of the
Binswanger type, Neurosci. Lett. 141 (1992) 5-8.

[38] J. Waite, G.M. Cole, S.A. Frautschy, D.J. Connor, L.J. Thal, Solvent
effects on beta protein toxicity in vivo, Neurobiol. Aging 13 (1992)
595-599.

[39] B.A. Yankner, L.K. Duffy, D.A. Kirschner, Neurotrophic and neuro-
toxic effects of amyloid B protein: reversal by tachykinin neuropep-
tides, Science 250 (1990) 279-282.






Acta Biologica Hungarica 49 (1), pp. 43-54 (1998)

EFFECTS OF BETA-AMYLOID ON CHOLINERGIQ,
CHOLINOCEPTIVE AND GABAergic NEURONS

Magdolna PAKASKI', Henrietta PAPP', M6nika FORGON', P. KAsA JR.2 and B. PENKE®

'Alzheimer’s Disease Research Centre, 2Department of Pharmaceutical Technology, ’Depangr;eﬁt ot: Medical
Chemistry, Albert Szent-Gy®rgyi Medical University, Szeged, Hungary

(Received: 1998-06-12; accepted: 1998-06-26)

Alzheimer’s disease is primarily characterized by neurofibrillary tangles, senile plaques and a choliner-
gic hypofunction. In this study, the morphological signs of toxicity of amyloid  (AB) 1-42 and short
amyloid peptide fragments corresponding to amino acids 31-35 and 34-39 were investigated on choli-
nergic, cholinoceptive and GABAergic neuronal populations of basal forebrain cultures.

The applied AP fragments were toxic to cholinergic, cholinoceptive and GABAergic neurons. In cho-
linergic and cholinoceptive neurons, the toxic effect caused a redistribution of the acetylcholinesterase
within the cells; the characteristic morphological changes in the GABAergic neurons involved the frag-
mentation and disappearance of the processes.

These results suggest that the vulnerability of neurons to AP toxicity does not depend on their trans-
mitter content, but the morphological manifestation of this vulnerability differs in the various neuronal
populations. The results of experiments with short AP fragments led to the conclusion that Leu** and
Met* may be responsible for the toxicity of amyloid peptides.

Keywords: Alzheimer's disease — amyloid — neuronal culture - GABA immunocytochemistry — acetyl-
cholinesterase — vesicular acetylcholine transporter

INTRODUCTION

Alzheimer's disease (AD) is characterized by the extracellular deposition in the brain and
its blood vessels df insoluble aggregates of the amyloid B (AB) peptide. AD can also be
related to damage to the basal forebrain cholinergic system, and in particular the nucleus
basalis of Meynert, which undergoes significant neuronal loss in AD {2, 4]. Although the
GABAergic population is typically spared from severe neuronal loss in AD, the evidence
does indicate the presence of neuritic abnormalities in these cells [25]. Previous studies
have also demonstrated deficits of othér neurotransmitters, including the GABA system,
in patients with AD [15, 22).
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AP has been shown to be toxic to neurons in vitro [3, 18, 26] and to rats and aged pri-
mates in vivo [10, 11]. Although the relationship between A toxicity and the cholinergic
system was investigated in vivo (5, 6], we have little information about in vitro findings
[17). Another interesting question is how GABAergic neurons react to AP. Earlier inves-
tigations provided controversial results concerning the resistance [19] and vulnerability
(7. 8] of GABAergic neurons in response to A} neurotoxicity.

The major protein component of the amyloid core of the senile plaques is the 40-42
amino acid residue AP. Earlier reports concluded that AB25-35 causes morphological in-
dications of neuronal degeneration similar to those of the full-length AB1-42. It has been
suggested that this 11-amino acid internal sequence of amino acids is the biologically ac-
tive fragment and may be responsible for the toxic effect of AB1—42 [26]. Further analysis
of a series of peptides derived from the proposed active fragment of AP revealed that
AP29-35 is necessary for the neurotoxicity [20]. With regard to the cited data, the pri-
mary purpose of this study was to investigate the in vitro toxic effect of AB on cholinergic
or cholinoceptive neurons in embryonic rat basal forebrain cultures; a second aim was to
re-examine the morphological changes in the GABAergic neurons after AP treatment.
Cholinergic or cholinoceptive neurons were identified by means of acetylcholinesterase
(AChE) histochemistry and vesicular acetylcholine transporter (VAChT) immunohisto-
chemistry. GABAergic neurons were demonstrated by GABA immunohistochemistry.
These morphological methods were used to investigate the structural changes in the cho-
linergic, cholinoceptive and GABAergic neurons after AB1-42 treatment. After initial
characterization of the activity of full-length A$1-42, the toxicities of shorter fragments,
such as AB31-35, AB34-39 and AB33-35, were compared. To prove the neuronal dam-
age by biochemical means, measurements were made on the mitochondrial dehydrogenase
activity (MTT) reduction and lactate dehydrogenase (LDH) release into the medium.

MATERIALS AND METHODS
Tissue culture

Since the basal forebrain is a region typically affected in AD, primary basal forebrain
cultures were utilized in our experiments. Basal forebrain tissue from embryonic rat pups
on days 16 or 17 (E16-17) was dissected and then digested for 10 min in 0.25% trypsin
(Gibco) at 37 °C. Following mechanical dissociation of the tissue, the suspension was
settled for 10 min at 1000 x g. The cell pellet was resuspended in Dulbecco’s Modified
Eagle Medium (DMEM) (Gibco) containing 10% fetal bovine serum (FBS) (Gibco), 100
U/ml penicillin and 100 pg/ml streptomycin. Cells were plated onto coverslips coated
with poly-L-lysine (Sigma) at a density of 3.5-4x 10* cells/cm? and were grown in a hu-
midified incubator at 37 °C in 5% CO2.
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Peptide solutions

Human AP was synthesized in the Chemical Department of our University by a solid-
phase technique involving Boc chemistry, purified by HPLC, and subjected to electro-
spray mass spectral analysis [12]. AB1-42, AB31-35, AB34-39 or AB33-35 was solubi-
lized in 35% acetonitrile plus 0.1% trifluoroacetic acid (ACN/TFA). Peptide solutions
were diluted into the growth medium immediately after solubilization to yield a final con-
centration of 20 uM for ABs as described by Yankner et al. [26]. Peptides were added to
cultures on 4 day in vitro (DIV 4) after plating. Control cultures were maintained in
DMEM/10% FBS for 4 days, and then supplemented with vehicle alone. Morphological
changes in the cells were monitored on days 1 (DIV 4+1), 3 (DIV 4+3) and 5 (DIV 4+5)
after treatment.

ACHhE histochemistry

To visualize the signs of AP toxicity on cholinergic and cholinoceptive neurons, the cul-
tures were fixed in 4% paraformaldehyde for 20 min and then stained for AChE by the
technique of Tago et al. [23). Ethopropazine (10 M) was always used as non-specific
cholinesterase inhibitor. After incubation with a reaction mixture containing acetylthio-
choline iodide (1 mg/ml) as substrate, the reaction product was detected with 3,3’-
diaminobenzidine tetrahydrochloride and NiCly. During the microscopic examination,
300 AChE-positive neurons were counted both in the control and in the AP1-42-treated
cultures and they were classified according to their size and the staining pattern.

VAChKT immunohistochemistry

For a more exact identification of cholinergic neurons, the cultures were immunostained
for VAChT. The cells were fixed in 4% paraformaldehyde for 20 min and were incubated
with 0.1% Triton X-100 and 5% normal rabbit serum (NGS) in Tris-buffered saline
(TBS) for 2 h. The polyclonal antibody against VAChT (1:32 000, Chemicon, USA) was
applied for 48 h. This was followed by incubation in rabbit-anti-goat IgG-biotin (1:200,
Jackson Immunores. Lab., USA) for 1 h, and then in streptavidin-horseradish peroxidase
(1:500, Zymed, USA) for 1 h. The cultures were washed twice with 0.1 M TBS (pH 7.4)
for 10 min between sera. The peroxidase reaction was developed by using 3,3’-diamino-
benzidine tetrahydrochloride and NiCl,.

GABA immunohistochemistry
To assess the neuronal damage caused to the GAB Aergic neurons by the APs, the cultures
were immunostained for GABA by the peroxidase-antiperoxidase method. After fixation
in 1% glutaraldehyde for 20 min, the cells were permeabilized and the non-specific

staining was blocked by incubation with 0.2% Triton X-100 and 5% normal bovine serum
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(NBS) in TBS for 4 h. The monoclonal antibody against GABA (1:3000; Immunotech,
France) was applied overnight at 37 °C. Goat-anti-rabbit secondary antibody (1:30, Jack-
son Immunores. Lab., USA) and rabbit peroxidase-antiperoxidase complex (1:200, Nor-
dic Immun. Lab., Germany) were applied consecutively for 1 h at room temperature.
Staining was revealed with a solution containing 3,3’-diaminobenzidine tetrahydrochlo-
ride, NiCl; and H;0; in Tris-HCI. In immunocytochemical control experiments, immu-
nostaining was blocked by deletion of the GABA antibody. The results of morphological
observations were quantified by image analysis. A Leica Q500 MC colour image analyser
(Germany) was employed to measure the numbers of GABAergic cells in the control and
AP-treated cultures after different time intervals.

Biochemical investigations

As one of the early indicators of toxicity of APBs [23], the MTT reduction was measured 2
and 6 h after AP treatment. 200 pl/culture of 5 mg/ml MTT (3-[4,5-dimethylthiazol-2-yl]-
2,5-diphenyltetrazolium bromide) stock was added and, after a 4 h incubation, 300 pl of
reaction solution containing 50% dimethylformamide and 20% SDS was added to solubi-
lize the insoluble formazan precipitates produced by MTT reduction. The next day, the
absorbance of the purple dye was read at 570 nm.

After a longer incubation with ABs (DIV4+3; DIV4+4 and DIV 4+5), the LDH activ-
ity in the culture medium was evaluated by measuring the rate of disappearance of NADH
(after addition of pyruvate and NADH), monitored spectrophotometrically at 340 nm by
the method of Wréblewski and LaDue [25].

RESULTS

Demonstration of toxicity of ABs on cholinergic
and cholinoceptive neurons

In the control cultures, two types of neurons could be distinguished on the basis of their
morphological features after AChE histochemistry. The majority of the AChE-positive
neurons (66%-76%) were small and bipolar, but this basal forebrain culture contained a
relatively large number of multipolar neurons with extensively arborized processes (24%—
34%). The specific staining for AChE was localized on the perikarya and processes of
neurons (Fig. 1A). After AB1-42 treatment, the localization of the staining pattern was
changed. It did not fill the whole perikarya and could be observed near the plasma mem-
brane or sometimes near the somatodendritic region (Fig. 1B). Similarly, treatment of the
cultures with shorter peptides (AB31-35 or AB34-39) also caused alterations in the en-
zyme localization within the cholinoceptive and cholinergic neurons (Fig. 1C). AB33-35
had no effect at all. Figure 2 demonstrates the quantitative distribution of the healthy and
damaged AChE-positive neurons of different sizes in the control and AB1-42-treated cul-
tures. The numbers of both large, multipolar and small, bipolar neurons displaying diffuse
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perikaryonal staining (healthy cells) were decreased after AB1-42 treatment. At the same
time, the number of neurons with a staining pattern localized near the plasma membrane
(damaged cells) was increased. The increase in the number of damaged cells was not es-
sentially different in the small, bipolar (3-fold) and large, multipolar (4-fold) neurons.

Fig. 1. Panels A-C: micrographs of basal forebrain cultures histochemically stained for AChE exposed

for 1 day (DIV4+1) to the following treatments: A: solvent (control); B: 20 uM AB1-42; and C: 20 uM

APB31-35. The neurons appear intact in the control culture; in contrast, the neurons are damaged after
treatment (the specific staining is localized around the membrane). Scale bar = 10 um
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Fig. 2. Effect of Af1-2 on the localization of the AChE staining in the large, multipolar and small,
bipolar AChE-positive neurons. The counted 300 cells of the cultures were taken as 100%

To confirm that the cultures really contained cholinergic neurons, the cells were im-
munostained for VAChT. Figure 3 illustrates the specific staining of cholinergic neurons.
The immunostaining of VAChT was localized to the perikarya, where it appeared as ve-
sicular distribution, and sometimes to the processes of neurons.

Fig. 3. Photomicrograph of basal forebrain cultures immunostained with VAChT antibody. Scale bar =
10 um
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Demonstration of toxicity of Afs on GABAergic neurons

When the control and AP-treated cultures were immunostained for GABA, there were
again morphological differences between them. In the untreated cultures, the GABA-im-
munoreactive neurons were healthy and their long processes were intact (Fig. 4A). Initi-
ally (DIV4+1), tiny varicosities appeared on the processes of the GAB A-positive neurons
in the AB1-42 treated cultures (Fig. 4B). On longer incubation (DIV4+3), more fragment-
ed neurites could be observed. By day 5 after AB1—42 treatment, the signs of degeneration
had become more serious: the majority of the GABAergic cells had lost their processes
and the number of this type of neurons had decreased. AB31-35 (Fig. 4C) and AB34-39
(Fig. 4D) had similar toxic effects on the GAB Aergic basal forebrain neurons. There were
no changes in the morphology of GABA-immunoreactive neurons after AB33-35 treat-
ment. Table 1 illustrates the effects of the ABs on the numbers of GABAergic cells
counted by image analysis. On day | after treatment, only AB1—42 caused a significant
cell loss. By day 3 after treatment with AB1-42, AB31-35 or AB34-39, the number of
GABA-immunoreactive cells had decreased to 50-60% of that in the

Fig. 4. Photomicrograph of basal forebrain cultures immunostained with GABA antibody exposed for |

or 3 days (DIV4+1, DID4+3) to the following treatments: A: solvent (control) (DIV4+1); B: 20 uM

AB1-42 (DIV4+1); C: 20 mM AB31-35 (DIV4+3) and D: 20 mM AB34-39 (DIV4+3); neurons have

long, intact processes in the control culture; in contrast, the vast majority of the neurons are degenerated
after treatment (fragmented neurites). Scale bar = 30 um
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Fig. 5. Inhibition of MTT reductien caused by ABL—42 and AB31-35 in embryonic rat basal forebrain

cultures. The values for untreated cultures (vehicle alone) were taken as 100%. Results on treated cul-

tures are expressed as percentages of the control absorbance. Data are means + SD values of results on 5

separate sample. Significant toxicity is observed at 2 h after AB1-—42 treatment, and at 6 h after
AP1-42 or AP31-35 treatment (*p < 0.001, **p < 0.002, paired Student’s ¢-test)

control culture. Following a 5-day exposure to AB1-42, AB31-35 or AB34-39, more se-
rious damage to the GABAergic cells was observed. Treatment of the cultures with
AP33-35 did not induce a significant decrease in the number of GABA-positive cells.

Demonstration of toxicity of APBs by biochemical means

For further assessment of the toxicity of AB1—42 and AB31-35 on the basal forebrain
neuronal culture, the MTT test was performed and LDH activity was measured. After a 2-
h A treatment, only AB1—42 exhibited a diminished ability to reduce MTT. By 6 h after
treatment, AB31-35 also potentially inhibited the MTT reduction (Fig. 5).

The LDH activities of the media from the control and Af-treated cultures did not re-
veal any significant difference after a 3-day treatment period (DIV4+3). One and 2 days
later (DIV4+4, DIV 4+5), both the full-length AB1—42 and AB31-35 caused significant
elevations of LDH activities (Fig. 6).
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Fig. 6. Effects of AB1-42 and AB31-35 on LDt rclease from embryonic rat basal forebrain cultures.
Data are means + SD values of results on 5 separate samples. Significant toxicity is observed on days 4
and 5 after AB1-42, AB31-35 and AB34-39 treatment (*p < 0.001, paired Student’s 7-test)

DISCUSSION

The earliest data emphasized the relatively selective vulnerability of the cholinergic sys-
tem of the basal forebrain in AD [2, 4]. A few years later, increasing evidence indicated
damage to other transmitter systems, including the GAB Aergic neurons [15, 22, 25].

There were no in vitro or in vivo data relating to comparisons of the vulnerability of
cholinergic and GAB Aergic neurons to Af} toxicity. The present study revealed that ABs
are toxic to cholinergic, cholinoceptive and GABAergic neurons in rat basal forebrain
cultures.

Table 1
Effects of different Afs on numbers of GABAergic cells
in embryonic rat basal forebrain cultures

AB1-42 AB31-35 AB34-39 AB34-35
DIV4+] 745+4.8* 974+ 57 913+ 97 1097+ 7.5
DIV4+3 52.0+6.2* 61.0+15%  53.0+14* 89.7+13.2

DIV44+5 159+7.8* 199+ 6.2* 256+ 4.2* 83.1+159

The values are expressed as % of control cultures. Data are means + SD
values from 5 randomly selected fields (5 x 0.3 mm?) in each of 3 separate
experiments. Significant toxicity is observed on day 1 after AB1-42 treat-
ment, and on days 3 and 5 after AB1-42, AB31-35 and AB34-39 treatment
(*p < 0.001, paired Student’s ¢-test).
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The histochemical results on the human cerebral cortex [14] indicate that the AChE-
positive neurons that may be considered cholinergic exhibit extensive dendritic arboriza-
tions and the reaction of the secreted enzyme is also positive around the perikarya. Since
our basal forebrain cultures contained a relatively large number of this latter type of
AChE-positive neurons, the morphological changes in the cholinoceptive and the choli-
nergic neurons in consequences of AP toxicity had already been demonstrated [9]. This is
the first in vitro study which provides information about the quantification of the signs of
toxicity in cholinergic and cholinoceptive neurons after treatment with full-length A.
The change in localization of AChE within the cell can be regarded as an early sign of
neurotoxicity [9], when the synthesis of the enzyme has almost totally stopped and it is
translocated around the membrane. '

The morphological signs of the toxic effects of AB1-42, AB31-35 and AB34-39 could
also be detected on the GABAergic neurons, but they differed from those on the choliner-
gic and cholinoceptive neurons. Our results disprove the data of Pike and Cotman [19],
who found the GABAergic neurons to be resistant. We hypothesize that the controversial
data may arise from differences in the solvent and in the concentrations of the peptides
applied in the different experiments. Another difference lies in the age and origin of the
cultures used by ourselves and by Pike and Cotman. Our previous results [15] demon-
strated that the vulnerability of GABAergic neurons depends on their sizes: the most vul-
nerable GABA-immunoreactive neurons were the small ones (diameter 5-10 um), since
only the number of these was decreased on 1 day after A1-42 treatment. Monitoring the
numbers of three different sizes of GABAergic neurons for 5 days after treatment reveal-
ed the relative resistance of the large cells to AP treatment. We postulated that the differ-
ences in vulnerability within the GAB Aergic neurons may depend on other neurochemical
differences. Since the GABAergic neurons are nearly always colocalized with one of sev-
eral different calcium-binding proteins, our suggestion relates to the finding of Pike and
Cotman [21], who reported the resistance of calretinin-immunoreactive neurons to Af
toxicity. On the basis of the results mentioned above, we proposed that the small
GABAergic neurons do not contain one of the calcium-binding proteins, and they may
therefore be vulnerable to Ap.

On the basis of the toxicity of both AB31-35 and AB34-39, we suggested that the amino
acids Leu® and Met** may play a role in the neurodegenerative effect of BAP. This sug-
gestion seems to confirm earlier results [11]. Manelli and Puttfarcken found that the ami-
no acid substitution AB1-42(Nle®) decreased the toxicity towards rat hippocampal cells.

Abe and Kimura [1] demonstrated that AP toxicity consists of two phases, which are
distinguished on the basis of differences in duration and in Ca?* dependence. The early
phase could be detected by the MTT assay, and the late phase by the LDH release assay.
Our study, with these methods confirmed these findings. We found that the two phases of
toxicity caused by AP31-35 can also be proved by these cytotoxic assays.

In summary, we have identified and characterized the morphological changes mduced
by AP in cholinergic, cholinoceptive and GABAergic neurons. The signs of toxicity dis-
play characteristic features for the given neuronal populanon The results of experiments
with short AP fragments lead us to conclude that Leu* and Met®* may also be important
for the toxicity of amyloid peptides.
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The neurotoxic effect of amyloid-beta peptide(1-42) was investigated in cultures of neuronal
tissue derived from the basal forebrain of embryonic rat. The axonal varicosities of the
cholinergic cells were revealed by vesicular acetylcholine transporter staining, and the axonal
varicosities in general by synaptophysin immunohistochemistry. The results demonstrate that
the treatment of in vitro neuronal cultures with 20 pM amyloid-beta peptide (1-42) for 2 days
on day 5, 12 or 15 exerted a neurotoxic effect on both the cholinergic and the non-cholinergic
neurons. In the same cultures, the absolute number of synaptophysin-positive axon
varicosities was reduced to greater extent (control: 203+37/field vs treated: 101+16/field) than
the number of vesicular acetylcholine transporter-immunoreactive (control: 48+4/field vs
treated: 0/field) structures. It is concluded that amyloid-beta peptide (1-42) does not have a
specific effect only on the cholinergic neurons, but affects non-cholinergic neurons as well.

Key words: amyloid-beta peptide — neurotoxicity - neuronal cultures - vesicular acetylcholine
transporter - synaptophysin

INTRODUCTION
A cholinergic deficit is one of the major features of Alzheimer’s disease (AD), where the
hypofunction may be caused by amyloid-beta peptide (AB). Such a neurotoxic effect of Ap
has been demonstrated both in in vivo experiments [10] and in vitro, using neuronal cultures
[11, 13,15, 20].

The nervous system functions are dependent on the proper working of the synaptic
apparatus. Diverse synaptic proteins such as synaptophysin (SYN) and the vesicular
acetylcholine transporter (VAChHT) that are distributed in various subcellular compartments in
the axons and axon terminals may regulate the neurotransmission at the synaptic sites. In AD, the
cholinergic deficit is well documented. It may be due to presynaptic alterations in the synthesis
(choline acetyltransferase, ChAT) and the reduced release of acetylcholine (ACh), the decreased
presence of receptors for ACh and the relative increased activity of acetylcholinesterase (AChE).
VACKHT is unique for the cholinergic neurons [2, 7]. It mediates the accumulation of ACh in the
synaptic vesicles [3], which is largely built up from SYN. Reduced levels of these proteins may
effectively influence the appropriate functioning of the synapse.

The cholinergic neurotransmission in the brain depends not only on the activities of ChAT
and AChE, but also on the adequacy of the VAChT function and on the intactness of the synaptic
vesicles, from which most of the ACh can be released. It remains to be elucidated how these
proteins are damaged by the neurotoxic AB1-42 in the various transmitter-containing neurons.
Through the use of [°H]vesamicol quantitative autoradiography, the reduction of VAChT has
been demonstrated in AB-infused rats [8]. Our present aim therefore was to shed more light on
the in vitro effects of AB1-42 on the VAChT and SYN-immunoreactive structures present in the
axon varicosities and axon terminals in cultures of neuronal tissue derived from embryonic rat
basal forebrain.

MATERIALS AND METHODS
Materials
The substances used in this study were trypsin, Dulbecco’s modified Eagle’s medium
(DMEM) and foetal bovine serum (FBS) from Gibco; poly-L-lysine, normal sheep serum,
normal rabbit serum and 3,3’-diaminobenzidine.4HCl tetrahydrochloride from Sigma-Aldrich
(St Louis, MO, USA); polyclonal anti-synaptophysin (902314) from Boehringer (Mannheim,
Germany); polyclonal anti-VAChT antibody (AB1578) from Chemicon International Inc.
(Temecula, CA, USA); sheep-anti-mouse IgG-biotin and rabbit-anti-goat IgG-biotin from
Jackson Immunores. Lab. (West Grove, PA, USA); and streptavidin-horseradish peroxidase



from Zymed Laboratories Inc. (South San Francisco, CA, USA). All other reagents were of
either laboratory or analytical grade from various suppliers.

Tissue cultures

Primary rat embryonic basal forebrain cultures were established via the protocol previously
described [12]. In brief: the basal forebrain was dissected from the brains of embryonic rat
pups on day 18 (E18), incubated in 0.25% trypsin for 10 min and dissociated by gentle
trituration, and the suspension was settled for 10 min at 1000 x g. After resuspension, the cells
were seeded at a density of 3.5-4x10™ cells/cm? on poly-L-lysine-coated glass coverslips in
DMEM supplemented with 10% (vol/vol) FBS, streptomycin (100 pg/ml) and penicillin (100
U/ml). The neuronal cultures were grown in a humidified incubator at 37 °C in 5% CO,.

Treatment of tissue cultures

Human AB1-42 (synthesized in the Department of Chemistry at our University) was
dissolved, and the cultures were treated after dilution in DMEM. The AB1-42 (20 uM Af1-
42) was added to cultures on DIVS, DIV12 or DIV15 and the treated samples were cultivated
for a further 2 days in a serum-free condition. Control cultures were maintained under similar
conditions, but supplemented with the vehicle alone. The numbers of stained varicosities
and/or axon terminals were monitored on DIV7, DIV14 or DIV17.

Synaptophysin immunohistochemistry

For identification of axonal varicosities and axonal terminals, the tissue cultures were
immunostained for SYN. After fixation, the control and AB1-42-treated samples were
incubated with 2.5% Triton X-100, and then with 5% normal sheep serum in phosphate
buffer. The polyclonal antibody against SYN (1:1000) was applied for 48 h. This was
followed by incubation in sheep-anti-mouse IgG-biotin (1:1000) for 1.5 h, and then in
streptavidin-horseradish peroxidase (1:1000) for 1.5 h. The peroxidase reaction was
developed by using 3,3'-diaminobenzidine tetrahydrochloride and NiCl,,

Vesicular acetylcholine transporter immunohistochemistry

The cholinergic neurons and their axonic varicosities and axon terminals in the cultures were
evaluated by immunohistochemistry for VAChT. After fixation, the control and the AB-
treated neuronal cultures were incubated with 2.5% Triton X-100, and then with 5% normal
rabbit serum in phosphate buffer. The polyclonal antibody against VAChT (1:32000) was
applied for 48 h. This was followed by incubation in rabbit-anti-goat IgG-biotin (1:1000) for
1.5 h, and then in streptavidin-horseradish peroxidase (1:1000) for 1.5 h. The peroxidase
reaction was developed by using 3,3'-diaminobenzidine tetrahydrochloride and NiCl,,

Image analysis

The cholinergic neurons and the numbers of VAChT and SYN-immunoreactive axon varicosities
and/or axon terminals in the cultures were evaluated by image analysis. The number of
immunoreactive axonal varicosities was determined with a Quantimet SO0MC Image Analysis
System (Leica Cambridge) linked to a JVC-Color camera mounted on a Leica Laborlux “S”
Leitz microscope. F

The immunohistochemical reactions in the axonal varicosities were visualized and the digitized
image (256 grey levels) was displayed on a colour monitor with 1024x768 pixel resolution. The
neurotoxic effect of AB1-42 on the immunohistochemical staining was evaluated. Randomly
selected areas of the control and treated cell cultures on coverslips were taken from 5 fields per
cover slip. The numbers of immunoreactive axon varicosities in the control and the Ap1-42-



treated samples were counted. All measurements were made under the same optical light
conditions.
RESULTS

Effects of amyloid-beta peptide on the number of synaptophysin-positive axon terminals

In control tissue cultures, the SYN-positive immunoreactive axon varicosities and the axon
terminals could be revealed diffusely distributed among neurons of various sizes. They were
present on the soma of the neurons and closely related to some dendrites. The SYN-
immunopositive structures differed considerably in size. The number of axonal varicosities
increased as the duration of cultivation progressed (Fig. 1A-C). After 20 uM AB1-42
treatment of the basal forebrain tissue cultures for 2 days, the numbers of SYN-positive
structures were diminished on DIV7, DIV14 and DIV17 (Fig. 1D-F).

For quantitative determination, the numbers of SYN-positive axon varicosities in the
control and the AB-treated samples of the cultures were investigated by means of image
analysis at various times (DIV7, DIV14 and DIV17). The results of the analyses of the control
and Ap-treated samples are summarized in Fig. 2.

Effects of amyloid-beta peptide on the number of vesicular acetylcholine transporter-positive
axon terminals

In the control tissue cultures, besides the various types of cholinergic neurons (bipolar
and multipolar), the VAChT-immunoreactive axon varicosities and axon terminals were
distributed similarly to the SYN (Fig. 3A-C), but their number was much lower, as revealed
by qualitative analysis of the stained samples. The immunopositive axon varicosities were
among the VAChT-negative cell bodies and near the positively stained neuronal perikarya.
VACAT immunoreactivity could also be revealed mainly as puncta and to a lesser extent as
diffuse staining in neurons of different sizes.

Two days after 20 uM AP 1-42 treatment, the VAChT immunoreactivity in the axon
varicosities in the DIV7, DIV 14 and DIV17 samples was dramatically reduced or even
eliminated (Fig. 3D-F). Evaluation of the VAChT-positive axon varicosities and axon
terminals in the control and AP 1-42-treated samples by means of image analysis is illustrated
in Fig. 4.

DISCUSSION
The results presented here support earlier findings that VAChT immunohistochemistry is a
unique and useful means for the demonstration of cholinergic neurons, their axon varicosities
and axon terminals both in the adult central and peripheral nervous systems [2, 18] and during
development in tissue cultures [14].

Our immunohistochemical study resulted in three principal findings. First, various types of
cholinergic neurons (small bipolar and larger multipolar) can be revealed in the primary neuronal
cell culture. Second, the VAChT-positive axon varicosities are more sensitive than the SYN
immunoreactive neuronal structures to this AP treatment. Third, the use of embryonic basal
forebrain neuronal tissue cultures and their treatment with the neurotoxic AP provides a good in
vitro cellular model with which to investigate the effects of various chemical agents on the
cholinergic neurons and also to study the pathomechanism related to AD.

One of the primary features of AD is a cholinergic deficit, which may be caused by the
neurotoxic AP. A reduction in the cholinergic terminal integrity has been demonstrated through
use of a vesamicol analogue ['>’I]MIBT [5], which is known to block the uptake of ACh into the
cholinergic synaptic vesicles [1]. It has been suggested that the demonstration of VAChT can be
a useful marker for assessment of the loss of cholinergic structures in AD. Indeed, the VAChT
immunoreactivity in the axon varicosities furnishes a good possibility to detect
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pathophysiological alterations in the cholinergic neurons. Such alterations, as demonstrated here,
can be induced not only under in vivo circumstances, but in vitro as well.

The toxic effect of AP has already been demonstrated at micromolar concentrations in
several tissue models [see refs. 6, 16, 19]. More recently, however, Blusztajn and Berse [4]
reported that synthetic AP at submicromolar concentrations does not cause cytotoxicity, but
rather reduces the expression of cholinergic markers in neuronal cells. This is supported by an
earlier experiment in which we observed that A affects the cholinergic neurons within 2 h in
primary neuronal cultures [15]. At present, however, we are unable to decide whether the
neurotoxic effect or the reduced expression of the cholinergic marker proteins was revealed in
our experiments. The neurotoxic effect has been revealed in an in vivo experiment,
demonstrating that AB1-42 inhibits the fast axonal transport of various types of proteins
(including VAChT) in the sciatic nerve of rat [9]."

A reduced level of presynaptic vesicle protein SYN occurs in the hippocampus of
individuals with AD [17]. In our tissue culture model, a reduction in the SYN-
immunoreactive structures was similarly observed after AB1-42 treatment. However, the
decrease in the SYN staining is probably due not only to a reduction in the cholinergic axonal
varicosities, but rather to the neurotoxic effect of AR on other neurotransmitter-containing
neurons too. This is supported by experimental evidence. Pakaski et al. [12] demonstrated that
AP1-42 in vitro not only affects the AChE-positive neurons, but also a neurodegenerative
effect on GABAergic neurons. Further studies are required to clarify whether the reduction in
the SYN-positive axon varicosities is due to the degeneration of cholinergic and GABAergic
neurons or the degeneration of other transmitter containing neurons. Such investigations are
currently in progress in our laboratory.
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Legends to Figures

Fig. 1. Light microscopic localization of synaptophysin immunoreactivity in the axon
varicosities and in the axon terminals during development in the control basal forebrain
neuronal cultures. Note the increased density of staining after the various time intervals. A:
DIV7, B: DIV14 and C: DIV17. The synaptophysin-immunoreactive axon varicosities are
reduced in the cultures after treatment with 20 uM AB1-42 for 2 days (E: DIV7, F: DIV14
and G: DIV17). Bar =20 um.

Fig. 2. Evaluation of synaptophysin-positive axon varicosities and/or axon terminals by image
analysis in control and Ap1-42-treated basal forebrain tissue cultures. The control samples
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were treated with the vehicle, and the other in vitro cultures with 20 pM AB1-42 for 2 days on
days 5, 12 or 15.

Fig. 3. Light microscopic localization of vesicular acetylcholine transporter immunoreactivity
in the cholinergic axon varicosities and in the axon terminals. Note that the number of small
and large labelled puncta increase during the in vitro development of cholinergic neurons (A:
DIV7; B: DIV14 and C: DIV17). After treatment with 20 uM AB1-42 for 2 days, the
vesicular acetylcholine transporter immunoreactivity disappears in the basal forebrain tissue
culture (E: DIV7; F: DIV14 and D: DIV17). Bar = 20 um.

Fig. 4. Evaluation of vesicular acetylcholine transporter-positive axon varicosities and/or axon
terminals by image analysis in control and AB1-42-treated basal forebrain tissue cultures.

The control samples were treated with the vehicle, and the other in vitro cultures with 20 uM
APB1-42 for 2 days on days 5, 12 or 15.
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