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1. INTRODUCTION

Alzheimer's dementia (AD) is an intractable progressive human neurodegenerative 

disease of unknown etiology that primarily affects the elderly, and it is responsible for more 

than two-thirds of all dementia cases. Great body of evidence indicates that AD should be 

considered as a complex disorder or disorders where different environmental and genetic 

factors feed a common pathophysiological process that leads to a very similar clinical and 

neuropathological phenotype.

The neuropathology of AD is characterized by synaptic loss, neurofibrillary tangles in 

degenerating neurons and amyloid plaques mainly in the cerebral cortex. These hallmarks 

uniquely define AD which mainly affect the brain cholinergic system, but other 

neurotransmitter systems are also involved.

1.1 Cholinergic disturbances in Alzheimer’s dementia
The degeneration of the cholinergic neurons in the medial septum and the diagonal 

band of Broca is a prominent neuropathological feature of AD (Arendt et al. 1983; Gertz et al. 
1987). These neurons supply the neocortex with cholinergic innervation in mammalian 

cerebral cortex (Kmjevic and Silver 1965). The destruction of these neurons results in 

cholinergic denervation of the neocortex and limbic system in human AD (Geula and 

Mesulam 1989).
The disproportionately severe disturbance of cholinergic function reflects reduced 

manufacture of the acetylcholine synthetizing enzyme, choline acetyltransferase (ChAT) and 

there is also a concomitant reduction in the concentration of acetylcholinesterase, the 

catabolic enzyme of the acetylcholine (reviewed by Kása et al. 1997). At autopsy, ChAT 

activity levels are reduced in the hippocampus and midtemporal cortex by 90% and in the 

frontal convexity by 80 % but other parts of the brain, such as precentral gyrus, occipital lobe 

and cerebellum are relatively preserved (Davies 1978; Coyle et al. 1983). In AD brains the 

number of presynaptic nicotinic cholinergic receptors decrease (Perry et al. 1987), whereas 

the population of muscarinic receptors is not equally affected in the disease, only the 

preferential decrease of presynaptic muscarinerg-2 receptor subtype could be considered as 

decreased certainly (reviewed by Kása et al. 1997). The reduction of cortical ChAT activity 

correlates with the severity of the mental deterioration in AD (Perry et al. 1978).



Table 1. Inflammatory markers found in the brain of patients with Alzheimer's dementia

Major histocompability complex glycoproteins: 
group I (HLA-A, В, C) 
group П (HLA-DR)

Cytokines: EL-1 alfa, IL-1 beta, IL-6 
Tumor necrosis factor

Protease inhibitors:
alfa 1-Antichymotripsin, anti thrombin Ш, protease nexin I and П, 
alfa2-macroglobulin

Leucocyte adhesion molecules:
intercellular adhesion molecule I-П (ICAM), platelet endothelial cell 
adhesion molecule (PECAM),vascular cell adhesion molecule (VCAM), 
E-selectin

Complement proteins:
Clq, C3d, C4d, C5b, C7, C9, C5b-9

Complement receptors:
complement receptor 3 (CR3, CD1 lb) 
complement receptor 4 (CR4, CD1 lc) 

Complement regulatory factors (* defense molecules):
membrane inhibitor of reactive lysis (MERL)* 
CD59
sulfated glycoprotein 2 (SGP-2)* 
SP40
vibronectin
clusterin*
decay accelerating factor (DAF)* 
C4 binding protein (C4BP)*

Immunoglobulin receptor:
FcgRl

Lymphocyte antigens:
T-cells, CD4, CD8, CD45 (LCA)

Activated microglia
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Since central cholinergic pathways play a prominent role in the processing and storage 

of information, the disruption of this system is responsible for most neuropsychological 
impairments and behavioral changes common in AD including cognitive alterations mainly 

starting with memory problems, personality disturbances, agitation, psychosis, depression, 

sleeping problems and neurovegetative changes (Cummings and Käufer 1996). One of the 

major obstacle in the progress of understanding AD is a lack of reliable models that can 

mimic these cognitive and behavioral symptoms of the disease.

1.2 Inflammation and immune alterations in Alzheimer’s dementia

Several evidences indicate (reviewed by McGeer et al. 1991; Eikelenboom and 

Abraham 1992; Kalaria 1993; Aisen 1994) that the neuronal degeneration in AD is 

accompanied by local and general inflammatory and immune processes. The AD specific 

neuropathological lesions occur together with abnormal accumulation of more than forty 

proteins that are not unique to AD but characteristic for an inflammatory response (Table 1). 

Components of the complement system (McGeer et al. 1991; Eikelenboom and Abraham 

1992) as well as cytokines (Berkenbosch et al. 1992) were detected around dystrophic 

neuntes and in senile plaques. The level of acute-phase proteins was found to be elevated in 

the sera and cerebrospinal fluid (CSF) of patients with AD (Matsubara et al. 1990; Brugge et 
al. 1992; Kálmán et al. 1997). Activated microglial cells accumulate around degenerating 

neurons (Haga et al. 1989; Dickson et al. 1993; McGeer et al. 1993; Giulian et al. 1995).
Although cellular and not humoral immune responses can best explain this 

inflammatory reaction, there are reports about the presence of different circulating brain

reacting antibodies in the sera and CSF of subgroups of AD patients. These include 

antivascular antibodies (Fillit et al. 1987), antibodies reacting with rat amoeboid microglial 
cells (McRae-Dequeurce et al. 1991), antibodies directed to choroid plexus basement 
membrane (Serot et al., 1992), or to myelin basic protein (Singh et al. 1992 and 1994), 
antibodies to 1-28 amyloid peptide (Gaskin et al. 1993), or to a cytoskeletal protein, spectrin 

(Vazquez et al. 1996) as well as CSF antibodies directed to human microglia (Dahlstrom et al. 
1994).

Antibodies to cholinergic neurons were also found in the sera of patients with AD and 

Down's syndrome (Chapman et al. 1986, 1988, 1989, 1991; McRae-Dequeurce et al. 1987;
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Soussan et a1. 1994). Antibodies from the sera of some AD patients recognize cholinergic cell 

groups in the rat brain as evidenced by immunohistochemistry (Fillit et al. 1985) and produce 

complement dependent lysis and reduction of choline uptake of cholinergic synaptosomes 

from the cerebral cortex of rats (Foley et al. 1988). However most of these antibody studies 

await confirmation and it is still questioned whether these inflammatory and immune 

processes are related to the pathomechanism of the disease playing some role in cell 
destruction, or are only epiphenomena of the ongoing pathological process without any 

relevance. From the increasing number of data related to the importance of inflammatory 

processes in AD, the following conclusions emerged:

-A selective, chronic and progressive level of inflammation is present in the brain of 

Alzheimer's disease patients.
-The inflammatory markers are absent or reduced in all areas of non-demented elderly 

brains.
-The inflammatory markers always occur together with the signs of neurodegeneration 

in AD brains.
-Mainly markers of immune attack and inflammation are present at the sites of 

neurodegeneration.
-Certain signs of acute inflammation are missing such as edema, neutrophil invasion 

and the markers of IgG dependent complement activation.
-Inflammation may only arise as a secondary response, not necessarily as an etio- 

pathogenetic factor of AD, however it is itself an inherently destructive process 

(Table 2).

1.3 Experimental animal models of Alzheimer’s dementia
Advances in understanding the pathomechanism of AD have been hampered by the 

absence of appropriate model system of the disease, therefore to develop a suitable animal 
model is a challenging task of research related to this topic. Until now several different 

attempts have been made (Table 3). In most of the in vivo rodent models have turned to aged 

animals; mice made transgenic for genes related to amyloid precursor protein or S100 beta 

protein; mutant mice with premature aging and accelerated immunity and animals with



Table 2.

Effectors and consequences of inflammatory processes in the central nervous system

Effector Target Effect

Brain-reacting

antibodies

Receptors Stimulation, blockade and 

alteration of receptor 
turnover

Membrane

antigens
Complement mediated

damage of cellular membranes, lysis

Intracellular
antigens

Damage, lysis and 

modification of axonal transport

Myelin components Complement mediated damage, lysis

Immune complexes Neurons Complement-mediated damage, lysis

Cerebral

vasculature Altered blood-brain barrier permeability

Choroid plexus Altered blood cerebro-spinal fluid 

barrier permeability

Cellular immunity Neurons Damage by lymphocyte and 

Myelin components monocyte infiltration



Table 3. Animal Models of Alzheimer’s disease

Aged primates (reviewed by Price et al. 1991) 
-Transgenic mice

-amyloid peptide (Wirak et al. 1991)
-amyloid precursor protein (Quon et al. 1991)
-SI00 beta (Gerlai and Roder 1995)

-trisomy 16 mice (Lacey-Casem and Oster 1994)

-transplants of trisomy 16 mouse hippocampus 

(Richards et al. 1991)

-Mutant mice with accelerated autoimmunity and aging (Forster et al. 1990) 

-Lesion models:
Restricted lesion, but not selective:

-electrolytic (Yau et al. 1992)
-excitotoxic (Muir et al. 1993)
-neurotoxins (Wallace et al. 1994)
-AF64A (Hortnagl 1994)

Not restricted lesion, but selective:
cholinergic lesion/denervation 

-cholinergic toxins:
-scopolamine (Rupniak et al. 1992)
-NGF-diphteria toxin conjugate (Kudo et al. 1989) 
-immunotoxin to NGF receptor (Wiley et al. 1991) 
-autoimmune lesions:
-antibody to cholinergic NF-200 (Chapman et al. 1991) 
-antibody to NGF (Nitta et al. 1993)
-antibody to acetylcholinesterase

(Rakonczay et al. 1993) 
-antibody to septal cholinergic neurons

(Kálmán et al. 1997)
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pharmacologically induced neurotransmitter perturbations or lesions. The latter ones were 

based upon the consistent finding of presynaptic cholinergic deficit in the disorder.

The primary dissociations between these models and the deficits in AD are the 

presence of non-cholinergic neurochemical and cytoskeletal abnormalities such as amyloid 

plaques, neurofibrillary tangles and inflammatory and immune reaction. Another problem is 

that most of the models can only mimic one or two characteristics of AD but the other 
hallmarks of the human disease are usually missing.

Despite of the fact that the immune factors have been recognized as important 
components in the pathomechanism of AD, until now only few attempts have been made to 

model this part of the problem (Table 3). Michaelson et al. (1990), Chapman et al. (1991) and 

Dubovik et al. (1993) developed an experimental autoimmune dementia model in rats 

immunizing the animals with heavy molecular weight neurofilament proteins. Selective 

damage of basal forebrain cholinergic neurons was found together with the deficit of short 
term memory. An argument against this model is that the presence of neurofilament 

antibodies were described in normal aging (Stefansson et al. 1985) and in different other 

neuropsychiatric conditions (Sotelo et al. 1980; Karcher et al. 1986) therefore it is not 
considered to be specific for AD (Takeda et al. 1991).

A severe damage of the hippocampal cholinergic system was induced by Nitta and co
workers (1993) by intraseptal infusion of anti-nerve growth factor (NGF) antibody in rats, but 

the provoked cholinergic deficit and the concomitant memory problems were temporary and 

reversible. In another set of experiments antibody directed to rat acetylcholinesterase was 

administered by Rakonczay and co-workers (1993) during the early postnatal period of rats 

and significant decrease of cholinergic markers was observed in the brain however, the deficit 
was reversible and behavioral symptoms were not examined. The problem with these 

experimental immune-mediated lesion models is that usually only one antigen was targeted or 
only one specific antibody was used targeting the cholinergic system, but different set of 

antibodies were reported in different set of AD patients, therefore the situation might be more 

complex in the human disorder. Another disadvantage in most of these models that antibodies 

were not produced by the animals (monoclonal antibodies were used) so the immune response 

could not be considered similar to that found in the human disease. Furthermore the
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cholinergic deficit and the consequent memory disturbance were reversible and temporary in 

these experiments.

2. OBJECTIVES

I. Despite of the fact that extensive information is available concerning the chronic 

inflammatory process in AD, there are no satisfactory animal models for immune-mediated 

neuronal death of basal forebrain cholinergic neurons. Therefore the main objective of our 
work was to develop an animal model of immune-mediated lesion of basal forebrain 

cholinergic neurons to prove that an immune process can contribute to the degeneration of the 

cholinergic system with subsequent alteration in its function.

II. In our model we wanted to test whether antibodies can selectively damage the 

cholinergic neurons of the basal forebrain and interfere with the cholinergic innervation of the 

neocortex and limbic system. Morphological and biochemical methods were used to describe 

the cholinergic deficit.

1П. To prove that antineuronal IgG could be responsible for the cholinergic 

dysfunction and that the effect could be transferred to normal animals, purified IgG from the 

sera of immunized guinea pigs were infused chronically into the septal region of rats and 

morphological and biochemical methods were used to elucidate the consequences.

IV. To provide evidence for the functional effect of the induced cholinergic deficit in 

the passive transfer experiments the animals were tested for learning and memory functions 

following the chronic intracerebral administration of the antibody.

3. MATERIALS AND METHODS

3.1 Cell culture used for immunization
SN-56.B5G4D9 cells (SN-56), a hybrid cell line of N18TG2 neuroblastoma and 

mouse septal cells from postnatal day 21 (Wainer et al. 1991) were grown in Dulbecco's 

modified Eagle medium (DMEM, Gibco, Life Technologies Inc., Grand Island, N.Y.)
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supplemented with 10% fetal calf serum and 200 mM L-glutamine (Gibco). The cells were 

grown on 75 cm2 culture plates (Falcon, Becton Dickinson and Comp., Oxnard, CA) without 

any treatment of the surface. One mM dibutiryl cAMP (Sigma Chemical Company, St. Louis, 

MO) was used 24 hours after the passage to differentiate the cells in the same medium 

without fetal calf serum. Seventy-two hours after differentiation, the cells were harvested by 

washing in Hanks solution (Gibco) and centrifugation (200 g, 5 min.). The washing was 

repeated twice with 10 mM phosphate buffered saline (PBS). Finally the pellet was 

resuspended in 500 microliter 10 mM PBS and stored at -80 °C until it was used for 
immunization.

3.2 Immunization of guinea pigs
All animal procedures were approved by the local Animal Care Committee and 

conformed with NIH guidelines for use of animals in laboratory research. Eleven, 2 month 

old, outbred male Hartley guinea pigs (Harlan Sprague Dawley, Indianapolis, IN) were 

injected intracutaneously with the mixture of 0.5 ml homogenized SN-56 cells (2 mg/ml 
protein content /ВСА protein assay: Pierce, Rockford, IL./) and the same volume of complete 

Freund's adjuvant at ten sites over the back. The same number of control animals were 

inoculated similarly with carrier solution mixed with complete Freund's adjuvant. The 

injections were given repeatedly every six weeks, for a total of five times using the same 

amount of antigen suspended in incomplete Freund's adjuvant. Guinea pigs immunized with 

Mes 23.5 cells to cause immune-mediated lesion of the substantia nigra (Le et al. 1995) and 

guinea pigs immunized three times over four week intervals with ChAT from human placenta 

containing 0.8 mg protein (Sigma Chemical Company, St. Louis MO) also served as controls.

3.3 Measurement of the IgG titer in the sera of animals
The sera of immunized and control guinea pigs (blood was taken from the ear vein 

two weeks after each immunization procedure) were used for measuring the titer of IgG type 

antibody with enzyme-linked immunoadsorbent assay (Elisa) technique (Kwapinski 1982). 
SN-56 cells and, as a control, Mes 23.5 cells (a hybrid dopaminergic cell line Crawford et al. 
1992.) were homogenized and plated on 96 well Costar vinyl plates at a protein concentration 

of 10 pg/well in 100 p.1 50 mM sodium bicarbonate buffer (pH 9.8). The sera of guinea pigs
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were tested in serial dilutions in PBS containing 5 % goat serum beginning with 1:100 

dilution and incubated overnight at 4 °C. The bound IgG was detected after one hour of 

incubation at 37 °C with 1:500 dilution of alkaline phosphatase conjugated goat anti-guinea 

pig IgG (Sigma). P-nitrophenyl phosphatase enzyme substrate (200 pi, Sigma) was added to 

develop a colored enzymatic reaction. The intensity of the color was measured in a microplate 

Autoreader (EL.309 Biotek).

3.4 Immunoblot assay

Reactivity of the raised IgG type antibody with the membrane fraction of SN-56 cells 

was tested with immunoblot technique (Towbin and Gordon 1994). Harvested cells were 

sonicated in 10% (wt/vol) glucose PBS solution, then centrifuged for 10 min at 2000 g. The 

supernatant was further centrifuged at 100 000 xg for 1 hour. The pellet, a crude membrane 

fraction, was then resuspended in 100 mM Tris buffer pH 7.4 and the protein content was 

adjusted to 1 mg protein/ml and boiled for 5 min. in 100 mM Tris buffer, pH 6.8 containing 

1.8 % SDS (wt/vol) and 3% mercaptoethanol (vol/vol). Proteins were separated by 

electrophoresis on 12x15 cm 10% SDS-polyacrylamide gels using a Biorad Protean П Slab 

Cell (40 mA for 3 hr.). Fifty pg of protein was loaded per lane. The separated proteines were 

transferred electrophoretically to nitrocellulose membranes with Biorad Transblot Cell at 100 

V for 2 hr. Nitrocellulose membranes were transferred to skim milk solutions for 1 hr. 
Following the overnight incubation in 1:2000 dilution of the sera of SN-56 immunized and 

control guinea pigs at 4 °C (diluted in PBS-TWEEN containing 5% powdered skim milk), the 

membranes were washed 3x in PBS with 0.05% TWEEN (vol/vol). The bound IgG was 

detected by incubation with alkaline-phosphatase conjugated goat anti-guinea pig IgG (whole 

molecule) (SIGMA) in 1:5000 dilution for 2 hours at 25 °C. The membranes were washed and 

the color reaction was developed by adding alkaline phosphatase substrate tablet (SIGMA) 
dilution. The molecular weight of proteins on the SDS polyacrylamide gels and the 

immunoblot assay were determined from the position of marker proteins of known molecular 

weight. Proteins were visualized with either Coomassie blue (SDS polyacrylamide gels) or 
Pounceau S (nitrocellulose membranes).
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3.5 Purification of immunoglobulins from the guinea pigs sera

The sera of the immunized animals were pooled together. (The blood was collected 

during exsanguination of the animals.) Following two precipitations with 40% ammonium- 

sulfate, the last precipitate was pelleted with centrifugation (1100 g for 10 min.), dissolved in 

10 mM TRIS solution (pH 7.5) and dialyzed with 5 changes of the same buffer for 3 days. 

The dialyzed samples were loaded on an immobilized Protein-A column (Pierce. Rockford 

EL). Then the IgG fraction was eluted with 0.1 M glycine solution (pH 2.4). The pH of the 

purified IgG was immediately adjusted to 7.4 with 1 M TRIS solution (pH 7.5) and was 

dialyzed against 0.9% NaCl solution for two days with 5 changes of the solution. The purity 

of the IgG was checked on 10% SDS gels. The protein content of the purified IgG was 

adjusted to the same concentration (10 mg/ml) with 0.9% NaCl solution. The sera of control 
guinea pigs were treated in the same way.

3.6 Examination of the toxicity of IgG in cell cultures
SN-56 and MES 23.5 cells were grown on glass cover slips in 24 well (Costar) plates. 

The starting cell density of the cultures was 25 cell/mm2. In the case of SN-56 cells 1 mM 

dibutiryl cAMP was used to differentiate the cultures for 48 hours. On the third day, 400x, 
800x, 1600x, dilutions of sera of control guinea pigs, or guinea pigs immunized with SN-56 

cells were added to the cultures (triplicate from each concentration). In other experiments cell 
cultures were treated with purified IgG of these sera (200x dil.) with and without guinea pig 

complement (Cappel), or with the same IgG-s after absorption fraction (1 hour 37 °C) with 

SN-56 cell crude membrane. Cell number was counted on three consecutive days under 
fluorescent microscope after vital staining with ethidium homodimer-1 (EthD-1) and calcein 

AM (both from Molecular Probes Inc. Eugene, OR). The living cells were stained fluorescent 
green in color while the dead ones stained red. Ten microscope fields were counted and 

averaged from each well. Analysis of variance with post hoc probe Scheffe was used to 

determine the statistical significance (p < 0.05).
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3.7 Histological examination

Six weeks after the 5th immunization, 5 immunized and 5 control guinea pigs were 

anesthetized with methoxyflurane (Metofane, Pitman-Moore), exsanguinated and perfused 

first with 200 ml PBS through the left ventricle of the heart, then with a fixative containing 

4% paraformaldehyde, 0.05% glutaraldehyde and 0.2% picric acid (Somogyi and Takagi 
1982). The cerebrum, cerebellum, and the spinal cord were removed and postfixed with 

immersion in the same fixative for three days at 4 °C. The samples were then stored in 30% 

sucrose and 1% dimethyl sulfoxide (Sigma) containing PBS for 3 days (to prevent freezing 

artifacts) at 4 °C. Tissue-blocks of cross sections containing the septal region, cerebellum, the 

lumbar enlargement of the spinal cord were quickly frozen in 3-methylbutan cooled to the 

freezing point in liquid nitrogen. Twenty micrometer thick sections were cut in a Reichert 
Jung Cryocut 1800 cryostat, put on silane treated glass slides (Statpath Riverwood, MD.) and 

stained with cresyl violet or used for immunohistochemistry. Brains of guinea pigs 

immunized with Mes 23.5 cells and with ChAT from human placenta were also processed in 

the same way as controls.
Four rats infused intracerebrally with IgG from guinea pigs immunized with SN-56 

cells and three other rats infused with control IgG were perfused similarly and processed for 
histological examination. All sections were examined in a Nikon Optophot-2 photo
microscope.

3.8 Direct immunohistochemical staining for IgG in the CNS specimens of immunized 

and control guinea pigs
Twenty micrometer thick sections from different part of the CNS were pretreated 

floating in 5 % goat serum (Organon Teknika, Cappel, West Chester, PA) containing PBS for 
one hour to saturate the non-specific antibody binding sites, then incubated overnight with 

1:200 and 1:400 dilutions of fluorescein isothiocyanate (FITC) conjugated goat anti-guinea 

pig IgG (Cappel) in PBS containing 3% goat serum at 4 °C. After a thorough wash, the 

sections were placed on glass slides and mounted in 50% glycerol in PBS. As a method of 
control, slides were examined without incubation in FITC labeled antibody, or were 

pretreated with unlabelled anti-guinea pig IgG in 1:100 dilution prior to incubation with the
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FITC labelled antibody. The sections were examined in an Optophot 2 (Nikon) fluorescence 

microscope.

3.9 Indirect immuno-histochemical examination of the IgG reactivity in the sera of 

immunized and control animals on sections from the CNS of normal guinea pigs, rats 

and on SN-56 and MES 23.5 cell cultures
Twenty pm thick frozen sections from the brain containing the medial septal region, 

cerebellum and spinal cord of normal guinea pigs and Sprague Dawley rats processed for 

morphological examination in the same way as described above and were pretreated by 

floating in 5% goat serum containing PBS. Then they were incubated with 1:200 and 1:400 

dilutions of control and SN-56 cell immunized guinea pigs' sera in PBS containing 3% goat 
serum overnight at 4 °C. After 3 repeated washes in PBS the sections were incubated again 

with 1:200 dilution of FITC labeled goat anti-guinea pig IgG in PBS containing 3% goat 
serum for two hours at room temperature. The further processing and examination of the 

sections is described above. As a control, the primary antibody (guinea pig IgG) was left out 

from the procedure. The diluted sera were incubated for one hour with the homogenate of SN- 

56 cells at 37 °C and the mixture was centrifuged. The supernatant was also used for 
immunostaining.

The cultured cells (SN-56 and MES 23.5 [dopaminergic hybrid cells ]) were washed in 

PBS and fixed with the same fixative for 10 minutes and were subjected to indirect 
immunohistochemical examination following the principles of the procedure described above. 

Unfixed cultures were also exposed to complement free antibody for an hour then washed, 
fixed and were subjected to the same indirect immunohistochemical reaction to localize the 

bound antibody. Purified IgG from control and normal guinea pigs were also used in the same 

way.

3.10 Immunohistochemical staining for ChAT in cell cultures
Cultures of undifferentiated and differentiated (with 1 mM dibutiryl cAMP for 2 days) 

SN-56 cells grown on glass cover slips were washed repeatedly in Hanks’ balanced salt 
solution (GIBCO), then fixed in 2% paraformaldehyde in methanol for 5 minutes. After wash 

in PBS the aspecific antibody binding sites were blocked with pretreatment of the cells with 5
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% goat serum. The fixed cultures were then incubated with 1:200 dilution of mouse anti- 

ChAT monoclonal IgG (Chemicon International Inc. Temecula, CA.) containing 5% bovine 

serum albumin and 5% normal rabbit serum for 12 hours at 4 °C. After a thorough wash, the 

cultures were incubated again with 1:200 dilution of peroxidase conjugated goat anti-mouse 

IgG (Organon Teknika, Cappel, West Chester, PA) containing 5% bovine serum albumin and 

5% normal rabbit serum for six hours at 4 °C. The enzymatic reaction was developed in 1:10 

dilution of Immunopure Metal Enhanced DAB substrate kit (Pierce, Rockford IL) in stable 

peroxide substrate buffer (Pierce). The reaction was stopped by a gentle wash in water. The 

specimens were then dehydrated in series of ethanol, cleared in xylene and mounted in 

Permount on microscope slides and examined in light microscope. As controls, cultures of 

Mes 23.5 cells were immunostained in the same way. As a method of control other specimens 

were processed omitting the incubation with anti-ChAT monoclonal antibody.

3.11 Immunohistochemical detection of ChAT containing cells in the septal region of 

immunized and control guinea pigs
Separate series of twenty micrometer thick frozen sections (1 in 4) of the entire septal 

regions of five immunized and five control guinea pigs' brain were washed in 0.1 M PBS (pH 

7.4) containing 0.5 % Triton X-100 to remove the cryoprotectant. The aspecific antibody 

binding sites were saturated by pretreating the sections in 5 % normal goat serum for one 

hour. They were then incubated for 48 hours floating in 1:200 dilution of polyclonal ChAT 

antibody and further processed as above. All of the ChAT positive cells were counted in the 

medial septum and diagonal band of Broca in each section. Twenty equispaced representative 

sections (having the highest number of ChAT positive cells) of each animal were chosen for 
statistical analysis. The mean number of ChAT positive cells/sections (+ SD) were calculated 

for groups of animals immunized with SN-56 cells or control solution. The results were 

subjected to the Student-t-test to find any significant difference between the two groups. 
Other sections were counterstained with cresyl violet after development of the peroxidase 

reaction.

For the double immunolabeling of ChAT- and parvalbumin-containing (GABAergic) 
(Kiss et al. 1990) neurons in the same samples the medial septum-diagonal band regions of 

the guinea pig brains from each group were selected. These sections were processed as
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described above, but 1:200 dilution of monoclonal anti-parvalbumin mouse ascites fluid was 

also added to the first incubation solution. Then the sections were incubated in 1:200 dilution 

of anti-mouse biotynilated antibody (Vectastain ABC Kit, Vector Laboratories Inc. 

Burlingame, CA) containing 5% normal horse serum which was added to the solution of 

peroxidase labelled rabbit IgG fraction to goat IgG. Sections dried on glass slides, following 

the development of peroxidase reaction to label ChAT positive cells were incubated again 

with Vectastain ABC-AP Reagent (Vector Laboratories Inc.) for 30 minutes in room 

temperature. Then they were exposed to Alkaline Phosphatase Substrate Kit I. (Vector Red) 
to develop a red color reaction to label parvalbumin containing cells.

Selected sections were immunostained for labelling only parvalbumin containing 

neurons according to the principles described above and were also counterstained with cresyl 
violet.

3.12 Determination of ChAT activity

In SN-56 cell cultures: Biochemical assay for ChAT activity was performed in 

triplicate in 50-70 % confluent cultures from 25 cm2 culture plates. ChAT activity was 

measured with radiochemical assay according to the method of Fonnum (1969).

In different brain regions of guinea pigs and rats: Three animals from each 

experimental group (immunized, control, and three untreated guinea pigs) were deeply 

anesthetized and the brains were removed. The same procedure was repeated with rats infused 

intracerebrally with IgG from guinea pigs immunized with SN-56 cells or with IgG from 

control guinea pigs and also with non treated rats. Tissue samples from the septal region, 
hippocampus, and frontal cortex were dissected and frozen in Uquid nitrogen. The specimens 

were homogenized in 1:40 W/V ice cold 0.1 M PBS containing 1 mM EDTA (pH 7.4) with 

teflon-glass homogenizer. The homogenate was centrifuged at 2000 g for 10 minutes. The 

supernatant was removed and used for the measurement of choline acetyltransferase activity 

according to Fonnum et al. (1969). Analysis of variance with post hoc probe Scheffe was used 

to determine statistical significance.
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3.13 [3H]-acetylcholine release measurement from guinea pig hippocampal slices

A total number of nine guinea pigs (three immunized with SN-56 cells, three controls 

and three untreated animals) were decapitated and the brains were placed into oxygenated ice 

cold Krebs-Ringer buffer (KRB: 119.5 mM NaCl, 3.3 mM KC1, 1.2 mM KH2PO4, 1.3 mM 

СаСЬ, 1.2 mM MgSC>4, 25 mM NaHCC^, 1 mM ascorbate and 1.8 g/L glucose). The 

hippocampi were dissected and 400 pM thick transverse slices were cut with a Mcllwain 

tissue chopper. The slices were incubated for 20 minutes at 37 °C in oxygenated KRB, then 

depolarized in 40 mM K+ KRB for another 20 minutes to release and deplete the endogenous 

acetylcholine. As a next step the slices were incubated in normal KRB containing 18 pCi 

methyl-[3H]-choline chloride (86.6 Ci/mmol; Dupont) for 30 minutes, then were transferred 

(2 slices / chamber) to Millipore Swinnex-13 filter holders assembled with a nylon mesh to 

support the slices and perfused with normal KRB containing 10 pM hemicholinium (Sigma) 

for 20 minutes. After this washing procedure, 3.5 ml fractions of the perfusion fluid were 

collected for 15 minutes to get a baseline release of acetylcholine and continued to collect 
similar fractions during the next step. The evoked [3H]-acetylcholine release was obtained 

with 25 mM K+ KRB containing 10 pM hemicholinium for 35 minutes. Finally the perfusion 

was finished in normal KRB for 10 minutes to get a baseline again. After the perfusion the 

slices were dissolved in Solvable (DuPont) and the protein content was determined by BCA 

(Pierce). One ml of aliquot from each collected fraction was combined with 3 ml Ultima Gold 

(Packard) scintillation fluid and the radioactivity was measured in a Rockbeta scintillation 

counter. The 25 mM K+ evoked release was calculated by summing the peak values 

subtracted from the baseline results and expressed in dpm/mg protein. Analysis of variance 

with post hoc probe Scheffe was used to determine statistical significance.

3.14 Chronic infusion of guinea pig IgG into the medial septal area of rats
A total number of 21 male Sprague Dawley rats, (retired breeders, 8-9 months of age) 

were randomly divided into 3 groups (7 animals in each group). The first group received 

continuous infusion of IgG from guinea pigs immunized with SN-56 cells (2 mg in 200 pi 

0.9% NaCl solution) in ALZETR 2002 osmotic minipumps (flow rate 0.5 pl/hr) for 2 weeks 

into the medial septal area. (The stereotaxic coordinates are: A: 0.5; L: 1.0; H: -6 (Paxinos
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and Watsons 1982). The control group received control guinea pig IgG in the same way. The 

third group of animals was untreated (without operation).

3.15 Method for testing visuo-spatial memory and learning of rats
The behavioral effects of the chronic intracerebral infusion of IgG from SN-56- 

immunized guinea pig into rats were monitored with a Morris water maze. One week after the 

termination of the intraseptal infusions all of the animals from each experimental group were 

tested with the standard Morris water maze test (Morris R.G.M. 1981). Briefly, the rats were 

placed in a black water tank (diameter 1.2 m) and made to swim from four randomly selected 

starting positions to find an invisible platform under the surface of the water. The procedure 

was stopped if the rat did not find the platform within 120 seconds, and the animal was placed 

on the hidden platform for 30 seconds. In the first four days of the experiment (this was the 

learning period) the platform remained always in the same position. Each rat had four trials 

daily with 3 minute intervals in between, for four consecutive days (the first part of the 

experiment). The escape latencies (the time needed to find the platform) and the swimming 

route were recorded by an observer. In order to test the capability of the individuals of 

different groups to remember (declarative memory), the same task was repeated 3 weeks later 

leaving the platform in the same position as before. On the 3rd and 4th days of this second 

trial the platform was moved to a new position and the animals' learning capacity was tested 

in the same way as before. ANOVA with post hoc probe Shaeffe was used to determine 

statistical significance.

4. RESULTS

4.1 Characteristics of the cells used as antigen
The differentiated SN-56 cells (72 hours of differentiation in the presence of ImM 

dibutyril cAMP) developed long (200 pm), thin, sometimes branched processes with 

varicosities (Fig. 1A). Strong immunohistochemical staining for ChAT was found in the 

perikarya and processes (Fig. IB) compared to the lack of ChAT immunoreactivity of 

cultures of Mes 23.5 dopaminergic cells. The enzyme activity measured in the cultures of 

differentiated cells was higher (576 + 48 fmol/mg protein/min.) than in the cultures of



Fig. 1.

A: Differentiated SN-56 cells in culture (72 hour treatment of the culture with 1 mM dibutiryl 

cAMP) with long projections resembling shape to the cholinergic cells of the medial forebrain. 
Phase contrast microscopical picture, 200.X.

B: Positive immunostaining for ChAT of differentiated SN-56 cells. (The arrow indicates a long 

neuronal process.) Peroxidase reaction, 400 X.
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undifferentiated cells (156 ± 42 fmol/mg protein/min). The homogenates of these 

differentiated SN-56 cells were used as the antigen for immunizations of guinea pigs.

4.2 Characteristics of the raised IgG type antibody

The titer of the IgG type antibodies (Fig 2A) directed against SN-56 cell homogenate 

in the sera of the immunized guinea pigs reached 1:12800 - 1:25600 dilution three weeks after 
the second immunization and remained at this level during the whole experiment as 

determined with ELISA method.

IgG from immune serum consistently recognized a number of bands including a 

prominent 198 kD band of the membrane fraction of SN-56 cells using immunoblot technique 

(Fig 2B) but several other bands were also detected.

IgG from the immunized guinea pigs added to the cell culture in 1:200 dilution 

destroyed most of the cells within minutes in the presence of complement and calcium in the 

culture solution (Table 4). The SN-56 guinea pig antiserum was strongly toxic during 1-3 

days of incubation in 400 to 1600 dilution on cultured SN-56 cells in vivo in the absence of 

complement (Table 5). The IgG was not toxic for Mes 23.5 (rat dopaminergic hybrid cells) 
cultures and did not show any immunostaining on fixed cultures.

On fixed SN-56 cells the antibody was mainly bound to the surface as evidenced by 

indirect immunofluorescence techniques. Having been incubated with living culture for an 

hour and tested with the same immunofluorescence technique, the complement free antibody, 
beyond the binding to the surface, it was also internalized in most of the cells.

The sera of the immunized animals were also checked using ELISA method for cross 

immunoreactivity with the homogenate of Mes 23.5 cells. The highest reactive IgG titer was 

only 1:1600. None of the above mentioned reactions were positive using the sera and purified 

IgG from control (Freund's adjuvant injected) and normal (untreated) animals. If the sera or 

IgG of the immunized animals were incubated with the homogenate of the SN-56 cells for 1 
hour at 37 °C, following centrifugation, the supernatant lost the specific immune reactivity 

(Fig. 2B) and toxicity.

Following incubation of sera with normal brain slices, definite reactivity was noted at 
a 1:800 dilution. The IgG component of the serum of immunized guinea pigs immunostained 

medium size cells in the medial septum and larger ones in the diagonal bands of Broca in



Fig. 2.

A: Electrophoretic pattern of Protein-А purified IgG from SN-56 cell immunized guinea pigs 

(10 % SDS-PAGE mini-gel, Coomassie blue staining). A-lane: 100 pg SN-56 immunized 

guinea pig IgG; heavy chain (H) 51 Ш, light chain (L) 25 kD. B-lane: molecular weight marker 

ranging from 14.3-200 kD.

B: Immunoblot pattern of SN-56 cell immunized guinea pig sera (2000 dilution) without 

immunoabsorption (A lane) and with previous absorption with SN-56 cell homogenate (B lane) 
both are reacting with 10 % SDS-PAGE separated SN-56 cell crude membrane fraction 

(alkaline phosphatase reaction for IgG detection and Pounceau S for staining proteins). A-lane: 
molecular weight marker ranging from 14.3-200 kD.
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Table 4.

Toxicity of Control and SN-56 immunized IgG (200 dil.) with and without guinea pig 

complement on cultured SN-56 cells. Data are mean cell numbers ± SD.

Days 2nd1st 3rd

Control IgG 308 ± 28 353+48 481 ±54

SN-56 IgG 296 ± 38 340 ± 14 568 ± 89

Control IgG and 

Complement
241 ± 15 315 ±43 464 ±155

79 ± 25* 89 ± 34* 33 ± 18*SN-56 IgG and 

Complement

Absorbed 

Control IgG

281 ±32 479 ± 96375 ± 52

Absorbed 

SN-56 IgG
311 ±34 390 ± 28 513 ±112

ANOVA with post hoc probe Scheffe *p < 0.05.



Table 5.

Toxicity of different dilutions of Control (CNT) and SN-56 cells immunized guinea pig 

serum on cultured SN-56 cells. Data are mean cell numbers ± SD.
Days 2nd1st 3rd

CNT 400 dil. 298 ± 32 217 ±28 233 ± 36

58 ± 14* 5 ±4* 4 ±2*SN-56 400 dil.

CNT 800 dil. 223 ± 29 184 ±37 171 ±26

90 ± 13* 10 ±5* 3 ± 4*SN-56 800 dil.

CNT 1600 dil. 197 ±26 161 ±21 174 ± 28

27 ±8* 5 ±4*SN-56 1600 dil. 0

ANOVA with post hoc probe Scheffe *p < 0.05
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guinea pig and rat brain. Other regions of the brain were not immunostained with 1:800 

dilutions. Only traces of slight immunostaining were observed in other cholinergic cells (e. g. 

spinal motoneurons) and only with 1:100 dilution of the same serum. The indirect 

immunofluorescence reactivity of the serum IgG from immunized guinea pigs could be 

removed by incubation with the homogenate of the SN-56 cells for 1 hour at 37 °C.

4.3 Morphological alterations in the CNS of guinea pigs immunized with SN-56 cells
Thirty weeks after the initial immunization and 3 weeks after the fifth and final 

immunization, guinea pigs were sacrificed. The average number of ChAT positive cells in the 

entire complex of medial septum and diagonal bands of Broca (bilaterally) in sections from 

the group of animals immunized with SN-56 cells was 355 + 93 (SD), while from the group 

of control, animals it was 600 ± 41 (SD). Twenty equispaced representative sections (having 

the highest number of ChAT positive cells) of each animal (altogether 100 sections from each 

group of animals) were statistically evaluated (Fig. ЗА and В). The morphometric analysis 

revealed an average of 40 % loss of ChAT positive cells (Fig. 4). Cresyl violet stain showed 

that the density of medium sized septal neurons decreased, some of them underwent 

degeneration with shrinkage, satellitosis and neuronophagia (Fig. 5A and B). In control 

animals there was neither degeneration nor cell loss observed (Fig. 5C). The morphological 

alterations were restricted to the septal nuclei in immunized animals. Other structures 

(hippocampus, frontal cortex, cerebellum, spinal cord) remained intact morphologically. An 

excess of IgG accumulated in septal neurons of the immunized guinea pigs compared to 

controls as evidenced by direct immunofluorescent staining (Fig. 6A and B).

The counterstaining of the sections immunostained for ChAT or parvalbumin with 

cresyl violet showed that the glial reaction was restricted to ChAT positive cells or their 

remnants and was not noted around parvalbumin positive cells. The later ones were also 

located outside the medial septum and diagonal band of Broca - namely in the striatum and in 

the cerebral cortex. (ChAT positive cells were not noted in cerebral cortical areas.) Thus 

statistical evaluation of parvalbumin positive cells was not carried out. However the 

distribution of the neurons containing parvalbumin in the above mentioned regions of the 

brains did not show any noticeable difference in between the SN-56 immunized animals and 

controls, in contrast to the differences observed in the distribution of ChAT-containing cells.



Fig 3.

A: Significantly reduced number of ChAT containing (dark) cells in the medial septum and in 

the diagonal band of Broca from a guinea pig immunized with SN-56 cells. The section was 

immunostained with antibody directing to ChAT and the bound antibody was detected with 

peroxidase labelled second antibody. Peroxidase reaction, 28X. ac: anterior commissure.

B: The density of ChAT positive (cholinergic) cells in the septal region of a control guinea pig 

at a comparable level. Peroxidase reaction, 28X.
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Fig. 4.
The average number of ChAT positive cells/section (n=100) in the medial septum and diagonal 
band of Broca in guinea pigs immunized with SN-56 cells (Immunized) and in controls 

(Controls). The error bars represent SD. The decrease in immunized animals is statistically 

significant (p < 0.001, Student t-test).

600-

'.Шжm *

miащ
Mm

on
400-<D

О

шШ
ЖШЩ
Щтй

О

<u
-Оg
з2 200-

0

SNС NT



Fig. 5.

A and B: Decreased density of medium size neurons in the diagonal band of Broca with 

shrinkage, dark staining of certain neurons surrounded with glial cells as a sign of degeneration 

(arrow in B), and with neuronophagia (arrow in A) in sections from guinea pigs immunized with 

SN-56 cells. Cresyl violet stain, 340X.

C: The density of medium size neurons in the diagonal band of Broca without any sign of cell 

degeneration in a section from a control guinea pig. Cresyl violet stain, 340X.



Fig. 6.

A: Accumulation of IgG in medium size neurons (one is indicated by the arrow) of the medial 

septal region of a guinea pig immunized with SN-56 cells. Section with fluorescence staining 

for IgG. 230X.

B: The neurons of the same region from a control guinea pig do not contain detectable IgG with 

this method. Section with fluorescence staining for IgG. 230X.
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4.4 Biochemical alterations in the CNS of guinea pigs immunized with SN-56 cells

A significant (more than 40 %) reduction in the activity of ChAT (Table 6) was 

measured in the septal tissue samples of guinea pigs immunized with SN-56 cells compared 

to controls and non-treated animals. A similar degree of difference in the enzyme activity was 

not observed in tissue samples from the hippocampus and frontal cortex. However, 
hippocampal slices from guinea pigs immunized with SN56 cells exhibited a significant 
decrease in [3H]-acetylcholine release during depolarization with 25 mM K+ buffer (Fig. 7). 

In slices of hippocampus from control animals the mean [3H]-acetylcholine release was 8597 

± 4622 (SD) dpm/mg protein, from untreated animals the mean was 8217 + 2512 (SD) 
dpm/mg protein. In guinea pigs immunized with SN-56 cells the acetylcholine release was 

4923 ± 2315 (mean + SD) dpm/mg protein. The decrease is more than 40 % compared to 

controls or untreated animals.

4.5 Morphological alterations in rats' CNS following two week infusion into the septal 

region of IgG purified from the sera of guinea pigs immunized with SN-56 cells.
Four weeks after the termination of IgG infusions, circumscribed, island-like areas of 

neuronal loss without significant proliferation of glial cells were noted around the infusion 

site in the septal regions of the treated rats in sections stained with cresyl violet (Fig. 8A). 

However strong perivascular lymphocytic, phagocytic infiltrates marked the edge of infusion 

sites in several animals (Fig. 9). There were no morphological alterations at light microscopic 

level in other regions (frontal cortex, hippocampus, cerebellum, spinal cord) of the CNS. 
Following two-week infusion of IgG from the sera of control guinea pigs (injected with 

Freund's adjuvant) the septal region of rats remained intact without any evidence of 

inflammation.

4.6 Biochemical alterations in rats' CNS following two week infusion into the septal 

region of IgG purified from the sera of guinea pigs immunized with SN-56 cells.
Following two-week infusion of antineuronal IgG into the medial septum, the activity 

of ChAT was significantly reduced (with 39-42 %) in tissue samples of the septal region, 

hippocampus and frontal cortex (Table 7) as measured four weeks after the termination of the



Table 6.
Activity of choline acetyltransferase in the frontal cortex, hippocampus and septum of guinea 
pigs immunized with SN-56 cells (SN-56), control IgG (CNT) and non-treated ones (NT). 
Data are means ± SD and expressed in pmol acetylcholine production/ mg protein / min; 
n = number of animals.

SN-56 CNT NT
n = 3 n = 3 n = 3

Frontal cortex 

Hippocampus 

Septum

178 ± 29.7 

356 ±30.6 

121 ± 29.7*

214 ±30.5 

347 ± 19.3 

223 ± 35.8

202 ± 28.7 

359 ±26.9 

241 ± 13.7

ANOVA with post hoc probe Scheffe *p < 0.01



Fig. 7.

Release of f 'H]-acetylcholine from hippocampal slices of control (C), SN-56 cell immunized 

(SN-56) and non-treated (NT) guinea pigs. The data are means ± SD of three animals of each 

group. The amount of releasable acetylcholine was significantly reduced in the hippocampus of 

animals immunized with septal cholinergic cells (ANOVA with post hoc probe Scheffe; p < 

0.01).
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Fig. 8.

A: Loss of neurons in a circumscribed area of the medial septal region of a rat at the site of 

infusion of IgG from a guinea pig immunized with SN-56 cells. Cresyl violet stain, 340X.

B: The normal appearance of the same region of a rat infused with IgG from a control guinea 

pig. Cresyl violet stain, 340X.



Fig. 9.

Perivenular lymphocytic, phagocytic infiltrate close to the edge of the area of destroyed neurons 

in the medial septum of a rat infused with IgG from a guinea pig immunized with SN-56 cells. 
Cresyl violet stain, 480X.

* •



Table 7.

Activity of choline acetyltransferase in the frontal cortex, hippocampus and septum of rats 
infused intraseptally with IgG from guinea pigs immunized with SN-56 cells (SN-56), control 
IgG (CNT) and non-treated ones (NT). Data are means ± SD and expressed in pmol 
acetylcholine production/ mg protein / min; n = number of animals.

SN-56 CNT NT

n = 3 n = 3 n = 3

Frontal cortex 87 ± 2.3* 

192 ± 53.2#

150 ± 19.9 150 ±7.0

Hippocampus 321 ±24.2 319 ± 10.4

Septum 88 ± 6.1* 145 ± 20.4 144 ±4.0

ANOVA with post hoc probe Scheffe *p<0.01;#p<0.02
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infusion. The ChAT activity of untreated rats did not differ from the values of control guinea 

pig IgG infused rats.

4.7 Learning and memory functions

Guinea pigs: During the experiment no disease and behavioral symptoms were 

observed in the groups of immunized and control guinea pigs. However, these animals were 

not subjected to any task of learning and memory because until now behavioral tests are not 
yet available to test these functions on this species since their low capability, except the foot 
shock test.

Rats: On the first two days of the learning period, both treated groups of rats needed 

equal, but decreasing time (viz. escape latencies) to find the platform under the surface of 

water, when they were subjected to the Morris water maze test (Fig. 10). From the third day 

of the training the control IgG injected and non treated groups rapidly learned to locate the 

escape platform and their performance remained the same for the rest of the experiment. In 

contrast, the learning speed of rats injected with IgG from guinea pigs immunized with SN-56 

cells did not improve on the third day and the group spent significantly more time to 

localizing the platform during the learning period than the two control groups. Three weeks 

later, on the 21st and 22nd day of the experiment, the repeated test (the platform remained in 

its original place) did not show statistically significant differences between the group of 

animals treated with IgG from guinea pigs immunized with SN-56 cells and the two control 
groups. Considering the mean time needed to localize the platform for rats injected with SN- 
56 IgG, was prolonged, but there was significant overlap in the performance of individual 
animals in the two groups. On the 23rd and 24th days however, when the platform was moved 

to a new position, significantly longer escape latencies were observed again in the group of 

rats injected with IgG from guinea pigs immunized with SN-56 cells then in control groups.

5. DISCUSSION
Several lines of converging evidence suggest that memory impairment and reduced 

cognitive function characteristic for AD correlate with deficits in central cholinergic 

neurotransmission and originate from destruction of cholinergic afferents of the hippocampus 

and frontoparietal areas of the cerebral cortex. The most prominent change in AD the
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Fig. 10.

Escape latencies (the time finding an underwater platform) of different groups of rats examined 

with Morris water maze test. The performance of the group of animals infused with IgG from 

guinea pigs immunized with SN-56 cells into the medial septal region (SN-56) was significantly 

decreased compared to the performance of control (C) and non-treated (NT) rats. (*ANOVA 

with post hoc probe Scheffe; p < 0.01). The points are means of seven animals in each group, 
the error bars represent SD. On the 23rd day the platform was removed to a new place.
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decreased activity of ChAT and acetylcholinesterase the synthetizing and catabolic enzymes 

for acetylcholine. Choline acetyltransferase is considered as a presynaptic marker for the 

central cholinergic pathways and deficits as high as 90% in cerebral cortical tissue of AD 

patients were reported. However, this presynaptic deficit is not accompanied by changes in 

postsynaptic cholinergic receptors (reviewed by Kása et al. 1997).

In this respect an animal model of AD must fulfill at least two criteria: - specific and 

significant deficit in cholinergic activity - and a concomitant memory impairment attributable 

to the neurochemical and neuroanatomical alterations. Therefore we are discussing our results 

in the view of these principles.

5.1 The nature of the autoimmune basal forebrain cholinergic lesion
In our experiment a relatively selective destruction of septal cholinergic neurons was 

induced with repeated immunization of guinea pigs with the homogenate of a hybrid 

cholinergic cell line (SN-56). This immortalized, postmitotic clonal cell line derived from the 

region of the mouse basal forebrain and expresses properties of differentiated septal 
cholinergic neurons (Hammond et al. 1986; Lee et al. 1990; Wainer et al. 1991). Furthermore, 
the cell culture was free of myelin, so a concomitant induction of experimental allergic 

encephalomyelitis could be avoided.

Guinea pigs were chosen to develop the chronic immune-mediated lesion of 

cholinergic cells of the basal forebrain because of the previous success in inducing other 
selective neuronal lesions in the CNS of these animals by immunization with different tissue 

and cell antigens. For modelling motor neuron disease, isolated spinal motoneurons 

(Engelhardt et al. 1989) and homogenate of the ventral horn of spinal cord (Engelhardt et al. 
1990) were used for immunization. For modelling substantia nigra damage, homogenates of 

bovine substantia nigra tissue (Appel at al. 1992) and a dopaminergic hybridoma cell line (Le 

et al. 1995) were injected as antigens.
The immunized guinea pigs produced a high titer of IgG type antibodies directed to 

the SN-56 cells used for immunization. The antibodies showed complement dependent 
toxicity to cultured SN-56 cells and cross-reacted with the cholinergic septal cells of guinea 

pigs and rats in sections as evidenced by indirect immunohistochemical techniques. During 

immunization, the level of the antigen specific IgG increased slowly in the blood and only a
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small portion of the total amount of produced IgG can reach its target in the CNS. 

Accumulation of IgG was found in the septal cells of immunized animals as detected by direct 

immunohistochemistry. An average of 40% of the total number of cholinergic cells in the 

medial septum and in the diagonal bands of Broca was found to be lost at the termination of 

the experiment and the decrease of the septal ChAT activity was also in the same range (more 

than 40 %). We assume that a compensatory hypertrophy of the remaining cholinergic nerve 

terminals and / or hyperarborization of the intact cholinergic axons could be responsible for 
the unexpected normal hippocampal ChAT activity of the SN-56 immunized animals.

The above data suggest that the destruction of the neurons probably caused by IgG 

type antibodies. Another argument in favor of the crucial role of the antibody in the 

destruction of the cholinergic cells of the basal forebrain is that a similar or biochemically 

more extensive cholinergic deficit was caused by the passively transferred IgG in the rat 
medial septum.

The cholinergic cell injury was relatively selective for basal forebrain cholinergic 

neurons in guinea pigs. Whether such specificity can be explained by the presence of an 

immune response to unique antigens is unclear. However, it is clear that the immunization 

with septal hybridoma cells produced relatively selective lesions of the septal neurons, and 

that the IgG is reacting with SN-56 cells but not with dopaminergic MES 23.5 cells. The 

antigen is unlikely to be ChAT since immunization with other cholinergic cells (e.g. spinal 
motoneurons) or with ChAT from human placenta did not induce septal neuron injury in 

guinea pigs (Engelhardt et al. 1990). In this model the neuronal damage shows a regional 
anatomical selectivity (medial septum, diagonal bands of Broca). Furthermore in guinea pigs 

immunized with SN-56 cells the destruction seems to be restricted to ChAT positive 

(cholinergic) neurons of this region. Parvalbumin positive neurons in the region (GABAergic) 
and in other parts of the brain showed no morphological sign of any damage.

The neuronal injury caused by chronic infusion of IgG from guinea pigs immunized 

with SN-56 cells in the septum of rats is not likely that selective (Figure 8) because of the 

minor mechanical injury of the tissue by the catheter implanted and by the local inflammatory 

reaction (Figure 9). It should be noted however that the chronic infusion of IgG from control 
guinea pigs in the septum of rats did not exert any biochemical or behavioral effect.
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The interpretation of the presence of antibrain autoantibodies in senile dementias is 

controversial. In vivo and in vitro studies have demonstrated that autoantibodies could target 

structural membrane proteins, ion chanel components, hormone and neurotransmitter receptor 

sites and could interact with different neuronal functions such as: stimulate neuronal electrical 

activity, receptor function, axonal transport and neurosecretion (Table 2) (reviewed by Rogers 

at al. 1996). But it remains to be elucidated whether these antibodies are primarily related to 

the etiology of the disorder or present only as secondary phenomenon. Even if these 

antibodies are only the consequence of an initial, not immune related insult on the cholinergic 

neurons, they could also play an important role in promoting further cell degeneration.

5.2 How can the antibody reach the target neurons in our model?
Regarding the immunized guinea pigs, the penetration of the IgG from blood into the 

CNS is always a question because of the existence of an intact blood-brain barrier (BBB). 

However IgG components of the blood normally appear in the CSF probably filtered through 

fenestrated capillaries in certain regions (hypothalamus, area postrema etc.) having no barrier 
for IgG. In guinea pigs immunized with spinal motoneurons the level of anti-motoneuronal 

IgG 1:200 in the CSF in proportion to the total value of the IgG in the serum of the same 

animals (Engelhardt et al. 1989). Thus, high enough concentration of antineuronal IgG in the 

blood can be accompanied with high enough concentration of IgG in the CSF to reach 

specific target neurons.

It is pertinent to mention here that immunoglobulins and complement proteins could 

also be synthesized locally in the brain, although they may come from the blood if the BBB is 

compromised (Table 2) (McGeer et al. 1993). There are reports about the evidence of 

disturbed BBB function in AD ( Lopez et al. 1992). High incidence of white matter lesions 

were also described in AD (Wallin et al. 1989; Blennow et al. 1991) and these lesions seem to 

support the existence of vascular alterations in this disorder. Therefore regardless whether the 

disruption of the BBB is a primary or secondary event, the dysfunction can offer a possibility 

for circulating antibodies to reach their targets within the brain.
On the other hand, an increased frequency of intrathecal immunoglobulin synthesis in 

AD in subgroup of patients was reported (Blennow et al. 1990), but these results were not 
confirmed by others (Elovaara et al. 1988).
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5.3 Passive transfer experiments

To cause cholinergic dysfunction in the basal forebrain and consequently in the frontal 

cortex and hippocampus in rats with passively transferred IgG from immunized guinea pigs 

was necessary to prove that the whole process is mediated or initiated by IgG type antibodies. 

Another advantage of the passive transfer experiments is that there are no reliable tests 

available to assess memory and visuo-spatial orientation in guinea pigs, while it is available 

for rats. Furthermore in the passive transfer the infusion of the antineuronal IgG was 

intraseptal, so the level of the IgG at the site of the effect could be consistently high. It is the 

probable explanation, that the cholinergic deficit was more extensive in rats (the activity of 

ChAT was decreased not only in the septal region, but also in the frontal cortex and in 

hippocampus with impaired memory and learning functions).

5.4 Learning and memory functions
The septo-hippocampal afferent system innervates all regions of the hippocampal 

formation. Physiological studies indicated that the information flow via the hippocampus and 

the process of long-term potentiation actively modulated by nerve cells reside in the medial 
septal-diagonal band of Broca area (Bilkey and Goddard 1987; Hirotsu et al. 1989). In 

rodents, the septo-hippocampal pathway is considered to be responsible for spatial reference 

memory and learning (Gray and McNaughton 1982; Smith 1988). In the passive transfer 
experiments, deficit was found in the learning of visuo-spatial orientation and long term 

spatial memory of rats injected with IgG from guinea pigs immunized with SN-56 cells. The 

observation that the SN-56 IgG injected rats needed more time to locate the platform during 

the whole experiment, and that the performance of this group did not improve from the 

second day (Fig. 10) as opposed to the control IgG injected and non treated group indicates 

continuous disturbance of spatial learning and reference memory. The disappearance of the 

differences in the escape latencies 3 weeks after the first behavioral assessment (21st and 

22nd days), when the same paradigm was repeated, reflects intact long term declarative 

memory functions of the anti-SN-56 IgG treated animals. However acquisition of the new 

localization of the platform remained impaired, even after the 23rd day of the experiment 

suggesting long lasting disturbances of learning functions.
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5.5 Criticism of the immune-mediated septal cholinergic lesion model

Animal models of AD have been designed to produce different components of 

pathological, biochemical and behavioral characteristics of this neurodegenerative disorder in 

order to understand the pathomechanism, explore new potential therapies and investigate the 

effectiveness of existing pharmacotherapies. Therefore our model should be evaluated on the 

basis of the above mentioned principles.

Attempts to destroy basal forebrain cholinergic neurons in animals have met limited 

success until now. Former experiments to induce restricted lesions by electrolytic or 

excitotoxic compounds (Table 3) damage both cholinergic and non-cholinergic neurons so 

that these methods were not enough selective. The introduction of cholinergic toxins such as 

NGF conjugated diphteria toxin (Table 3) solved the problem of selectivity but the way of 

administration (intra-cerebroventricular or intraseptal) was considered traumatic and none of 

them was able to mimic the immune alterations related to AD.

Although our model is not a completely satisfactory model for AD, it may provide 

opportunities to examine new aspect of the possible mechanisms which can lead to the 

cholinergic lesion in this disorder (Table 8) e.g. autoantibody related neuronal damage. We 

consider our model less artefitial since the antibodies are produced by the immunized animals 

(not monoclonal antibodies were used as in other studies). The time course of the immune- 

mediated experimental dementia was longer than in cholinergic toxin models, therefore our 
system is more similar to the chronic progressive nature of the degenerative process observed 

in AD. Another advantage of the model is that the cholinergic deficit was long lasting, since it 
was present even 4 weeks after the administration of anti-SN-56 IgG into the septal region of 

rats in the passive transfer experiments.

The fact that the relatively selective lesion of septal cholinergic cells were transferred 

into an animal from another species with morphological, biochemical and behavioral 
consequences (the passive transfer experiments) is another valuable feature of the model.

Lesions of the cholinergic cells of the basal forebrain caused by immunization of 

guinea pigs with SN-56 cells or the cholinergic deficit due to the chronic infusion of the same 

antibody into the medial septum of rats were less extensive than the lesion caused by 

intraventricular injection of immunotoxin bound to NGF receptors (Wiley et al. 1991; Table 

3). However, recent studies in rodents proved that the degree of memory impairment



Table 8. Critic of the immune-mediated septal cholinergic lesion model

Advantages:
Share some features present in Alzheimer's dementia: 

-cholinergic deficit is present 
-localization in the basal forebrain
-immune mechanisms are involved 
-time course is relatively long 
-irreversible
-’’cognitive deficit” is present

Disadvantages:
The following are missing from our model but considered as an important 
characteristics of Alzheimer’s dementia:

-AD is more than simple cholinergic deficit (other neurotransmitter systems 
are also involved)

-other brain structures are also involved in AD
-lack of AD specific neuropathological abnormalities (senile plaques,
neurofibrillary tangles, vascular amyloid depositions)
-neuropathological deficits are more extensive in AD 
-the inflammation is more complex in AD
-AD presumably is not IgG mediated, but the cholinerg damage could be 
-cognitive deficit is more complex in AD

Table 9.
Potential implications of the immune-mediated septal cholinergic lesion model

-help to understand the pathophysiology of immune-mediated processes 
in the CNS
-it could be used for testing potential novel therapeutic approaches such as 
anti-inflammatory drugs

-it could be used as a model system to analyse the function of basal forebrain 
cholinergic system
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following lesions of the basal forebrain cholinergic system was not linearly related to the 

extent of cholinergic cell loss (Robbins et al. 1989; Connor et al. 1991; Riekkinen et al. 1991; 
Wenk et al., 1992) or the activity of surviving cholinergic neurons (Wenk et al. 1992).

There are several problems and questions remain to be elucidated in our model (Table 

8). The antigen or antigens responsible for the IgG mediated septal cholinergic loss should be 

determined. Our preliminary immunoblot results (Fig 2B) do not exclude the possibility that 

more than one antigen could be responsible for the immune-mediated lesion, but further 
experiments (immunoblot, DNA library screening, protein purification etc.) are warranted. 

The identification of the relevant antigen(s) responsible for the harmful antigen-antibody 

reaction may help to explain the selectivity of the cell destruction. A common protein with 

molecular weight of 198 kD from the membrane fraction of the SN-56 cells and septal tissue 

of guinea pigs and rats were recognized by the antibodies using western blot technique. It is 

pertinent to mention that prolonged immunization with cholinergic antigen such as Torpedo 

high molecular weight neurofilament protein (molecular weight 200 kD), (Michaelson et al. 
1990; Chapman et al. 1991; Eilam et al. 1993; Dubovik et al. 1993) caused degeneration of 

septo-hippocampal neurons and produced behavioral deficit in rats. Even so subtle structures 

as the NGF receptor can be targeted by antibodies. In a previous report (Wiley et al. 1991) 
monoclonal antibody directing to NGF receptor and conjugated with saporin forming an 

immunotoxin given intraventricularly could destroy the cholinergic neurons of the basal 
forebrain in rats. The antibody itself was not tried for the same purpose.

We are also aware of several qualitative and quantitative differences between our 
model and AD, such as: (Table 8) the neuropathological deficits are more complex and other 

neurotransmitter systems are also involved in AD. Furthermore, in the animals the 

inflammation is rather subacute than chronic and the cognitive behavioral deficits are not 
restricted to the learning and memory problems in AD.

Further experiments are necessary to examine whether the immun-mediated lesion of 

cholinergic neurons alter the metabolism of amyloid precursor protein or the assembly of 

cytoskeletal proteins such as microtubuli in our model system. We assume that the 

antineuronal IgG probably only initiate the selective cholinergic neuronal damage by labelling 

the cells. Other factors (e.g. lymphocytes, macrophages, microglial cells, free radicals, 
citokines released by these cells can also contribute to the pathological process. Even the
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initiation of the cell damage needs further studies to determine the mechanism of the action of 

IgG and the vulnerability of these cells. The efficacy of different anti-inflammatory drugs to 

prevent the immune-mediated cholinergic lesion can also be tested.

Such a model may be useful (Table 9) in defining whether unique antigens or 

relatively unique metabolic pathways or alterations of these pathways can explain selective 

vulnerability of the immune-mediated neuronal injury. It remains to be elucidated however 

whether the same mechanism could contribute to the pathomechanism of AD (e.g. inoculation 

of IgG from AD patients into the septum of experimental animals).

6. Conclusions and perspectives

I. An animal model of immune-mediated lesion of basal forebrain cholinergic 

neurons was developed.

II. The selective damage of cholinergic structures of the basal forebrain was 

initiated by antibodies directed to them. It was proven that an immune process 

can contribute to the degeneration of the cholinergic system with subsequent 
alteration in its function.

III. Evidence was provided that antineuronal IgG is responsible for the cholinergic 

dysfunction and that the effect could be passively transferred to normal animals.

IV. Impaired learning and memory functions was demonstrated following the 

chronic intracerebral administration of the antibody in rats as a behavioral 

consequence of degeneration of cholinergic cortical projections.

V. This animal model, the immune-mediated lesion of cholinergic neurons of basal 

forebrain could be a useful object to test novel pharmaceutical compounds with 

potential benefit in Alzheimer’s dementia.
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