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Abstract 
 
 
 
Alzheimer’s disease (AD) is the most common cause of dementia in the elderly. AD is an 

irreversible, progressive brain disease that slowly destroys memory and thinking skills in 

affected patients. As the percentage of elderly people in Europe steadily increases this - and 

other age-related diseases - could become a major social problem in the next future. Currently 

there is no cure for AD, and available medications produce only modest improvements but also 

clear side effects. Novel compounds able to ameliorate memory deficits and/or reduce the 

ongoing neurodegeneration are actively searched for. However, solid pre-clinical data on their 

efficacy need to be generated in appropriate animal models, before translating the use of these 

compounds into clinical intervention.  

The recently cloned sigma-1 receptor has been shown to be involved in learning and memory. In 

fact, the observation that sigma-1 ligands improve cognitive performance in animal models of 

memory dysfunction, has opened new perspectives for AD drug research.  

In the present thesis, data are reported substantiating the efficacy of two newly synthesised 

molecules [(±) PPCC and (-) MR22] on learning and memory deficits induced by a selective 

cholinergic immunotoxin. The rationale of the studies was three-fold: first, the peculiar 

distribution of sigma-1 binding sites in neocortical and hippocampal areas classically associated 

with learning and memory processes; secondly, the well-known effects of sigma-1 receptor 

ligands upon cholinergic neurotransmission; thirdly, the ability of activated sigma-1 receptors to 

sustain and protect cellular functions, including those perturbed following exposure to amyloid 

peptides. Two different lesioning paradigms were used: in the first study, graded cholinergic 

depletions and learning deficits of varying severity were induced by injecting increasing doses of 



 6 

the 192 IgG-Saporin immunotoxin into the lateral ventricles. Thus, the pro-cognitive effects of 

the (±) PPCC compounds were tested. In the second study, a novel model was introduced where 

the 192 IgG-Saporin and the amyloid (25-35) peptide were injected simultaneously into the basal 

forebrain nuclei and the hippocampal formation, respectively. The study sought to address the 

relationships between cholinergic loss, amyloid expression/processing and cognitive 

dysfunction, and their possible normalization by applying (-) MR22 sigma-1 receptor agonist. 

The results of the first experiment show that (±) PPCC, injected i.p., is able to efficiently 

ameliorate spatial navigation abilities perturbed by either increasing doses of 192 IgG-Saporin or 

pharmacological cholinergic receptor blockade (by atropine), whereas it does not have any clear-

cut effect intact or sham-lesioned subjects.  

The second study extends such results and show that the sigma-1 agonist (-) MR22, injected 

i.c.v. during lesion surgery, is able to significantly normalise APP regional expression in the 

neocortex and hippocampus, in addition to improving cognitive performance in lesioned 

animals. 

The mechanism(s) of action proposed for the memory enhancement and neuroprotection 

promoted by these compounds may be related to two possible, non-mutually exclusive events, 

namely a ligand-mediated enhancement of cholinergic neurotransmission, or a direct interaction 

of the ligands with sigma-1 receptors expressed in memory-related brain areas.  

In conclusion sigma-1 receptor agonists represent promising viable tools in the long-lasting quest 

for drugs that can reliably be proposed to treat AD-like disturbances. Thus, further developments 

of these, or other similar compounds, warrant further investigation on their possible use as 

supporting therapeutic strategies in experimental studies aimed at cell protection or replacement. 
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Introduction  
 

 

 

Dementia 

 

Dementia is today a condition that involves 5% of population over the age of 65 and reaches 

30% after the age of 80. Dementia represents, after cancer and cardiac vascular disorders, the 

third most common cause of death and can be defined as a condition of chronic and progressive 

loss of intellectual abilities that is severe enough to interfere with social or occupational 

functioning. Well-known dementias are Alzheimer's disease (AD), vascular and fronto-temporal 

lobe dementia, dementia with Levy bodies and the secondary dementia in Parkinson's disease. 

For the scopes of the present thesis, only dementia of Alzheimer type will be described here. 

 

 

Alzheimer’s disease 

 
Alzheimer's disease (AD) is a neurodegenerative pathology, which nowadays represents the most 

common form of dementia in the elderly. Estimated numbers of affected worldwide are said to 

be approximately 18 million (www.alzheimer.org). The first paper, describing the case of a 

patient, with what has become known as Alzheimer’s disease, was published more than one 

hundred years ago by a German physician, Alois Alzheimer (Alzheimer 1907). Auguste D. at the 
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age of 51 started to suffer from dementia with symptoms that did not fit the definition of any 

brain disorder known at the time. Her clinical history begins with an initial period rich in 

delusions followed by signs of memory dysfunction, paranoia, and problems with language and 

behaviour. She died from septicaemia six years after first signs appeared. After her death, Dr. 

Alzheimer performed an autopsy and found brain shrinkage and two types of abnormal deposits 

today known as senile plaques and neurofibrillary tangles. Because dementia had been 

associated with the elderly and Auguste D. had been middle-aged, AD was first known as 

presenile dementia and was thought to be a very rare disorder. It was not until the early 1950s 

that researchers at St. Elizabeth's Hospital in Washington, DC, came to recognize that AD is the 

single most common cause of dementia in adults. Nowadays, it is possible to distinguish two 

different types of AD based upon age onset and familial aggregation: familial AD (FAD) and 

late-onset AD (LOAD). FAD is characterized by Mendelian inheritance (autosomal dominant) 

and early onset (<60 years). FAD represents less than 1% of all AD cases (Crook et al 1998; 

Ezquerra et al 1999; Lopera et al 1999), LOAD is characterized by later onset (>60 years) and 

complex patterns of inheritance. Although they differ in age onset, both forms of the disease are 

defined by the same pathological features; neuronal loss and the presence of beta-amyloid 

plaques and neurofibrillary tangles. Plaques are extracellular deposits of insoluble amyloid 

proteins while tangles are intracellular aggregations of hyperphosphorilated tau protein. AD has 

a characteristic onset, is very gradual and insidious, this is a particularity that distinguishes the 

pathology from other forms of dementia. Early-stage symptoms of Alzheimer may begin almost 

imperceptibly. The early signs usually include short-term memory loss, temporary episodes of 

spatial disorientation, however, the patient can usually keep up with most activities of daily life. 

in the middle stage, which typically begins two to three years after onset, the person begins to 

lose awareness of his or her cognitive deficits. Memory lapses are more frequent and the patient 

begins to have more severe problems with language and at this point problems caused by loss of 

cognitive functioning are impossible to ignore. The middle stage of AD is the point at which the 

behavioural and psychiatric symptoms like agitation, wandering, temper outbursts, depression, 

and disorientation appear. End-stage Alzheimer's disease is characterized by the loss of the basic 

motor ability. When the disease begins to affect the patient's brain stem, the basic processes of 

digestion, respiration, and excretion shut down.  

After more than one hundred years from the first description, the real causes of AD still 

represent an enigma that needs to be solved. Identification of the events that start the whole 

pathogenic process (amyloid aggregation, tangles formation or neuronal loss) is a key question 

that keeps the scientific community apart. Indeed whereas scientists agree on the fact that 
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Alzheimer's disease is due to a complex series of events, that include a mixture of genetic, 

environmental, and lifestyle factors, which take place in the brain over a long period of time, 

there is no consensus yet on the main causing factor. A mutation in one of three genes known as 

APP, presenilin-1, and presenilin-2, found on human chromosomes 21, 14, and 1, respectively is 

responsible for early-onset AD. Interestingly humans affected by Down syndrome that have 

three chromosomes 21, develop early-onset AD  (Mori et al 2002). Genetic research indicates 

that late-onset Alzheimer's disease is a polygenic disorder. It has been known since 1993 that a 

specific form of a gene for apolipoprotein E (apoE4) on human chromosome 19 is a genetic risk 

factor for late-onset AD (Schmechel et al 1993). People who have the apoE4 gene from one 

parent have a 50% chance of developing AD; a 90% chance if they inherited the gene from both 

parents. They are also likely to develop AD earlier in life. One of the remaining puzzles about 

this particular gene, however, is that it is not a consistent marker for AD in fact some people who 

have the apoE4 gene do not develop Alzheimer's, and some who do not have the gene do 

develop the disorder. ApoE4 increases the chances of the disease, but does not make it certain. 

Some other factor, not yet understood, must also contribute (Dawbarn 2007). Unfortunately a 

precise diagnosis of AD is still a difficult task, and is based essentially on a process of exclusion. 

Presently, as is diagnosed using neuropsychological tests, and post mortem assessment. 

However, the only conclusive diagnosis of Alzheimer's is made post mortem by performing an 

autopsy and examining the patient's brain tissue. As dr. Alois Alzheimer observed more that one 

hundred years ago, during an autopsy of an AD patient’s brain, the cerebral cortex is atrophied, 

sulci are grossly enlarged and ventricular volume is increased. Microscopically, AD brain tissue 

show marked extracellular amyloid plaques and intraneuronal neurofibrillary tangles together 

with a dramatic loss of cholinergic.  

Considering the selective loss of cholinergic neurons in the nucleus basalis (NB) and medial 

septum (MS), (Whitehouse et al 1982) together with choline acetyltransferase reduction (Perry et 

al 1978), it is plausible that the cholinergic system plays a crucial role in the pathology but at the 

same time the sticky amyloid peptide, prominent in the brain plaques characteristic of AD, 

cannot be under underestimated. From this observations two principal hypotheses involved with 

AD pathology, one concentrated on the cholinergic dysfunction, the other directed on amyloid 

importance, have been formulated respectively in the 1982 from Bartus (Bartus et al 1982) and 

in the 1992 from Hardy (Hardy & Higgins 1992).  
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The central cholinergic system 
 

The central cholinergic system is a complex continuous aggregate of cell bodies and dendrites 

that play a crucial role in controlling several different functions that comprise cerebral blood 

flow, cortical activity, sleeping-wake cycle as well as cortical plasticity and, more relevant for 

this thesis, the modulating role on cognitive performances and learning memory processes. From 

the anatomical point of view the central cholinergic system represents the more extensive 

neuronal constellation in the mammalian central nervous system. It can be subdivided into 

projection neurons that are located principally in the forebrain and in the upper brain stem, and 

the interneurons located in the caudate putamen, nucleus accumbens, hippocampus, cerebral 

cortex, hypothalamus and spinal cord. Moreover, the motor neurons in the spinal cord and part of 

the sympathetic and parasympathetic nervous system belong to the cholinergic system. The 

cholinergic system in the basal forebrain and in the pontine reticular formation, are forming parts 

of the ascending reticular activating system. The cholinergic system of the basal forebrain (BF) 

consists of four overlapping cell groups: medial septum (MS), vertical (vDB) and the horizontal 

(hDB) limb of the diagonal band of Broca and nucleus basalis magnocellularis (NBM). The 

common feature of all cholinergic neurons is their content of acetylcholine as neurotransmitter 

and its synthesizing enzyme choline acetyltransferase (ChAT). The BF cholinergic system is 

involved in a number of cognitive functions including arousal, attention as well as learning and 

memory. The presence of cholinergic neurons in the basal forebrain was originally reported by 

Shute and Lewis in the 1967 and later confirmed by others (Semba 2000; Härtig et al 2002; 

Zaborszky et al 1999). In the early 1980’s, Mesulam introduced a Ch classification to designate 

the groups of cholinergic neurons (Mesulam et al 1983a). As this classification was based on the 

topographical variations of the cholinergic cell groups and their particular cortical and 

subcortical targets, it has been widely used. According to this classification the cholinergic 

system is divided into groups of cholinergic cells (Ch1-Ch6) (Table 6). At the most rostral level 

of the basal forebrain, cholinergic cells are located in the MS and vDB nuclei. These cell groups 

are designated as Ch1 and Ch2. In rodents, 30-35% of MS and 50-75 % of vDB cells are 

cholinergic  (Mesulam 1990) whereas in primates and humans the percentage are 10 and 70 %, 

respectively. The strips of cells that extend towards a horizontal axis and is situated 

ventrolaterally to Ch2 constitutes the nucleus of hDB or Ch3. In rodents, 10-20% of cells are 

ChAT-positive  (Mesulam et al 1983b). In primates, only 1-2% of hDB cells can be described as 

cholinergic. Neocortex, amygdala as well as reticular nucleus of thalamus are innervated by the 

Ch4 group of cells that is found within the NBM  (Mesulam et al 1983b). That is the largest 
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group of cholinergic neurons of the basal forebrain in rodents, primates and humans. 

Approximately 90% of cells in the NbM are cholinergic (Mesulam 1990) Immunohistochemical 

and in situ hybridization studies showed that the main constituent of the non-cholinergic portion 

of basal forebrain cholinergic neurons is a gamma-aminobutyric acid (GABA)-containing 

population of cells (Gritti et al 1994; Smith & Booze 1995; Semba 2000). The Ch5-Ch8 groups 

of cholinergic cells are situated in the brainstem. The Ch5 and Ch6 groups of cells are located in 

the peduncolopontine tegmental and laterodorsal tegmental nuclei, respectively. In human brain 

nearly all (appromaximately 90%) neurons situated in the peduncolopontine nucleus are ChAT-

immunoreactive. Remaining neurons in this area are mainly catecolaminergic in that they are 

tyrosine hydroxylase-immunopositive. The laterodorsal tegmental nucleus has relatively pure 

portion of ChAT-positive cells with small amounts of GABAergic, glutamtaergic and 

catecholaminergic neurons (Tohyama & Takatsuji 1998; Weiner & Mesulam 1990). The medial 

habenular nucleus contains the Ch7 group of the cholinergic neurons. In terms of functional 

neuroanatomy, all cholinergic nerve cells described above are projecting neurons. In addition, 

some ChAT-containing interneurons have been reported in the caudate-plutamen nucleus, 

nucleus accumbens, olfactory tubercule, cerebral cortex, olfactory bulb and hippocampus 

(Lauterborn et al 1993; Bouchard & Quirion 1997; Butcher 1995; Oh et al 1992; Zaborszky 

2002). The precise function of these cells is largely unknown. 

 

Cholinergic nuclei  Structure Projection areas 

Ch1 MS hippocampus 

Ch2 vDB hippocampus 

Ch3 hDB olfactory bulb 

Ch4 NB/hDB/preoptic; magnocellular nucleus neocortex;amygdala 

Ch5 

Ch6 

Peduncolopontine nucleus; 

Laterodorsal tegmental 

thalamus 

Table 1 Cholinergic nuclei, structure and innervations sites. Ch1-Ch2 and Ch4 are involved in learning and memory 
according to Mesulam et al. 1983. Note that Ch7 and Ch8 cell groups have also been described (Mufson et 
al 1986). 

 

Brain areas that are innervated by cholinergic neurons were revealed using tract-tracing methods 

in rodents and primates combined with AChE enzyme histochemistry and ChAT 

immunohistochemistry. Data from post mortem human tissue indicated that the organization of 

the cholinergic innervation in humans and non-human primates is largely identical (Mesulam 

1995). The most rostral parts of the cholinergic cell groups in the basal forebrain, Ch1 and Ch2, 
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innervate the hippocampus (Weiner & Mesulam 1990; Mesulam 1994). AChE-rich cholinergic 

fibers are seen within CA2, CA3 and CA4 regions of the hippocampal proper, in the inner part of 

the molecular layer of the dentate gyrus, and in the subiculum. Ch3 provides the major source of 

cholinergic innervation to the olfactory bulb. Cerebral cortex receives cholinergic innervation 

from the largest group of cholinergic cells in the basal forebrain that is situated in the NBM and 

is referred as Ch4. Different Ch4 areas project to different cortical areas. Both Ch5 and Ch6 send 

their main projections to the thalamus (Mesulam 1994), and Ch5 are involved more in the 

sensory processing and extrapyramidal motor control, whereas C6 is more closely related to the 

limbic system. Most of the studies concerning the role of the cholinergic system in learning and 

memory have focussed on Ch1, Ch2 and Ch4, cell groups because they are known to have 

important projections, to the neo-cortex and the hippocampus. These cholinergic cell groups will 

also be focus of the present thesis. Cholinergic cell groups in the basal forebrain and their 

projections to neocortex and hippocampus, are schematically reported in table 1 and Fig 1 (A, 

B). 

 

 

Fig. 1 Schematic representation of rodent basal forebrain. A). From the medial septum (MS) and the vertical limb of 
the diagonal band Broca (VDBB) originate the hippocampal innervations. B). Cells from the nucleus basalis 
magnocellularis (NMM) innervate the cortex.  
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The hippocampus and its functional role 
 
The hippocampus is a brain area critically involved in memory consolidation. It is well known 

the case of a patient (H.M.) whose temporal lobes were ablated surgically in order to prevent 

symptoms of a particular kind of epilepsy, who developed a specific form of anterograde 

amnesia, i.e. the impossibility to transfer short term into long term memory (Squire & Zola-

Morgan 1991). Other evidences that this brain structure is involved on memory processes have 

been obtained on animal models, utilising pharmacological receptor blockade or lesions of either 

the hippocampus directly or the subcortical nuclei that innervate it. The hippocampus is 

interconnected with cholinergic neurons in the medial septum. The cholinergic and GABAergic 

(20-50%) cells form Ch1 and Ch2 (MS DB) project mainly to the hippocampus and less 

extensively to the enthorinal cortex and cingulated cortex (Gaykema et al 1990). The 

hippocampus together with the subiculum and the dentate gyrus constitutes the hippocampal 

formation, a C shaped structure that has a characteristic laminar organisation. Observing a cross 

section obtained at a septo-temporal level cells are packed into distinct layers. In rat the 

hippocampus is composed of three areas: CA1, CA2 and CA3, (CA stands for cornu ammonis) 

while in humans there is also a fourth area the CA4. The dentate gyrus (DG) cells, and pyramidal 

neuron in CA3 and CA1 are involved in the so-called trisynaptic loop (Fig 2) that represents the 

main circuit of the hippocampus (Andersen 2007).  

 

 
Fig. 2 The trisynaptic loop of the hippocampus. The filled triangles represent the pyramidal cell layer (CA1 and 
CA3) and the filled circles represent the granular cell layer of the dentate gyrus. Abbreviations: EC = entorhinal 
cortex; DG = dentate gyrus; pp = perforant pathway; mf = mossy fibers; sc = Schaffer collaterals; ff = fimbria 
fornix. 
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Through the perforant pathway, the glutamatergic cells in the second layer of the entorhinal 

cortex send their axons to the molecular layer of the DG. Then the mossy fibers connect the 

granular cells of the DG to the CA3 pyramidal cells and in the last stage the axons of the CA3 

pyramidal cells, the Schaffer collaterals, form connections with the dendrites of CA1. These 

axons pass through the fimbria/fornix. Thus the synaptic loop has been closed, but the 

information that has been processed in the loop by the principal cells and the interneurons is 

projected back to the deep layers of the entorhinal cortex by the CA1 pyramidal cells axons, 

either directly or via the subiculum. 

Important phenomena related with learning and memory processes take place in the hippocampal 

formation, and can be analysed through electro-physiological techniques. This phenomena (theta 

activity and long term potentiation LTP) are strictly related to behaviour, and their interruption 

produces severe memory deficits.  

The theta rhythm presents a regular electroencephalographic (EEG) pattern with high amplitude 

that takes place when the animal changes position, moves, swims or manipulates objects (this is 

called voluntary movement of type I); in contrast, during automatic activities (or type II, as 

licking, eating, washing or not moving) the EEG profile is irregular and desynchronised. Theta 

rhythm during type I behaviour seems be dependent on the cholinergic component activity of the 

septo-hippocampal projection and on rafe serotonergic projection. In fact it is abolished only 

after blockade of both these systems. The pharmacological blockade of the cholinergic and 

serotoninergic transmission, which completely removes theta activity, produces also deficits in 

memory tasks, which are more severe than those observed after lesioning of either system alone. 

The long term potentiation, originally described by Bliss and Lomo (Bliss & Lomo 1970; 1973), 

represents a long-lasting improvement of synaptic strength that results from a short tetanic 

stimulation in a neural pathway. It has been studied mainly in the hippocampus although it has 

been observed also in other regions. High frequency stimulation of the perforant pathway or of 

the Shaffer collateral can produce LTP in the dentate gyrus or in the CA1 region respectively. 

The LTP can last days or weeks and is at the present the best model utilizable as physiological 

substrate to explain the learning and memory processes. The pharmacological blockade of 

NMDA receptors, also involved in LTP induction, leads to a selective deficit in spatial learning 

abilities. 
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Subcortical hippocampal regulation  
An important modulatory control of the hippocampal circuits originates from the subcortical 

cholinergic, GABAergic (from the septum and the diagonal band), noradrenergic (from the locus 

coeruleus) and serotonergic (from rafe) afferents. These afferent, that convey motivational, 

visceral and arresting inputs, reach the hippocampus dorsally through the fornix, the fimbria, by 

supracallosal striae and ventrally through the piriform lobe. Although this fibers represent only 

the 5% of the total afferents to the structure they have a crucial role to maintain the normal 

hippocampal functioning; in fact it has been observed that their removal through surgical 

fimbria-fornix (FF) transection, produces severe and lasting learning and memory deficits, 

similar to the one that can be observed after total hippocampal ablation. After FF transection, the 

theta rhythm and the LTP are severely altered demonstrating the peculiar importance of the 

subcortical modulation for hippocampal function and activity. Definitively there are two 

principal functional inputs that reach the hippocampus: the cognitive information from the entire 

cerebral cortex and the subcortical ascending information relative to the behavioural status. 

Among the various subcortical afferents, the hippocampal cholinergic innervation seems to have 

a crucial role in learning and memory processes. In fact, lesions of the medial septum (MS) 

perturb sensibly the working and reference memory (as seen in spatial navigation tasks such as 

the Morris Water Maze); similarly the pharmacological blockade of muscarinic receptors 

through atropine or scopolamine leads to severe deficits in various behavioural tasks. 

Noradrenergic or serotonergic destruction alone does not produce the same kind of deficits, 

although they closely cooperate with the cholinergic system in regulating cognitive processes.  

 

The cholinergic hypothesis 
 

Based on early observations of a possible cholinergic involvement in AD (Deutsch 1971) a 

cholinergic theory of Alzheimer’s disease” was developed in the late 70’s. Critical to the 

formulation of the hypothesis was the finding of a cholinergic cell loss in post mortem brain 

tissue from Alzheimer’s disease patients (Davies & Maloney 1976). Based on these 

observations, it was hypothesised that AD is a disease of the cholinergic system (Bartus et al 

1982). Today this concept is considered too simplified, and not able to fully describe AD 

complexity but it is still used especially in drug research to test cholinomimetic drugs that are 

considered the first class of compounds that show efficacy in alleviating AD symptoms (Eagger 

et al 1991). The degeneration of the cholinergic system in AD is heavy in the NBM (Ch4), 

whereas the decrease in cholinergic cell number, in different studies, was observed to vary from 
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15% to 95% depending on the examined cases (Whitehouse et al 1981; Vogels et al 1990; Geula 

& Mesulam 1999). The remaining cell bodies generally appear atrophied  (Rinne et al 1987) but 

a pathological increase in cell size has also been reported  (Iraizoz et al 1991). It is known that 

NBM-cortical connections are implicated with memory, behaviour and attentional functions and 

it is possible that the degeneration of NBM neurons could be one of the causes for memory 

dysfunctions seen in AD patients  (Lawrence & Sahakian 1995). Another cholinergic nucleus 

degenerating in AD is the MSvDB (Ch1/Ch2), (Lehéricy et al 1993) projecting to the 

hippocampus, where also the total ChAT amount is reduced in AD (Perry et al 1977). Taking 

into consideration the role played by the hippocampus is the main structure in memory 

formation, it is likely that degeneration in the MSvDB cholinergic neurons may also be related to 

cognitive deficits in AD patients. The BF cholinergic system is not the only neurotransmitter 

system that undergoes degeneration in AD, also other systems, such as the serotonergic and 

noradrenergic systems are affected (Mann 1983; Palmer et al 1987). It is important to note that 

beta-amyloid plaques and neuro fibrillary tangles are associated with neurons independently 

from the transmitter. The cholinergic therapy presently prescribed for AD subjects is mainly 

symptomatic, although if there is evidence suggesting that ACh may be related to amyloid 

precursor protein (APP) processing (Leanza 1998, Lin et al 1998, 1999, Aztiria et al 2008) and 

then that cholinergic therapy could reduce amyloid accumulation (see also Schliebs 2005 for 

review). Nevertheless, considering that in the last stages of the pathology cell loss is very high, 

the beneficial symptomatic effects of cholinergic therapy are likely to be achieved only at the 

early stages of AD. Even if effects of cholinergic therapy are modest at best they still do 

represent an improvement in patient’s quality of life and postpone hospitalisation. 

 

The amyloid hypothesis 
 

Closely related to the dysfunction of cholinergic system, that can be considered to be the main 

cause of cognitive deficits, there is the extracellular deposition of amyloid protein and peptides 

in various brain regions (Hardy & Higgins 1992). The main constituent of the so-called senile 

plaques, that represent an important hallmark in Alzheimer Disease, is the beta-amyloid peptide, 

which derives from cleavage of the amyloid precursor protein (APP). APP is a transmembrane 

protein, whose function is still unknown, ubiquitarily expressed in the body, with higher levels in 

brain tissue (Selkoe 1994). This protein is cleaved by secretase enzyme activity. In general the 

metabolic pathways for APP processing can be divided in amiloydogenic and non amyloidogenic 

(Fig. 3). The secretory non amiloydogenic pathway consists of a primary cleavage by an alpha-
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secretase enzyme which gives rise to a soluble N-terminal fragment, the sAPPα, whereas the C 

terminal stays inside in the membrane (Haass et al 1992). The amyloidogenic pathway starts 

with a cleavage done by amyloid beta-secretase (Paganetti et al 1996; Vassar et al 1999) that acts 

on the APP and produces the soluble fragment sAPPbeta and another fragment that stays 

connected to the membrane and contains the amyloid beta in the N terminal portion (Seubert et 

al 1993). 

 

 

Fig. 3 The amyloid hypothesis, on the right the amyloidogenic pathway, on the left the non amyloidogenic one. 

 

Amyloid beta originates after a gamma-secretase cut on the C terminal  (Anderson et al 1992). 

Gamma secretase acts at different positions producing Amyloid beta-peptides of varying lengths, 

Amyloid beta 42 and Amyloid beta 40. Even the longer peptide is considered more 

amyloidogenic, and both of them aggregate to form first soluble protofibrils, and then insoluble 

fibrils and plaques. Considering the fact that brain beta-amyloid deposits are characteristic 

features of the AD pathology, and that their exact importance is not completely clear many 

studies are concentrated in trying to identify new elements, which could give a more complete 

picture. Beta-amyloid toxicity has been demonstrated in vitro. Amyloid beta (1-42) kills cell 
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cultures in high concentrations, and its deposition activates macrophages and neutrofiles in vivo 

(Mattson et al 1993). The in vivo results point out the fact that deposition of Amyloid beta (1-42) 

in regions such as hippocampus and cortex produce modifications that lead to cognitive and 

memory deficits see in Alzheimer’s patients. Progressive beta-amyloid accumulation has 

therefore been proposed to play an important role in the initial phases of memory loss (Yamada 

et al 2005). 

It should be noted that accumulation of hyperphosphorilated tau as paired helical filaments 

within neurofibrillary tangles is also a hallmark of AD (Lee and Trojanowski 1992; Selkoe 2001) 

but a careful analysis of the contribution to the disease it is beyond the scopes of the present 

thesis. However, the reader is referred to a variety of excellent reviews describing hypotheses 

and prospects for tau-targeting therapies (e.g. Spillantini et al 1998; Spillantini and Goedert 

1998; Mudher & Lovestone 2002, Santacruz et al 2005; Golde 2006). 

 

Cholinergic hypothesis and amyloid hypothesis: is there a synergy? 
 

Why the amyloidogenic APP pathway is preferred to the non-amyloidogenic is an open question. 

In the last decade growing experimental evidence has suggested a role for cholinergic inputs in 

that processes. The possible correlations between the neurochemical aspects of the disease 

(degeneration of cholinergic pathways) and the histopathologic ones (deposition of amyloid 

peptide) today represent an interesting research topic and their understanding could improve the 

knowledge on the causes and the possible treatments of the disease. Extracellular amyloid 

aggregates formation could induce an inflammatory response that possibly exerts a negative 

effect on cholinergic cells and generates atrophy (Giovannini et al 2002). Alternatively, but not 

necessarily in contrast, which in turn reduces cholinergic inputs could exert a regulatory function 

on the beta-amyloid pathway. That a reciprocal inter-regulation exists between those peculiar 

aspects is intriguing but the dynamics are hard to delineate, in fact, it is still unknown whether 

are the plaques to kill the cholinergic neurons or vice versa if it is their loss that accelerates 

amyloid aggregation (Nakamura et al 2001). Data obtained from in vitro studies evidenced that 

there is a cholinergic regulation in amyloid processing. It was observed that a perturbed 

muscarinic receptor activity increases the amyloidogenic processing, while this is less activated 

during normal receptor functioning (Auld et al 2002; Yan & Feng 2004). In particular, activation 

of muscarinic cholinergic receptors M1 and M3 has been observed to enhance the soluble APP 

release and reduced the amyloidogenic pathway (Nitsch et al 1992; Faber et al 1995; Pittel et al 

1996; Muller et al 1997). Nevertheless, these evidences come mainly from in vitro studies. 
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Clearly, verifying such hypothesis in vivo is not simple because a proper animal model 

recapitulationg all the histopatological hallmarks together with behavioural deficits is still not 

available. There are several in vivo studies in which efforts have been made in order to clarify 

the cholinergic muscarinic regulation of APP processing in vivo, was observed that a dramatic 

loss of terminal cholinergic innervation results in marked changes in the regional expression of 

APP-like immunoreactivity (Leanza 1998), that can be normalised normalising the cholinergic 

transmission available except, perhaps, the most recently developed transgenic mouse models 

(see below). Recent studies have shown that intracerebroventricular (i.c.v) infusion, of amyloid 

peptide of different length, [Amyloid beta (1-42), Amyloid beta (25-35)], in rats or mouse cause 

neuronal damage in the hippocampus and a significant decrease in ChAT enzimatic activity both 

in hippocampus and striatum  (Nakamura et al 2001; Stepanichev et al 2004a). Similar results 

were obtained after injection of a mixture of two amyloid fragments, the Amyloid beta (1-40) 

and the Amyloid beta (1-43), in the dorsal dentate gyrus: in the lesioned area it was observed 

presence of extracellular aggregates, microgliosis, astrogliosis and neuronal loss. Animals were 

tested for working memory abilities and their performance was found to be impaired, if 

compared with controls (Stéphan et al 2001). Further investigations were done on transgenic 

mice, where mutations were introduced on genes codifying for APP and for the presenilines 

(protein components of the gamma secretase complex). The animals exhibited an increased of 

Amyloid beta (1-42) that rapidly led to deficits in various behavioural tasks. Histopathologically, 

plaques were identified together with neuronal and synaptic loss (Oakley et al 2006).  

Another experiment in mice was done using a device that produced a repetitive infusion of the 

beta-amyloid (25-35) fragment into the cerebral ventricle. Also in this case, clear-cut deficits in 

spatial memory were detected and a lower number of ChAT positive neurons in the 

paraventricular regions was estimated (Yamada et al 2005). Furthermore there is evidence 

showing that in vivo pre-aggregation of the beta-amyloid fragment was estimated produces 

higher deficits once injected, than those induced by the non pre aggregated peptide, probably 

because this latter is metabolised and thus made uneffective; however the self aggregation ability 

in vitro is not common to all amyloid peptides (Delobette et al 1997). 

 

Experimental animal models used to study AD  
 

Animal models are crucial for studying AD, both to better understand the causes of the disease 

and to test possible therapeutic strategies. Even if each animal model has limitations, the overall 

value for research on AD is invaluable. Very few species spontaneously develop the cognitive, 
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behavioural and neuropathological symptoms of human Alzheimer’s disease (AD). Therefore, in 

past, a variety of experimental paradigms have been developed using different pharmacological, 

genetic, biochemical and also dietary manipulations in the attempt to model the full-blown 

symptoms of the disease. To bridge the wide gap between the molecular biology of AD and 

clinical therapeutics, it is essential to have valid non-human animal models where to investigate 

disease mechanisms, test treatments, and evaluate preventive strategies and cures.  

The hypothesis that cholinergic dysfunction may lead to the development of cognitive 

disturbances has stimulated the development of animal models that could mimic the loss of 

cholinergic function observed in AD patients. 

 

Pharmacological models 
Pharmacolological models first appeared over two decades ago, in experiments were anti-

cholinergic drugs as the anti-muscarinic agents scopolamine, were used systemically in animals 

(Drachman & Leavitt 1974). For example, it was shown, that scopolamine, injected to rats, prior 

to behaviourally testing them, in the eight arm radial maze, strongly impaired acquisition of the 

task (Watts et al 1981). Further studies performed on murine models, non human primates and 

monkey all confirmed that scopolamine decreases animal scores in learning tests, (Buresová et al 

1986) and that the severity of the deficits is directly proportional to the injected dose (Spencer et 

al 1985; Wang et al 2004). In addition to systemic injection studies, experiments have been also 

performed where scopolamine was injected in discrete brain areas (Davidson & Marrocco 2000). 

Also in this case behavioural deficits were detected. Considering that the exact and precise cause 

of the negative effects of scopolamine on cognitive function is not fully known and could 

involve not only the disruption of the learning and memory mechanisms but also stimulus 

processing, behavioural inhibition, attention, movement or strategy selection, the 

pharmacological model is used mainly as a primarily tool in the series of behavioural test used to 

characterise the basic profile of newly synthesised compound representing a possible candidate 

to include the memory enhancers family. 

 

Lesion models 
A different approach to obtain cognitive impairments typical of AD patients, in rats and 

monkeys, is to lesion the basal forebrain cholinergic neurons utilising surgical or chemical 

procedures. Behavioural deficits in the Morris water maze have been obtained after surgical 

transection of the fimbria-fornix in murine models (Olton & Papas 1979; Nilsson et al 1987) and 

similar results have also been obtained with radio frequency/electrolytic lesions of the septal area 
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(Dashniani et al 2007).  

Other experiments were focused on the use of excitotoxins to investigate the effects of a 

cholinergic damage on animals already trained in specific behavioural tasks. These studies 

proved that lesioning the NB with ibotenic acid produced deficits in a variety of mnemonic tasks, 

such as the passive avoidance and Morris Water Maze (Dunnett et al 1991). However it was later 

demonstrated that lesioning the same brain structures of the basal forebrain with more selective 

and powerful excitotoxins, such as quisqualate and AMPA, produced deficits that were either 

reduced or even completely absent. These observations suggested that cognitive deficits caused 

by ibotenic acid lesions (Burke et al 1994; Waite et al 1994) of the nucleus basalis NB cannot be 

fully attributed solely to the loss of cortically-projecting cholinergic neurons (Schliebs & Arendt 

2006) but also to lesion of some other types of cells (e.g. GABAergic) located in neighbouring 

areas.  

 

Immunotoxin lesion models 

The lack of selectivity of the excitotoxic approach stimulated research towards more reliable and 

selective lesioning tools. The development of the immunotoxin 192 IgG-Saporin, selective for 

cholinergic in the BF, has provided an unprecedented tool to study the functional role of these 

systems in learning and memory (Book et al 1994; Wiley et al 1991; Heckers et al 1994). The 

immunotoxin is composed by two fundamental elements, a specific antibody against the low 

affinity nerve grow factor receptor p75NTR, and the Saporin, a lectin protein, obtained after 

purification of Saponaria Officinalis extracts. This molecule, has powerful ribosome inactivating 

proprieties, but its toxic effect is very low if is used alone. In fact the molecular structure does 

not permit to the compund to pass through the double phospholipids bi-layer membrane and thus 

to enter into the cell. The conjugation of the Saporin with the antibody, which is obtained by di-

sulphuril binding, gives the possibility to the immunocomplex to pass through the cellular 

membrane and enter the cell. This is possible because the complex recognise the p75NTR receptor 

specifically expressed by BF cholinergic neurons (Batchelor et al 1989; Woolf et al 1989) and is 

internalised through a mechanism that is typical to the receptor itself (Schweitzer 1989), which is 

transported and accumulated in the soma. The complex is transported then to the cell body where 

the toxin leaves the endosoma and recognises its target, the 60S subunit of the eucariotic 

ribosome. The interaction between the ribosome and the toxin inhibits the proteic synthesis 

leading to cell death by activating apoptosis mechanisms (Wiley 1992). In the rat, was 

demonstrated how the 192 IgG-Saporin recognises selectively the cholinergic cells of the basal 

forebrain also when injected directly in the cerebral parenchyma (Wiley 1997). When injected in 
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the lateral ventricles the toxin partly affects the Purkinje cells of the cerebellum, which express 

p75NTR (Waite et al 1995; Pioro et al 1991). However the intraparenchymal infusion localised to 

the basal forebrain nuclei does not affect the cerebellar neurons and remains circumscribed to the 

injection zone (Torres et al 1994), producing moderate and less detectable deficits, that can be 

visualised with more specific behavioural tests (Torres et al 1994; Dornan et al 1996). In the 

injection area both modalities of administration do not cause any damage to the non cholinergic 

neurons nearby or contiguous the target zone (Leanza et al 1995a; 1996b). The toxin apparently 

does not affect cholinergic neurons that project to the amygdala since many of them do not 

express p75NTR (Heckers et al 1994a). Considering the wealth morphological and behavioural 

data obtained in the numerous experiments performed utilizing it, the 192 IgG-Saporin, presently 

can be considered the most effective tool available to reproduce one of the histopathological 

hallmarks of Alzheimer’s disease, i.e. the loss of BF cholinergic neurons (see Wiley & Lappi 

2005). 

 

Transgenic models 

After the identification of AD-causing gene mutations, steps were taken to develop transgenic 

animal models of AD. These animals, in form of gene knock outs or insertion of wild-type and 

mutant transgenes, were supposed to mimic AD pathophysiology more accurately than animal 

lesion models. Indeed, AD transgenic mouse lines show some features of human AD pathology. 

For example, deposition of amyloid plaques, (Borchelt et al 1997), a modest loss of neurons  

(Calhoun et al 1998), loss of synaptophysin staining (Hsiao 1998) or deficits in long term 

potentiation maintenance have been reported in transgenic mice containing various genes that 

have mutations associated with human AD. Furthermore, single APP and double APP/PS1 

Transgenic lines show behavioural impairments  (Chapman et al 1999). Robust changes in ChAT 

and AChE activity in both the neocortex and the hippocampus were described in double 

APPswe/PS1dE9 mice (Garcia-Alloza et al 2006). A recently developed triple transgenic mouse 

model of AD shows a progressive development of amyloid plaques and hyperphosphorylation of 

the microtuble-associated tau protein resulting in tangles deposits in the neocortex and 

hippocampus (Oddo et al 2003). Unfortunately, the reliability of the transgenic mouse models is 

not always guaranteed, as these animals present marked variability in memory tests which makes 

them hard to analyse. The fact that the cognitive deficit and histopathological changes can not be 

modulated and precisely dosed in transgenic models make them relatively useful for some kind 

of experiments as those that involve for example new drug testing. The necessity of a stable 

animal model with controllable (and/or dosable) cognitive deficits that may be directly correlated 
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to the histopatological changes occurring in patients during AD onset and time-course is still 

necessary especially for drug testing purposes, where a controllable pathological condition could 

help to better visualize the therapeutic characteristics of the analysed compound. 

 

Amyloid models 

Several studies, aimed to obtain new animal models, focused on another important characteristic 

of the disease, the amyloid plaques. The identification of amyloid plaques constituents was 

described in the eighties, when researchers concentrated on extraction and purification of 

amyloid from human tissue, then the amino acid (aa) sequence was obtained. The protein 

consisted of multimeric aggregates of a 4 kDa polypeptide of about 40 residues (Masters et al 

1985). The protein sequencing gave the possibility to obtain synthetic compounds useful for in 

vitro studies and in vivo studies. For example it was observed in vitro that the longer peptide 

Amyloid beta (1-42) is more fibrillogenic and later in vivo results confirmed that the longer 

fragment is more toxic than the more common 40 aa form (Klein et al 1999). It is important to 

point out the fact that among rodents the rat does not develop plaques, neither during normal 

aging nor after any kind of cholinergic lesioning induced the researchers to introduce directly in 

the ventricles or in specific brain regions such as the hippocampus, controlled amounts of 

amyloid fragments with infusion techniques or single shots (Nitta et al 1994). Using this 

approach animal models of neurodegeneration have been developed were a robust neuron loss is 

evident following injections of beta-amyloid fragments into the rat hippocampus (Kowall et al 

1992; Miguel-Hidalgo, & Cacabelos 1998). Injection of the Ab (1-40) or (1-42) fragment induce 

degeneration of neurons of the hippocampal CA1 subfield, and produce, dose-dependently, 

changes resembling those occurring in Alzheimer’s disease. In the 1996 Maurice and his group 

injected a shorter preaggregated (25-35) amyloid fragment the into the mouse brain, and 

obtained a model exhibiting histological and biochemical changes together with clear 

behavioural deficit (Maurice et al 1996b). The changes observed in brain tissues after 

processing, appeared reminiscent of the deposition of amyloid plaques, endogenously constituted 

in human from the Amyloid beta protein (1-40) and (1-42). Similar studies, using the shorter 

(25-35) peptide, were proposed with rats, obtaining patho-morphological changes in the 

hippocampus and impairments in spatial memory (Stepanichev et al 2004b). 

 In contrast to transgenic models of Alzheimer's disease which harbor DNA encoding amyloid 

peptide (a significant percentage of which fails to express the recombinant peptide), all the 

animals infused with the synthesised amyloid protein develop some of AD-like pathology 

synthoms. They can be utilised in studies centred on plaques formation, but the absence of a 



 24 

more specific action on cholinergic system, that is not specifically affected by amyloid toxicity, 

excludes this model from a wider employment in studies of specific drug testing for new AD 

compounds.  

 

Drugs, research and new therapeutic approaches 
 
After decades there are still doubts on effective drug targets for AD. Research is moving towards 

new therapeutic approaches oriented to act on specific targets in order to produce drugs with 

efficient anti-amyloid, anti-inflammatory, anti-oxidant, anti-tangles and neuroprotective but also 

more effective anti-amnesic properties. 

Today, available pharmacological approaches to the treatment of Alzheimer’s disease (AD) can 

be grouped into those that aim at symptomatic treatment (cholinomimetics), and those that 

attempt to modify the disease process (neuroprotecting agents). Symptomatic treatments have 

mainly been cantered on neurotransmitter systems. The most evident neurochemical change seen 

in post mortem AD brains is the loss of choline acetyltransferase (ChAT) activity even if also 

other neurotransmitters are affected. This well established deficit in the cholinergic system and 

its demonstrated correlation with learning and memory processes (Perry et al 1978), led to the 

development of the first drugs to be licensed for the treatment of AD symptoms.  

Even today, the most widely used compounds to treat AD patients are based on the original 

assumptions of the cholinergic hypothesis. Acetylcholinesterase inhibitors (AChEIs) (donepezil, 

rivistagmine and galantamine) are the most prescribed drugs. Their basic mechanism of action is 

closely related to AChE, the enzyme responsible for ACh inactivation in the synaptic cleft. Its 

inhibition increases the availability of ACh for synaptic transmission and leads to the 

amelioration of memory functions. Tacrine and physostigmine, that have been approved for 

human use at the beginning of the ’90, were the first two compounds classified as AChEIs  (Kurz 

1998; Martinez, & Castro 2006). Those first generation compounds, that had a low 

bioavailability, produced moderate improvements in memory functions but were accompanied 

by unpleasant side effects such as hepatotoxicity and gastrointestinal distress. The unstable 

balance between side and therapeutic effects together with the availability of a second generation 

of AChEIs, gives to tacrine and physiostigmine a reduced use in the clinical practice. Chemical 

synthesis research continued and led to the development of a second generation of more selective 

molecules, which appeared to be more potent and effective than tacrine. Donepezil was first 

licenced as a symptomatic therapy for mild to moderate AD in 1996, and its synthesis was 

followed by other similar compounds as rivistagmine and galantamine.  
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Compound Brand Approved for Side effect 
DONEPEZIL 

Aricept All stages 
Nausea, vomiting, loss of 
appetite and increased 

frequency of bowel 
movements. 

GALANTAMINE 
Razadyne Mild to moderate 

Nausea, vomiting, loss of 
appetite and increased 

frequency of bowel 
movements. 

RIVISTIGMINE 
Excelon Mild to moderate 

Nausea, vomiting, loss of 
appetite and increased 

frequency of bowel 
movements. 

TACRINE Cognex Mild to moderate Possible liver damage, 
nausea, and vomiting 

Table 2 Avaiable AD treatments 

 
The AChEIs efficacy is modest and strictly related to density and condition of the presynaptic 

cholinergic neurons, that continue to degenerate as pathology progresses. One of the major 

limitations of up-regulating ACh activity through cholinesterase inhibition is that replaced doses 

of AChEIs lead to the development of tolerance, possibly as the result of new AChE synthesis at 

nerve terminals. Despite their limited success, though, AChEIs remain, to date, the most 

prescribed treatment for AD. 

Very recently a new drug was approved in Europe and the USA for the treatment of moderate to 

severe Alzheimer's disease. Its mechanism of action is based on the fact that a dysfunction of 

glutamatergic neurotransmission, manifested as neuronal excitotoxicity, could be involved in the 

etiology of Alzheimer's disease  (Cacabelos et al 1999). Memantine is a low-affinity voltage-

dependent uncompetitive antagonist (Danilczuk et al 2005) at glutamatergic NMDA receptors 

(Rogawski & Wenk 2003). By binding to the NMDA receptor with a higher affinity than Mg2+ 

ions, memantine is able to inhibit the prolonged influx of Ca2+ ions which forms the basis of 

neuronal excitotoxicity. The low affinity and rapid off-rate kinetics of memantine at the level of 

the NMDA receptor-channel, however, preserves the physiological function of the receptor as it 

can still be activated by the relatively high concentrations of glutamate released following 

depolarization of the presynaptic neuron (Parsons et al 2007). A systematic review of 

randomised controlled trials found that memantine has a small positive but still variable from 

case to case effect on cognition, mood, behaviour, and the ability to perform daily activities in 

Alzheimer's disease patients (Areosa et al 2005). 

A category of drugs used in AD that do not interfere with the cholinergic system activation or 

NMDA antagonism are the anti-inflammatory agents. Inflammatory and immune mechanisms 

are implicated in the pathological processes, which lead to nerve cell death in AD  (Aisen & 
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Davis 1994). It has been observed that AD has a lower incidence in patients affected by 

rheumatoid arthritis, treated with anti-inflammatory drugs (McGeer et al 1996). Despite this 

evidences many trials with anti-inflammatory drugs have been disappointing. Could be that those 

discrepancies are due to the choice of the drug, it transpires in fact that a class of anti-

inflammatory compounds the non steroidal ones (NSAID) could have an ability in modulating 

beta-amyloid production. This propriety is independent from the anti inflammatory one (Weggen 

et al 2007). 

One other possible treatment paradigm suggested for AD involves the nerve growth factor 

(NGF) that is a member of the neurotrophin (NT) gene family and supports the survival of 

specific neuronal populations, including those that are affected by neurodegeneration in AD. It 

has been observed that NGF, both in vitro and in vivo, maintains the survival of cholinergic 

neuron of the basal forebrain system (Nabeshima & Nitta 1994; Nabeshima & Yamada 2000; 

Yamada et al 2002). This evidences led first to clinical trials based on intracranial administration 

of NGF to AD patients (Seiger et al 1993), that were abandoned because uncontrollable side 

effects, then to the use of genetically engineered fibroblasts secreting NGF. In a recent study 

fibroblasts from AD patients were cultured and transfected with a retrovial vector as to enable 

the cells to secrete recombinant human NGF  (Tuszynski et al 2005). The obtained genetically 

modified cells were injected in the NBM of eight patients diagnosticed with mild AD. Several 

positive results, such as a significant increase of fluorodeoxyglucose uptake in the injected areas, 

by PET (positron emission tomography) analysis, as well as a moderate cognitive improvement, 

represent a proof of concept that NGF therapy could be beneficial for AD patients. Anyhow, this 

procedure, to be effective needs the presence of spared basal forebrain cells expressing the NGF 

receptors. Thus result it may complicate to apply as a general protocol (Dawbarn 2007). 

After this short overview it is clear that none of the existing compounds and strategies 

significantly and unequivocally slows or prevents the progression of AD and as a result, novel 

compounds and protocols enabling effective treatment of age associated learning deficits, and/or 

protection of degeneration neurons are still actively searched for.  

Owing to their powerful anti-amnesic, anti inflammatory and neuroprotective effects, as well as 

a series of actions on mood, depression, response to stress or psychomimetic states (Guitart et al 

2004), ligands for the sigma receptor have attracted particular attention as possible therapeutic 

tools. 
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Sigma receptors 

 

Clearing the initial confusion 
 
Presently sigma receptors are defined as a distinct class of receptors possessing unique 

properties. Sigma receptors were initially described as a subtype of opioid receptors (Martin et al 

1976). In the original experiments the authors used the racemic mixture of SKF-10,047, and this 

represented a wrong-footed beginning that brought to two results: the first is the name sigma 

(that derives directly from the s of SKF), the second is the extremely confusing birth of the 

sigma receptor system. 

The initial opioid receptor classification for the sigma was due to the use of the racemic mixture, 

the actions attributed to SKF at sigma receptors were probably due to the interaction of the (+) 

isomer with the sigma binding site, whereas the (-) isomer was the agent responsible for the 

opioid effect. The situation did not become simpler when sigma sites were believed to be part of 

phencyclidine binding site of the NMDA complex. Only with the introduction of (+) 

pentazocine, a selective compound, (de Costa et al 1989) the sigma receptor system was finally 

characterised as unique  (Walker et al 1990). 

 

Sigma receptors subtypes 
 
There are two well established subtypes of sigma receptors, which have been referred to as 

sigma-1 and sigma-2. Those receptors subtypes can be distinguished from one another based on 

molecular weights, tissue distribution, and drug selectivity patterns (Table 3). 

The sigma-1 subtype has been cloned from a number of species including mouse, rat, guinea pig, 

and human. This subtype is predicted to be a 223 amino acid protein (Fig. 4) with at least one 

transmembrane-spanning region (Aydar et al 2002). It is interesting to note that this protein lacks 

significant homology with known mammalian proteins and possesses weak homology with a 

fungal sterol isomerase without however having any isomerase activity.  
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Feature σ-1 σ-2 

Physical Characteristics 

Size 

Sequence 

 

25-29 Kda 

AF030199 (mouse) 

AF004218 (rat) 

U75283 (human) 

 

18-22 kDa 

n.d. 

Tissue Expression 

Brain 

Heart 

Liver 

Spleen 

GI tract 

 

High 

High 

High 

High 

High 

 

High 

Low 

High 

Low 

High 

Table 3 Sigma-1 and sigma-2 physical characteristic and tissue distribution 

 

The sigma-1 receptor has a molecular mass of 25 kDa, as detected by photoaffinity labeling 

(Kahoun, & Ruoho 1992) and is widely expressed in a number of tissues including brain, heart 

and spleen. The sigma-2 subtype appears to be a distinct physical entity from the sigma-1 

receptor.  

 

 
Fig. 4 Sigma-1 receptor: two putative transmembrane domains (amino acid regions 13-34 and 86-108) were 
identified. 
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Comparison of their sizes based on affinity labelling studies indicates that the sigma-2 subtype is 

slightly smaller than the sigma-1 receptor (Hellewell et al 1994; Hellewell & Bowen 1990). The 

sequence of sigma-2 subtype has not yet been determined, although considerable progress has 

been made in recent area in years. Pharmacologically, sigma receptors have been shown to bind 

a variety of drug classes including, for example, antipsychotic agents (butyrrophenones, 

phenothiazines, thioxantenes, anxiolytics, tricyclic antidepressants and steroids but it has been 

shown that sigma-1 receptors exhibit high affinity for (+) benzomorphanes and low affinity for 

the corresponding (-) enantiomers. The enantioselectivity of sigma-2 receptors is opposite to that 

of sigma-1 receptors in that sigma-2 receptors preferentially interact with (-) benzomorphans. An 

other distinct tract is that sigma-1 receptors at rest are intracellular proteins, linked to production 

of intracellular second messenger, anchored to the endoplasmic reticulum that appear to 

translocate during signalling (Morin-Surun et al 1999; Hayashi et al 2000), while sigma-2 

receptors seem to be constitute from lipid raft proteins that affect calcium signalling via 

sphingolipidic products.  

 

What about endogenous ligands? 
 
The sigma receptor can be classified in the orphan receptors category. The diversity in the 

synthetic molecules that act as sigma ligands, together with their broad spectrum effects on in 

vivo experiments do not facilitate the identification of an endogenous substance. It is known that 

sigma receptors do bind multiple classes of pharmaceutical agents including neuroprotective 

drugs, analgesics, antiamnesics, psychotropics, steroids regulators of endocrine and immune 

functions, muscular and gastrointestinal mobility, (Su et al 1988; Walker et al 1990; Collier et al 

2007). It was observed in animal models that sigma ligands are able to interfere with memory 

functions, stress condition, nociception and drug abuse1. Many studies to identify the 

endogenous ligand were performed, but the results remain elusive. The search, however, lead to 

the discovery that certain neurosteroids, as progesterone and testosterone, act as competitive 

inhibitors of SKF 1047 binding to sigma receptors. These considerations raised the possibility 

that some neurosteroids may function as endogenous ligands  (Maurice 2004; Su et al 1988). 

From a chemical point of view, this is an interesting finding, considering that the majority of 

analysed ligands with affinity for sigma receptors contain a basic nitrogen, and considering that 

                                                
1 While this thesis was being prepared an interesting article proposing N,N-Dimethyltryptamine as an endogenous 
ligand was published.(Fontanilla, D., Johannessen, M., Hajipour, A.R., Cozzi, N.V., Jackson, M.B. & Ruoho,A.E., 
2009, The hallucinogen N,N-Dimethyltryptamine (DMT) is an endogenous sigma-1 receptor regulator, Science, 
323(5916) pp. 934-7 
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steroids are lipophilic compounds. Now research can be addressed towards a new possible 

chemical class to be taken into consideration. 

 

Sigma-1 and anatomical distribution 
 
Sigma receptors are widely distributed in the body and knowledge about their localization can 

provide clues about their physiological functions. In peripheral organs, sigma receptors are 

expressed in the heart, lung, liver, intestines and sexual and immune glands. Several studies have 

mapped the sigma receptors in the central nervous system. Sigma receptors are present both in 

the brain and in the spinal cord. The highest concentrations of sigma receptors in the brain are 

found in the brainstem motor nuclei, and are present in moderate amount also in the basal 

ganglia (Alonso et al 2000). Significant levels of sigma receptors are also found in the limbic 

regions of the brain. Sigma receptors’ localization in the dentate gyrus and pyramidal cell layer 

of the hippocampus (Alonso et al 2000; Phan et al 2003) is supportive of their role in learning 

and memory functions (McLean, & Weber 1988; Borchelt et al 1997). In particular, the 

hippocampal, and particularly the dentate gyrus, is rich of sigma-1 subtype (Bouchard & Quirion 

1997), which could be implicated in the modulation of cognitive behaviours  (Hayashi, & Su 

2004). The presence of sigma receptors in the olfactory bulb and other limbic and paralimbic 

areas such as the frontal cortex, cingulated, hippocampus, and amygdala suggest that they may 

modulate affective states (Mash & Zabetian 1992). This is consistent with their apparent role in 

depression and mood disorders. 

At a cellular level sigma receptors are detectable in neurons, ependymocytes, oligodendrocytes 

and Schwann cells  (Palacios et al 2003; Alonso et al 2000; Su & Hayashi 2003). The sigma-1 

receptor is also present at the subcellular level on cell bodies and dendrites, where it is associated 

with microsomal, plasmic, nuclear or endoplasmic reticulum membranes  (Alonso et al 2000; 

Phan et al 2003). The sequence of the receptor contains a 22 amino acid retention signal for the 

ER (Hanner et al 1996). Cell biology and biochemical studies showed that, the sigma-1 receptor 

is an intracellular protein anchored on the ER and the translocation of sigma-1 receptor from the 

cytoplasm to the membrane requires a calcium efflux from the ER pools. (Morin-Surun et al 

1999; Hayashi et al 2000) 
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Mechanisms of action of the sigma-1 receptor 
 
Several mechanism of action for sigma ligands have been proposed from their first discovery. 

Among the most salient ones, it is thought that sigma receptors mediate potassium conductance 

(Zhang & Cuevas 2005) and calcium signalling, (Monnet 2005) and that they play 

neuromodulatory roles on N-methyl-D-aspartate (NMDA), DA, and ACh transmission. (Monnet 

et al 1990; Kobayashi et al 1996). In addition, it has been suggested that sigma receptors are 

associated with the toxin-sensitive Gi/o and the choler toxin-sensitive Gs proteins phospholipase 

C (PLC) and protein kinase C (PKC) (Monnet 2005). The exact intracellular mechanisms 

triggered after sigma-1 receptor activation are still unclear, but many progresses have been done 

through pharmacological, biochemical and genetic approaches. Recent studies that concentrated 

on cellular sigma receptors localisation, have contributed to clarify the intracellular dynamic 

changes after the receptor stimulation. Activation of sigma-1 receptors affect intracellular 

signalling through a mechanism involving translocation between different cellular 

compartments. Sigma 1 receptor translocation was first described by Miorin-Surun (Miorin-

Surun et al 1999). By immunofluorescent examination it was observed that (+) pentazocine (a 

sigma agonist), caused a shift of sigma1 receptors from cytoplasm to the cell membrane (Su 

1993; Matsumoto & Su 2007). From this observations some authors suggested that compounds 

with sigma-1 agonist activity trigger sigma-1 receptor translocation from the ER to the 

cytoplasmic membrane to exert a subsequent regulation of neural excitability through a G 

protein/phospholipase C (PLC)/protein kinase C (PKC) cascade (Hayashi et al 2000). In vitro 

studies have shown that a portion of sigma1 receptors on the ER form a complex with ankyrin, a 

cytoskeletal adaptor protein, and thus this resulting complex inhibits calcium release through 

inositol 1,4,5-triphosphate (IP3) receptors (Hayashi et al 2000; Hayashi & Su 2007). Sigma-1 

receptor agonists cause a dissociation of the sigma-1 receptor and ankyrin complex from IP3 and 

as a result, the calcium release through IP3 receptors is potentiated. The beneficial effect through 

ligand-receptor interaction, on learning and behavioural deficits could be a consequence on the 

increased intracellular calcium levels that, in deficitary subjects seems to be reduced. Moreover, 

considering that the correlation between the endoplasmic reticulum (ER) and mitochondrion is 

important for bioenergetics and cellular survival, very recently intriguing results were described 

by Hayashi and Su  (Hayashi & Su 2007). In their research, it was discovered that the 

intracellular endoplasmic sigma-1 receptor is a calcium-sensitive and ligand-operated receptor 

chaperone at mitochondrion-associated ER membrane, which participates directly in calcium 

mobilisation and cell survival (Hayashi & Su 2007) 
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Cognitive and neuroprotective effects of sigma-1 receptor ligands 
 

The behavioural role of sigma-1 receptors in the central nervous system has been investigated 

extensively (See Maurice 2007 for review). The sigma-1 receptors have been shown to play an 

important role on cognitive function. The potential interest of sigma receptor ligands in 

behavioural studies, and notably as anti-amnesic agents, arose at the beginning of the ’90, 

following the seminal by Earley (Earley et al 1991). His study provided the first in vivo evidence 

for the anti amnesic capacity of sigma compounds. The tested sigma compounds, igmesine and 

DTG, when administered intraperitoneally before scopolamine allowed a significant blockade of 

the drug-induced learning deficit. It was proved that also other specific agonists act with anti-

amnesic properties if tested on animal models of memory dysfunction. Several in vivo studies, 

using rodent models, with cognitive deficits, induced using pharmacological treatment 

(mecamilamine, scopolamine, ibotenic acid or beta-amyloid peptides, carbon monoxide), or 

transgenic models (senescence accelerated mouse) (Maurice et al 1996; Maurice 2001) gave 

intriguing results. All the sigma-1 agonists that have been testes so far proved to be able to 

interfere with and ameliorate the mnemonic abnormalities that characterise the above-mentioned 

models (Matsuno et al 1994, 1995; Maurice 2001; Tottori et al 2002). None of these compounds, 

tested in large dose range, facilitated learning in control animals indicating that the sigma 

activation may not be involved in normal cognitive processing (Ohno & Watanabe 1995; 

Maurice 2001). These findings have been repeatedly confirmed. In particular, the anti amnesic 

effects induced by the novel sigma-1 receptor agonists such as SA4503 and PRE-084, were 

shown in beta-amyloid peptide-induced, basal forebrain lesions and also in carbon monoxide-

induced amnesia models (Maurice et al 1998, 2001; Meunier et al 2006b). An other study has 

shown that either the blockade or the down regulation of sigma-1 receptor in vivo, produced 

utilizing specific antisense oligonucleotides, affected mice performance in behavioural tests 

(Maurice et al 2001). Overall these data confirm the lack of involvement of the receptor in the 

normal learning processes. It can be assumed that sigma-1 exert some action only when sigma 

transmission is perturbed (Maurice 2007). Moreover several studies provide evidence for a 

neuroprotective action of sigma compounds, both in vitro  (Marrazzo et al 2005) and in vivo, 

(Meunier et al 2006a), where amyloid (25-35) induced neurotoxicity was visibly reduced. 

Recently the neuroprotective effects of sigma-1 receptors were confirmed also by Bucolo and 

co-workers, thus demonstrated a reduction of retinal ischemic damage after treatment with a 

novel adamantine derivate (Bucolo et al 2006; Meunier et al 2006b)  
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Newly synthesises sigma-1 selective agonists 
 
Over the past decade advances have been made in discovering novel sigma receptor probes and 

developing structure-activity relationship for sigma-1 and sigma-2 receptor but the design and 

synthesis of novel selective sigma-1 and sigma-2 receptor agonist and antagonist is still required 

to provide valid molecular tools to elucidate both structure and function of these receptors. 

(±) PPCC  
Recently at the University of Catania a new sigma ligand (1R,2S/1S,2R)-2-[4-hydroxy-(4 

phenylpiperidin-1-yl)methyl]-1-(4-methylphenyl) cyclopropanecarboxylate [(±) PPCC ] (see 

Fig. 5) with high affinity for σ sites (σ1, Ki=1.5 nM, σ2, Ki=50.8 nM) was developed. In binding 

studies, (±) PPCC shows marked σ selectivity over several tested receptors such as N methyl-D-

aspartate (NMDA), dopaminergic (D1, D2, D3), muscarinic (Ki>10000) nM, histaminergic H1, 

adrenergic (σ1, α2), serotoninergic (5-HT2A, 5-HT2C, 5-HT3, 5-HT4, 5-HT6), dopamine and 

serotonin transporters (DAT, SERT) (Prezzavento et al. 2007; 2008).  

 
 

Fig. 5 (±) PPCC structure 
 

(-) MR22  
(-) MR22 (Fig. 6) is a newly synthesised agonist selective for the sigma1 receptor (Prezzavento 

et al 2007; Marrazzo et al 2001). Its neuroprotective effects, against beta-amyloid-induced 

toxicity, were investigated by Marrazzo and co-workers (Marrazzo et al 2005). In pure cultures 

of rat cortical neurons, exposed to (25-35) fragment of beta-amyloid, in present of NMDA 

antagonist, (-) MR22 prevented the toxicity through direct activation of sigma-1 receptors. 

Moreover, very recently the effects of this compound were investigated also in vivo, on retinal 

degeneration on a rat model of ischemia (Bucolo et al 2006). The study suggested, that the 

protective effects of this molecule, is mediated by sigma-1 receptor agonist activity. In fact, in 

the previously cited study, histological examination of the tissues, compared with the vehicle 

treated animals show that (-) MR22 prevents ischemia-induced retinal damage. Unpublished data 
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obtained in our lab., we found that (-) MR22 (1 mg/kg i.p.) is able to efficiently reverse the 

severe 192 IgG-Saporin or atropine-induced deficits in spatial learning and memory. 
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Fig. 6 (-) MR22 structure 
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Aims of the study 
 

 

 

AD is a devastating pathological condition that greatly needs for more efficient treatment 

strategies. In order to accomplish such challenges, research should concentrate first on the 

development of appropriate animal models in which newly synthesised substances are to be 

tested in controlled pre-clinical studies. 

The main aim of this study was to investigate the efficacy of putative sigma-1 receptor ligands 

when administered to experimental animals with cognitive deficits, caused by either 

pharmacological or cholinergic blockade or specific lesion-induced neurodegeneration. At the 

same time we concentrated on the creation of a novel model of Alzheimer-like pathogenesis on 

which to test novel therapeutic strategies. 

Thus, the specific aims of this research sought to: 

• Investigate the effects of the sigma-1 agonist (±) PPCC on animals with cholinergic 

dysfunction caused, by either pharmacological cholinergic blockade of by selective 

immuno-lesioning. 

• Develop a new animal model exhibiting some of the principal AD characteristics: i.e. 

cognitive deficit, central cholinergic depletion and amyloid aggregation.  

• Address also whether the sigma-1 agonist (-) MR22, that was observed to show neuro-

protective properties in vitro, ameliorates neuropathological and behavioural deficits in 

vivo. 
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Methods 
 

 

 

Subjects and design 
 

All experiments involving laboratory animals were conducted following the Italian Guidelines 

for Animal Care (D.L. 116/92), which were also in accordance with the European communities 

Council Directives (86/609/EEC) and were approved by the Ethical Committee at the University 

of Trieste. Young female rats, provided by the animal facility at the University of Trieste, (study 

I: n=64 Sprague Dawley,; study II: n=38 Wistar, males), weighting 200-250 g at the time of 

surgery were used. Animals were housed in controlled environment, under 12 h light/12 h dark 

conditions. Food and water were freely available, except during the behavioural testing sessions. 

Animals were allocated randomly into groups and kept separately in plastic cages containing 

four animals each. 
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Fig. 7 Time Line of Experiment I (A) and II (B). 

 

Experiment I: animals were allocated randomly into groups, receiving bilateral intraventricular 

(i.c.v.) injection of a low (Lesioned, low; n=20) or high dose (Lesioned, high; n=20) of 192 IgG-

Saporin or Phosphate Buffered Saline (PBS) alone (Sham-Lesioned, n=12), while the remaining 

animals (Intact, n=12) were not treated and served as unoperated controls. 

 

Group 192 IgG-

Saporin 

Vehicle total n° animals n°animals group Treatment 

 

10 1 mg/kg (±) 

PPCC  

G1:Lesioned low 3.0 µg in 

7+7µl 

 / 20 

10 Saline 

10 1 mg/kg (±) 

PPCC  

G2:Lesioned 

high 

5.0 µg 

7+7µl 

 / 20 

10 Saline 

6 1 mg/kg (±) 

PPCC  

G3:Sham-

Lesioned 

 / PBS 

7+7µl 

12 

6 Saline 

6 1 mg/kg (±) 

PPCC  

G4: Intact  /  / 12 

6 Saline 

Table 4 Experiment I groups formation  
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At five-six weeks post lesion, prior to being cognitively tested, half of the animals in each group 

were randomly assigned to groups treated with either (±) PPCC or saline. Thus the following 

groups were generated: Intact, (±) PPCC treated (n=6); Intact, saline treated (n=6); Sham 

lesioned (±) PPCC treated (n=6); Sham lesioned, saline treated (n=6); Lesioned, low (±) PPCC -

treated (n=10); Lesioned, low saline treated (n=10); Lesioned, high (±) PPCC treated (n=10); 

Lesioned, high saline treated (n=10). Treatments were given intraperitoneally i.p. about 20-30 

minutes prior to the beginning of the test. 

Behavioural analyses were begun at three-four weeks post lesion, and consisted in the sequential 

administration of tests specifically designed to evaluate sensory-motor performance, as well as 

reference and working memory abilities. Upon completion of behavioural testing, the animals 

were deeply anesthetized and perfused via the ascending aorta.  
 

Experiment II: rats were divided in six groups depending on the lesion treatment they were 

subjected. One group received a bilateral injection of 192 IgG-Saporin in the nucleus basalis 

magnocellularis (NBM) and in the medial septum (MS) (Saporin, n=8). A second group was 

injected in the hippocampus with the amyloid fragment (25-35) (Amyloid, n=8). Another group 

of animals received injections of 192 IgG-Saporin into the basal forebrain (BF) nuclei and 

bilateral intra hippocampal injections of beta amyloid (25-35) (Double n=16). Three animals 

underwent to the same surgical procedure but only PBS was injected into the basal forebrain and 

hippocampus (Sham-Lesioned, n=3), and the three remaining animals were used as intact 

controls (Normal). Half of the double lesioned animals was randomly selected to be treated with 

(-) MR22 intraverebroventricularly i.c.v., whereas the other half was similarly injected with 

sterile PBS. 

 

Group 192 IgG-Sap ß-A (25-35) MR Vehicle n°animals 

G1:Saporin √ / / / 8 

G2:Amyloid / √ / / 8 

G3:Double √ √ / / 8 

G4:Double+MR √ √ √ / 8 

G5:Sham 

lesioned 
/ / / √ 3 

G6:Normal / / / / 3 

Table 5 doses injected and groups in experiment II 
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Behavioural analyses followed the same time schedule that was used in the first experiment. The 

evaluation of reference and working memory abilities was preceded by visual and sensory -

motor tests. At the end of the behavioural testing session all the animals were sacrificed and their 
brains were rapidly removed for subsequent histological and western blotting analyses. (See 
below). 
 
 

Lesion surgery 
 

All surgical procedures were carried out on deeply anesthetized animals using chloralium 

hydrate (5% 0,7 ml/100g i.p.). Surgery was performed placing the animals on a stereotaxic 

apparatus (Kopf), fitted with atraumatic ear bars with tooth bar set at the level of the interaural 

line. The skull was exposed and a dental drill was used to remove the bone directly above the 

injection site. The substances were injected using a 10 µl Hamilton micro-syringe attached to the 

stereotaxic arm. The needle was inserted carefully in the selected area through the skull hole, 

waiting 1 minute before injection and 2 minutes for diffusion after injection before withdrawal. 

In experiment I, the 192 IgG-Saporin was injected i.c.v. The doses used were carefully selected 

in pilot experiments so as to produce a 70-80% (3 µg) or a 90-95% (5 µg) cholinergic depletion. 

1.5 µg or 2.5 µg of the immunotoxin were dissolved in 7 µl of sterile PBS and injected in the 

lateral ventricle of each side. Each animal therefore received a total of 3.0 µg or 5.0 µg in a 

volume of 7+7 µl vehicle). The coordinates used for ventricular injections were A=-0.6 mm from 

bregma; L=+/-1.5 mm from midline; V=-4.5 mm from the skull bone (according to Paxinos and 

Watson 1986). 

In the following tables coordinates and amount of solutions administered are reported to animals 

in experiment II (Table 6, 7; Fig. 8). 

 

Coordinates A L V 

hippocampus -3.8 mm ±2.2 mm -3.3 mm 

NBM -1.5 mm ±2.7 mm -7.3 mm 

MS 
+0.5 mm ±0.6 mm 

-7.7 mm 

-6.1 mm 

ventricle -0.6 mm ±1.5 mm -4.5 mm 

Table 6 Coordinates for microsurgery (according to Paxinos and Watson 1986) 
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Experiment II Stock hippocampus septum NBM Ventricle 

ßA(25-35) 5 µg/µl 1 µl / / / 

192 IgG Sap 0.162 µg/µl / 0.2-0.3 µl 0.6 µl / 

(-) MR22 10 µg/µl / / / 1 µl 

Table 7 Dosages of the injected substances  

 

Sham lesions were performed in the same manner except that vehicle (sterile PBS) was infused. 

After injection skin was sutured with metal staples, and animals were housed separately with 

free access to food and water to which the antibiotic Baytril 5% (1:1000) was added. The day 

after surgery animals were placed in cages in groups of four. During post surgical period their 

body weight and food intake was regularly monitored. 

 

 
Fig. 8 Injection sites are here indicated (a) Amyloid, (b) 192 IgG- Saporin and (d) (-) MR22.  
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Toxins and drugs 
 

The 192 IgG-Saporin toxin, used to produce the cholinergic depletion, was purchased from 

Advanced Targeting System, San Diego, CA, USA.  

The beta-amyloid (25-35) was purchased from Bachem, was dissolved in distilled sterile water at 

a concentration of 5 µg/µl and incubated four days at 37 °C before use. 

The (±) PPCC (1R,2S/1S,2R)-2-[4-hydroxy-(4 phenylpiperidin-1-yl)methyl]-1-(4-methyl-

phenyl) cyclopropanecarboxylate (Fig. 6) compounds were both synthesized at the University of 

Catania, and made available to us as part of an ongoing collaboration. 

BD1047: is the sigma receptor antagonist that was used in this study, it was purchased from 

Tocris. 

Atropine Sulphate, a muscarinc cholinergic receptor antagonist, was purchased from Sigma. 

 

Amyloid aggregation 
 

Several in vitro studies showed that peptides containing 11 aminoacids, are sufficient to induce 

neurotoxicity in the neuronal cultures and have the same self aggregation properties of the 

typical amyloid proteins composed by 40-43 amino-acids (Pike et al 1991). In this study the 

amyloid fragment (25-35) was aggregated by in vitro incubation at 37°C for 4 days (Maurice et 

al 1996a; Delobette et al 1997). 

 

 

Behavioural tests 
 

All testing in both experiments was consistently carried out between 9:00 am and 3:00 pm. In 

order to assess unspecific motor disturbance possibly induced by the immunotoxin  (Berger-

Sweeney et al 1994; Waite et al 1994), simple motor tests of limb strength and coordination were 

administered to all animals at 3-4 weeks post lesion, as previously described (Leanza et al 1998). 

Briefly: locomotive form and support were assessed after placing the rat onto a wooden ramp 80 

cm long, which was connected to the animal’s home cage and was maintained either horizontal 

or inclined at a 45° angle. An inclined (75°) 80x30 cm framed grid made of coarse-mesh chicken 
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wire was also used, where the rats were placed head-down, being requested to reverse the 

direction and climb into it. 

 

 M.W.M. R.A.W.M. Atropine 

Experiment I √ √ √ 

Experiment II √ √  

Table 8 Behavioural tests performed in the two experiments. 

 

Morris Water Maze 
 

The water maze can be used for testing spatial memory (Morris 1984). In this study, a plastic 

circular pool, diameter 140 cm, and black circular platform (10 cm diameter, 2 cm below water 

line) were used. The tank, 50 cm high, was filled to a depth of 35 cm with room temperature (20 

°C) water and divided in four quadrants from the start locations, four equally spaced points 

(conventionally indicated as North, South, East and West). The hidden platform was anchored to 

the bottom of the pool in the southwest (training) quadrant. Four annuli were defined s a circular 

area in the middle of each quadrant, corresponding to the site where the platform would have 

been, if placed in the middle of the quadrant. In both experiments, starting from about six weeks 

post lesion, animals were trained over seven consecutive days using a four trials a day schedule, 

with a 30 s inter-trial interval. On each trial the rat was placed into the water facing the wall of 

the pool at one of the starting positions, and given 60 s to find the submerged platform and climb 

onto it. Once the rat had reached the platform, it was allowed to rest for the subsequent 30 s, 

before being picked up and placed in the next predetermined position. The latency to find the 

hidden platform, the distance swum and the swim speed were recorded by a computer-based 

video tracking system. On the final day of testing (day 7) after the last trial, the platform was 

removed and a fifth spatial probe trial was administered, in which the rat was allowed to swim 

freely for 60s. The swim path was plotted, and the distance swum and the number of annulus 

crossing in each quadrant were recorded. 

 

Atropine Test 
 

In experiment I a separate four days test was administered in the water maze apparatus after the 

end of the previous test. The performance of animals in the Morris Water Maze was tested under 



 43 

central cholinergic muscarinic receptor blockade. On each day animals were given four trials 

(with the escape platform placed in the SW quadrant) followed by a fifth spatial probe trial. The 

subjects were randomly selected from the intact (n=4), sham lesioned (n=4) and lesioned-low 

(n=8). On the first day, the rats were tested without any drug treatment, receiving only a single 

i.p. injection of sterile saline (1ml/kg). On the second day, 50 mg/kg atropine sulphate in saline 

was injected i.p. about 15 min after i.p. injection of sigma-1 receptor agonist (1mg/kg in saline). 

On the third day, atropine sulphate was administered about 15 min. after the i.p. injection of the 

(±) PPCC (1mg/kg). On the fourth day, the sigma receptor antagonist BD1047, the agonist (±) 

PPCC (both at dose of 1 mg/kg in saline) and atropine sulphate, were injected sequentially to 

each rat. The test was started about 30 min after last injection. The latency to find the platform, 

the distance swum and the number of annulus crossings in the training quadrant, as well as the 

actual swim path were recorded as above. 

 

Atropine Test 
Saline 

1 ml/kg 

Atropine 

50 mg/kg 

(±) PPCC 

1 mg/kg 

BD1047 

1 mg/kg 

Day I √    

Day II √ √   

Day III √ √ √  

Day IV √ √ √ √ 

Table 9 Experiment I: injected substances in the atropine test. 

 

Radial Arm Water Maze 
 

Spatial working memory was studied using a radial arm water maze procedure modified from 

Diamond et al (1999) and Arendash et al (2001). The apparatus consisted in the same circular 

pool, placed in the same cued room and filed with water as above. 

 

 

Fig. 9 Radial Arm Water Maze, disposition of the six arms in the circular pool. 
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Twelve Plexiglas walls (50 cm length x 50 cm height) were taped together and positioned within 

the pool so as to produce six swim alleys or arms (50 cm length x 20 cm wide) radiating out of 

an open central area (Fig. 9). Approximately at the end of one arm (referred to as the goal arm) 

was a circular platform (10 cm in diameter) located 2.0 cm below the surface onto which the 

animals could escape. The platform remained in the same arm for the four trials given within a 

day, and moved pseudo randomly to a new arm on each of five consecutive testing days. For any 

given trial, the animal was placed into the designated start arm, and given up to 60 s to locate the 

hidden platform with a 30 s inter trial time. If the platform was not located within the given time, 

the animal was guided to the goal arm by the experimenter and allowed to remain on the 

platform for 30 s prior of being placed to the next position. Entering an incorrect arm (i.e. an arm 

that did not contain the platform) was counted as an entry error. For each trial, the latency to 

reach the platform and the number of arm selection errors prior to locating the goal arm were 

recorded. Moreover the difference between latency or error scores on trial 1 and 2, expressed as 

a percentage of the respective scores recorded on trial 1, provided an additional measure of 

working memory performance indicated as ‘savings’ (Netto et al 1993). 

 

 

Post mortem analyses 
 

Tissue Preparation 
 

In experiment I, upon completion of behavioural testing, the animals were deeply anesthetized 

and perfused through the ascending aorta, with 50-100 ml of room temperature saline solution 

followed by 250-300 ml ice-cold 4% paraformaldehyde in PBS (pH 7.4). Brains were removed, 

immersed in the same fixative for 2 h and then kept at 4°C in a phosphate-buffered 20% sucrose 

solution until they had sunk. 

In experiment II, the rats were sacrificed under deep anaesthesia (chloral hydrate, 350 mg/kg) 

and the brains were rapidly removed. The fronto-parietal cortex and the whole hippocampus 

from one hemisphere were quickly dissected, frozen in powered dry ice and stored at -80 °C 

until processed for western blotting (see below). The remaining portions of the brain, which 

comprised the entire basal forebrain, and the cortical and hippocampal regions from the 

undissected hemisphere, were used for histology as previously described (Aztiria et al 2008). 
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Briefly, the tissue was fixed by 12-15 hours immersion in ice cold, phosphate-buffered 4% 

paraformaldehyde and then kept in a 20% sucrose solution until it had sunk. 

 

Histology 
 
Brain tissued from experiment I and for the not taken for Western blotting assay in experiment II, 
after fixation procedures, were cut on a freezing microtome. Coronal sections at 40 µm thickness 

were cut from the prefrontal cortex level through the septum/vertical limb of the diagonal band 

(vDBB) and nucleus basalis magnocellularis (NBM) regions to the level of the caudal 

hippocampus, and collected in four series. After free-floating histo and immunohistochemistry, 

the sections were mounted on slides, dehydrated where appropriate, through a series of steps in 

ascendant alcohol concentrations. Clarified in xylene and coverslipped for microscopic analysis. 

In order to ensure consistency during morphometric analyses tissue staining was carried out 

under identical conditions, using all relevant sections at a time. 

 

Acetylcholinesterase histochemistry 
 

A first series of sections was processed free-floating for acetylcholinesterase (AChE) 

histochemistry (Hedreen et al 1985), in order to visualize the effects of the toxin treatment on the 

cholinergic innervations in the neocortex and hippocampus. The protocol gives excellent staining 

of both cholinergic cell bodies and fibers. Sections were incubated at pH 6 in a solution 

containing sodium citrate, copper sulphate, sodium acetate, potassium ferricynide, 

acetylthiocholine iodide and ethopropazine (10-4) in order to inhibit the non-specific esterases. 

The brown reaction product was then intensified with ammonium sulphide and silver nitrate. 

This method is based on the principle that AChE, present in the tissue, does transform 

acetylthiocholine iodide, which was added as a substratum into tiocholine. This latter reduces the 

potassium ferricynide, which together with Cu2+ forms a dark brown complex precipitating in the 

sites of AChE activity. 

 

Choline Acetyltransferase Immunohistochemistry 
 
A second series of sections comprising the basal forebrain nuclei were processed free-floating 

for choline acetyltransferase (ChAT) immunocytochemistry following a standard avidin-biotin 
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ABC protocol. Endogenous peroxidases activity was first quenched by a 10 min incubation in 

10% methanol with 3% hydrogen peroxide in 0.02 M potassium phosphate-buffered saline 

(KPBS, pH 7.4). The sections were then preincubated in 5% normal goat serum (NGS, Sigma) 

and 0.3% Triton (Merck Darmstadt, Germany) in KPBS for 1h and subsequently exposed for 16 

h to a 1:500 dilution of rabbit polyclonal anti-ChAT antibody (Immunological Sciences, Rome, 

Italy), containing 2% NGS and 0.3% Triton. After 3h incubation in 1:200 goat anti-rabbit 

biotinylated IgG (Vector, Burligame, USA), the sections were incubated for 1h in avidin-biotin 

complex (Vector) and then reacted with 0.025% diaminobenzidine (Sigma) and 0.01% hydrogen 

peroxide in KPBS for 2-5 min.  

 

Silver staining for amyloid plaques 
 

In experiment II one series of sections was processed according to a protocol modified from the 

Bielschowsky method (Litchfield & Nagy 2001; Suenaga et al 1990). This technique reveals the 

greatest number of normal neuronal processes, senile plaques and neurofibrillary tangles in 

Alzheimer’s disease brain specimens. A series of sections was exposed to 20% AgNO3 and 

incubated at in the dark at 37°C for 10 minutes. The solution was washed off with distilled water 

and replaced by preheated (microwave 1 minute) ammoniacal silver solution for 20 minutes in 

the dark. The solution was prepared by adding high concentrated ammonia to the AgNO3 

solution drop by drop until the initial brown precipitate just disappeared. Then another two drops 

were added. After the incubation the solution was tipped off and the slides were immersed in the 

ammoniacal solution (200 µl of ammonia in 100 µl distilled water). To the ammoniacal silver 

solution already used one drop of developer (100 ml distilled water, 20 ml formaldehyde, 

approx. 50 µl concentrated HNO3 and 0.5 g citric acid) was added (50 µl/25 ml). This was then 

used to develop the silver stain for 3–6 min (until the solution began to change colour). The 

quality of stain was controlled under the microscope (tangles should be dark brown and plaques 

golden brown with dark brown neuritic elements, while the background should be light brown). 

The sections were then immersed in ammonia water for 1 min and then washed twice in distilled 

water. Sections were rinsed, dehydrated, cleared and mounted as above. 

 

Western blotting 
 
The western blot is an analytical technique used to detect specific proteins in a given sample of 

tissue homogenate or extract. It uses gel electrophoresis to separate native or denatured proteins 



 47 

by the length of the polypeptide (denaturing conditions) or by the 3-D structure of the protein 

(native/ non-denaturing conditions). The proteins are then transferred to a nitrocellulose 

membrane, where they are probed (detected) using antibodies specific to the target protein. The 

immunoblotting gives the possibility to identify specific antigens using mono or polyclonal 

antibodies. 

In experiment II, the dissected cortical and hippocampal specimens were homogenated and 

centrifuged in order to obtain a protein mix; proteins were separated using SDS-PAGE followed 

by nitrocellulose membrane transfer. Membranes then underwent a western blot procedure to 

detect APP and tau using the corresponding primary antibodies. Briefly, after an over night 

incubation in PBS +BSA 3% to decrease the a-specific binding sites, membranes have been 

exposed for 1h to the primary antibody action (Tau: monoclonal antibody phosphorilation 

independent anti Tau, kindly provided by Dr. M. Novak Slovak Academy of Sciences, APP: 

monoclonal mice antibody anti APP, Immunological Sciences). Subsequently, samples were 

incubated with the secondary antibody (polyclonal antibody anti mice conjugated with horse 

radish peroxidase). The antigen was identified with a chemioluminescent reaction. Proteins were 

detected on photographic film after membranes exposition.  

 

 

Microscopic analysis and quantitative evaluation 
 
In both experiments the extent and selectivity of lesion-induced cholinergic cell loss in the 

septum/vDBB and NBM were stereologically evaluated on immunostained sections using the 

optical fractionator principle (West et al 1991). Analyses were carried out on ChAT- or 

parvalbumin-immunreactive neurons as described previously (Aztiria et al 2007; Leanza 1998). 

Immunoreactive neurons in the septum/vDBB were counted from the level of the genu of the 

corpus callosum, rostrally to the crossing of the anterior commissure, caudally, defining the 

latest edge of the vDBB at the medial border of the olfactory tubercle. Immunoreactive neurons 

in the NBM were counted from the level of the caudal septum to the tail of the caudate putamen. 

In experiment II, stereological analyses were also used to estimate the number and relative size 

of amyloid deposits in the injected hippocampus and neighbouring cortical regions. In this case 

the regions sampled for analysis extended for 200 µm rostrally and 200 µm caudally to the 

injection site. The sampling system consisted of an Olympus BH2 microscope (fitted with an X-

Y motorized stage and a microcator to measure distance in the Z axis) interfaced with a colour 

video camera (Sony) and personal computer. The Cast Grid software (Olimpus Denmark A/S, 
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Albertslund, Denmark) was used to delineate the selected regions at 4x magnification, as well as 

to generate unbiased counting frames that were moved randomly and systematically until the 

entire area was sampled. Using a 10x oil objective, unambiguously positive cells were identified 

and counted after excluding guard volumes from section surfaces, in order to prevent problems 

of lost caps. 

Lesion induced changes in the density of AChE-positive staining in the hippocampus and 

neocortex, relative to the normal innervation pattern, were analyzed by densitometry using the 

Image 1.61 software (Rasband W 1995). Measuring fields of consistent size were selected from 

three different sections in the fronto-parietal cortex, as well as in the CA1 and CA3 subfield of 

the dorsal hippocampus, and dentate gyrus (Leanza 1998). Background density, as determined in 

structure normally lacking the AChE reaction product i.e. the corpus callosum) was subtracted 

from each measurement. Relative levels of AChE-positive optical density in the analyzed 

regions were expressed as arbitrary units, averaging the values measured from the three sections. 

Photographic slides that were obtained from Western Blots were scanned (SnapScan 1212”, 

Agfa) and bands density was determined using the Image J. software. Control density was set to 

the value 1.All the obtained values were compared to the optical density measured in controls. 

 

 

Statistical analyses 
 
Statistical comparisons were carried out using one way ANOVA or repeated measures ANOVA, 

where appropriate. In cases in which the overall ANOVA indicates significant differences, post 

hoc analyses were conducted using the Fisher’s protected least significant difference (PLSD) 

test. Statistical significance was set at p < 0.05. 
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Results 

 
 
 

General observations  
 

In both experiments, at about three weeks post lesion surgery, when first tested for motor 

performance, all lesioned animals exhibited fairly normal sensory-motor functioning, and did not 

differ from normal controls as seen in the bridge and greed test. These observations, together 

with the finding of no differences in swim speed among the groups indicated that motor deficits 

could not account for water maze performance. Basic tests on sigma-1 receptor agonists toxicity 

have been performed in previous pilot studies, where it was observed that compounds in doses 

up to 3 mg/kg do not interfere neither with visual nor locomotor activity (table 10). Sham-

lesioned and unoperated animals did not differ on any of the behavioural or morphometrical 

parameters analyzed, and were thus combined into single normal groups treated either with 

saline or sigma-1 agonists. 
Motor performance Equilibrium time 

on ramp (%) 
Latency to cross 

ramp (s) 
Latency to reverse 

on grids (s) 
Number of falls in 

grids 
Normal 97.6 ± 9.7 6.5 ± 0.4 6.2 ± 0.7 2.3 ± 0.4 
Lesion low 96.4 ± 5.7 6.8 ± 0.4 7.0 ± 0.7 2.3 ± 0.5 
Lesion low PPCC 98.2 ± 7.5 6.8 ± 0.5 6.6 ± 0.8 2.8 ± 0.7 
Lesion high  97.4 ± 8.3 7.0 ± 0.4 5.9 ± 0.6 2.1 ± 0.5 
Lesion high PPCC 97.7 ± 12.7 6.6 ± 0.4 6.5 ± 1.1 2.2 ± 0.6 

Table 10 Simple motor tests were administered all animals starting from 3-4 weeks post-lesion, and consisted in the 
evaluation of postural and locomotive form onto a 80 cm-long wooden ramp (maintained either horizontal or with a 
45° inclination), or an inclined (75°) grid, both connected to the animals’ home cage. Parameters to be analysed 
were the % balance time onto the ramp and the time required to cross it, as well has the latency to reverse direction 
and the number of falls when placed onto a grid. Numbers represent the mean of four determinations ± SEM. 
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Experiment I 
 

Morris Water Maze 
 
Average latencies and swim distances on successive days of training in the reference memory 

version of the water maze task are shown in Fig. 10 (A, B). 

 

 A 

B 

Fig. 10 (A, B) Average latency and distance required to locate the submerged platform during the acquisition phase 
of spatial navigation task. Each sample point represents the mean value ± S.E.M. for the block of four trials on each 
of the seven consecutive days of testing. 
 
All animals initially required approximately 32-48 s and 8-15 m to locate the submerged 

platform and improved significantly thereafter (repeated measures ANOVA, effect of day for 

both latency and distance p < 0.001). However, whereas saline and (±) PPCC -treated normal 

animals, as well as lesioned-low and lesioned-high animals treated with (±) PPCC learned 



 51 

rapidly to locate the platform and did not differ from each other, lesioned rats treated with saline 

exhibited significant acquisition deficits which appeared particularly severe in the high dose 

group (main group effect for latency and distance p < 0.001, no group x day interaction).  

A 

B 

Fig. 11 (A) The mean distance swum and (B) the average number of annulus crossings during the spatial probe trial 
after the removal of the escape platform from the SW training quadrant. 
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In the spatial probe trial, on day 7, when the platform was removed and the animals were 

allowed to swim freely, the normal groups and the lesioned animals in both dose-groups treated 

with (±) PPCC swam primarily in the training quadrant. By contrast, the saline- treated lesioned 

animals in both high and low dose groups showed poorly focused search behaviour, with the 

latter distributing their swim over the four quadrant Fig. 11 (A, B). Statistical analysis on the 

distance and annulus crossing measures revealed a significant effect of quadrant (in both cases p 

< 0.001). Subsequently analyses (one way ANOVA + Fischer’s Protected Least Significant 

Difference, PLSD post-hoc test) as well as inspection of the actual swim path (Fig. 12) 

confirmed that the saline treated lesioned animals in both low- and high-dose groups 

(particularly the latter) swam significantly less in the training quadrant than those in the other 

groups (p < 0.001). No difference between groups was observed in the total number of annulus 

crossings or swim speed suggesting an active, albeit not equally effective, search behaviour in 

animals. 

 

 

Fig. 12 The actual swim path taken by representative animals from the different five groups illustrated.  

 

Atropine Test 
 
After completion of the previous testing session, a separate 4-days “atropine test” was given to 8 

normal and 8 lesioned-low animals, in order to evaluate the effects of (±) PPCC upon spatial 

navigation under central cholinergic muscarinic receptor blockade. As shown in Fig. 13 (A, B) 

atropine sulphate severity impaired performance in all measures analyzed, compared to the no-

drug (saline) condition. 
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A 

B 

Fig. 13 (A, B) Average latency and distance required to locate the platform during the four-day atropine test 
administered to randomly selected animals from the normal, sham-lesioned and lesioned low groups. The 
histograms represent the mean value ± S.E.M. for the block of four trial on each day. 

 
Thus, both groups exhibited increased latencies and distances (both p < 0.001) as well as 

decreased rate of distance swum and annulus crossing in the training (SW) quadrant Fig. 14 (A, 

B) during the spatial probe test (p < 0.001). Notably, groups performance returned to pre 

atropine levels during (±) PPCC (p < 0.001 vs. atropine sulphate), and no main group effect nor 

group x drug interaction was observed during atropine or (±) PPCC, suggesting that both groups 

responded similarly to the drug challenge.  
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A 

B 

Fig. 14 Average number of annulus crossings (A) and mean distance swum (B) in the (SW) training quadrant during 
the spatial probe trial.  

 
However, this was not the case on the last day of the test, when the sigma antagonist BD1047 

was administered together with atropine and (±) PPCC. In fact, whereas in the lesioned animals 

BD1047 abolished the effect of (±) PPCC, resulting in a worsened performance as during 

atropine, it produced no detectable changes in normal animals. Repeated measures ANOVA on 

latency and distance revealed a significant group effect (p < 0.001), as well as a group per 

interaction that was significant for both latency and distance (p < 0.05) but not for the distance 

measure (p > 0.05). A similar dissociation was seen also during the probe trial (Fig. 14) where 

groups responded differently to the sigma antagonist (p < 0.005). Swim speed, monitored as a 
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general measure of rat’s motor performance was not affected by any drug treatment, and 

averaged 0.2-0.3 m/s throughout the four testing days. Inspection of the actual swim path (Fig. 

15) confirmed that all animals tended to swim in wide circles and predominantly along the edge 

of the pool under the influence of atropine. Such pattern of poorly focus search behaviour was 

abolished by treatment with (±) PPCC in both groups, but only in the lesioned animals did the 

sigma antagonist BD1047 reverse the effect of (±) PPCC, whereas normal animals did not 

respond to the challenge. 

 
Fig. 15 Swim path taken by representstive animals from the various groups. 

 

Radial arm water maze  
 
The performances of the groups in the radial arm water maze (RAWM) testing are shown in Fig. 

16. In this task, the platform was moved to a new quadrant every day, and the animals had to re-

learn its position within the four trials of each testing day. Since analysis of both latency and 

errors to locate the platform produced very similar results, only data concerning the error 

measure will be reported here. In general, all animals exhibited a relatively high number of arm 

selection errors (i.e. entering an arm not containing the platform) during the first trial each day, 

but they progressively reduced the number of entry errors thereafter, reaching an asymptotic 

performance between the third and fifth trial (p < 0.001) Fig. 16 (A). There was a significant 

difference among groups (p < 0.05). Closer inspection of data revealed that the saline- and (±) 

PPCC -treated normal animals, as well as the (±) PPCC treated lesioned animals from both dose 

groups rapidly learned to locate the platform and markedly reduced the number of errors 

between the first and the second trial. By contrast, rats lesioned with a low or high dose of 

immunotoxin and treated with saline did not exhibit such improvements and appeared equally 
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impaired Fig. 16 (A). In order to provide a measure of the learning efficiency in the task, the 

percentage improvement between trials 1 and 2 were analyzed and plotted in terms of savings 

Fig. 16 (B). Under this conditions, saline and (±) PPCC treated normal, and (±) PPCC treated 

lesioned animals from both dose-groups reduced their errors by about 50% and did not differ 

from each other. By contrast, the percent improvement exhibited by the saline-treated lesioned 

animals in both dose-groups was significantly lower than normal (p < 0.01) and never exceeded 

15-20% Fig. 16 (B). 
 

A 

B 
Fig. 16 (A) Average number of entry errors done by the animals in the radial arm water maze task. Each sample 
point represents the mean errors recorded during each 60 sec-trial over five consecutive testing days ± S.E.M.. (B) 
The percent improvement (savings) in between trial 1 and 2. Similar results were obtained for escape latency 
measures. 
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Morphological analyses  
 
A dramatic dose dependent depletion of ChAT-immunoreactive (Fig. 17) neurons and AChE-

positive fibers (Fig. 18) could be detected in the basal forebrain nuclei and in the neocortical-

hippocampal regions, respectively. At the low dose the toxin conjugate produced a 76-80% loss 

of ChAT-immunoreactive neurons in the septum/vDBB and NBM, as estimated by stereology, 

Fig 17 (b, e); table 10 which was much more pronounced at the higher dose used, averaging 90-

95% Fig. 17 (g; f); table 11. Likewise, a widespread 61-68% and 90-92% depletion of AChE-

positive fibers throughout the neocortex and hippocampus was estimated following the low Fig. 

18 (b) and high Fig. 18 (c) dose, respectively. Treatment with PPCC did not produce any clear-

cut effect on either the number or morphological of ChAT-positive neurons in the analyzed 

regions. 
 

 

Fig. 17 Representative examples of choline acetyltransferase (ChAT) immunostaining in coronal sections from the 
septum/vDBB (a-c) and NBM (d-f). a-d normal,(b-d) low lesioned, (c-f) high lesioned. 
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Fig. 18 Representative examples of acetylcolinesterase (AChE) staining in coronal section from the hippocampus. 
Normal animal (a), low lesioned (b) and high lesioned (c). 

 
Morphometric 

analyses 

ChAT-MS/DDB ChAT-NBM PARV-MS/DBB AChE-Fr-Par Cx AChE -HPC 

Normal 5535 ± 191 2417 ± 216 6382 ± 232 61.5 ± 2.4 69 ± 3.8 

Lesion Low 1104 ± 66* 579 ± 81* 6256 ± 126 19.8 ± 2.5* 27 ±3.0* 

Lesion Low PPCC 1144 ± 59* 593 ± 45* 6203 ± 99 16.8 ± 3.2* 21 ± 3.4* 

Lesion High 300 ± 50* 248 ± 31* 6178 ± 122 6.3 ± 0.9* 7.5 ± 1.1* 

Lesion High PPCC 321 ± 50* 265 ± 31* 6183 ± 119 5.8 ± 0.8* 6.8 ± 0.5* 

 
Table 11 Numbers of ChAT-immunoreactive neurons in the Medial Septum/Diagonal Band of Broca (MS/DBB) 
and Nucleus Basalis Magnocellularis (NBM) and of Parvalbumin (PARV)-immunoreactive neurons in the MS/DBB 
were estimated by stereology. The density of AChE-positive innervation in the Fronto-Parietal cortex (Fr-Par Cx) 
and Hippocampus (HPC, pooling together readings from CA1 and dentate gyrus) was estimated by densitometry, 
and it is expressed as arbitrary units. Asterisks indicate significant difference from Normal (p < 0.01). 
 

 

Experiment II  
 

In this experiment the 192 IgG-Saporin toxin was injected locally into the basal forebrain nuclei 

and the pre aggregated amyloid peptide was done bilaterally infused the hippocampus, whereas 

the (-) MR22 sigma agonist was infused in the lateral ventricle. In the same surgical session 

animals were allocated into six groups: Saporin, Amyloid Double, Double+MR, Sham lesioned 

and Intacts. Two behavioural tests, the Morris water maze and the radial arm water maze, were 

performed in sequence to evaluate reference and working memory abilities. Data obtained from 

sham lesioned and intact groups did not show statistical differences and were grouped and 

referred to as Normal in the following pages. 
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Atomic force microscopy to verify amyloid aggregation 
 
The beta-amyloid (25-35) peptide shares with the beta-amyloid (1-42) the ability to self 

aggregate (Pike et al 1991). Pre aggregation of the beta-amyloid fragment 25-35, after a 4 days 

incubation at 37 °C, was confirmed by observation at the atomic force microscopy (AFM). The 

in vitro incubation leads to the formation of stable oligomeric aggregates containing an increased 

portion of beta-sheet structures. These insoluble precipitated, likely to account for the beta 

amyloid toxicity, are shown in Fig. 19.  
 

  
Fig. 19 Beta-amyloid fragment (25-35) after four days of incubation at 37°C forms fibrils, observation with atomic 
force microscope at different dilutions. On the left the solution injected, on the right dilution 1:10. 

 

Morris water Maze  
 
Average latencies and swim distances required from each group to reach the hidden platform are 

shown in Fig. 20 (A, B). All animals showed a general reduction in latency and distance required 

to locate the platform from day 1 to day 7. Consistent with previous findings, the infusion of 192 

IGg-Saporin into specific basal forebrain nuclei produced only mild deficits compared to normal 

(Baxter et al 1995; Baxter 2001). However, learning abilities in double lesioned animals were 

clearly impaired. Thus, whereas normal animals reduced their latency and distance from about 

50 s, and 10 m during the first day, to about 8 s and 2 m on day seven, (an improvement partially 

exhibited by the single lesioned groups) the double lesioned animals never performed better than 

25 s and 6 m also during the last testing day. Interestingly, double lesioned animals treated with 

(-) MR22 exhibited a performance very similar to the normal. Statistical analyses revealed a 

difference between groups (p < 0.05) probably due to the poor performance of double lesioned 

subjects versus normal (p < 0.05 in the last 4 days). Double lesioned animals treated with (-) 
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MR22 performed significantly better than saline treated double-lesioned (p < 0.05), rats but did 

not differ from normal subjects. 

 

A 

B 

Fig. 20 Average latency (A) distance (B) required to locate the submerged platform during the acquisition phase of 
spatial navigation task. Each sample point represents the mean value ± S.E.M. for the block of four trials on each of 
the seven consecutive days of testing. 
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In the spatial probe trial Fig. 21, the double lesioned animals, treated with saline, did not show 

any clear research strategy, their swim being not focused in the quadrant in which the platform 

was previously placed 

A 

 B 

Fig. 21 (A) the mean relative distance swum during the spatial probe trial after the removal of the escape platform 
from the SW training quadrant (B) the average number of annulus crossings during the spatial probe trial after the 
removal of the escape platform from the SW training quadrant. 
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By contrast, as seen also by inspection of the actual swim path Fig. 22, normal, single and also 

the double lesioned group treated with (-) MR22 swam preferentially in the training quadrant 

Fig. 21 (A) and concentrate their swim on the annulus zone Fig. 21 (B).  

 

 

Fig. 22 The actual swim path taken by representative animals from different groups illustrated. 

 

Radial Arm Water Maze  
 
The latency to reach the hidden platform and the numbers of errors made by the animals before 

entering the right arm (errors) in the radial arm water maze are shown in Fig. 23 (A, B). 

Consistent with the observation in experiment I, the normal animals reduced significantly the 

latency from trial 1 to trial 2 being 35 s in the first trial and 18 s in the second one. Similarly the 

number of errors was also seen reduced between the first two trials (from 3.5 to 2). By contrast, 

no such improvements were evident in the double lesioned group, the reductions being 34 s to 32 

s for latency and 3.4 to 3.1 for errors. The single lesioned group, did not show relevant deficits 

for latency and number of errors. Interestingly also in this task, treatment with (-) MR22 

normalised the performance of the double lesioned group.  

Working memory deficits in the double lesioned animals were also evident when RAWM data 

were analysed in terms of savings (Fig 24). Normal subjects exhibited a 50% improvement 

between first and second trial (p < 0.05). Whereas % improvement in saline-treated double-

lesioned never exceeded 20%. The single lesion produced only a marginal deficit which was not 

significant. Interestingly, (-) MR22 treatment reversed the lesion’s effect and improved the 

performance of the double lesioned animals up to near normal levels. 
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A 

 

B 

Fig. 23 Average latency (A) and number of entry errors (B) in the radial arm water maze task. Each sample point 
represents the mean errors recorded during each 60 sec-trial over five consecutive testing days ± S.E.M. 
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Fig. 24 The percent improvement (savings) in between trial 1 and 2. Similar results were obtained for escape latency 
measures. 

 

Morphological analyses 
 

Effects of amyloid injection 
The typical lesions of Alzheimer disease, namely neurofibrillary tangles and amyloid plaques, 

together with axons and dendrites were detected using a particular version of the silver 

Bielschowsky method in which ammoniacal silver is deposited on cytoskeletal components and 

then reduced to black metallic silver. In our experiment, a fragment of human tissue coming 

from the cortex of an AD patient (courtesy of the Pathology department, University Hospital of 

Trieste), was processed simultaneously to rats samples in order to have preparations obtained in 

the same staining condition. In Fig. 25, representative pictures from rat positive control (a, b, d) 

and human tissue specimens (c, e) are presented at different magnifications. The picture in (a) 

illustrates a normal rat hippocampus and cortex whereas the image (b) shows a section coming 

from a rat injected with amyloid fragments. Note the numerous dark brown spots (b) in 

proximity of the injection site (arrowhead in b) and extending from the hippocampus areas into 

the cortex.These amyloid aggregated are not distinguishable from those present in picture (c), 

obtained after staining of human AD tissue. At higher magnification (d), these plaques and 

tangles are clearly visible and indistinguishable from those detected in the human specimen (e). 

The dense centre of the plaque is the amyloid core which is of brown colour with Bielschowsky. 

Around the core there are dystrophic neurites visible as the black strands present around the cell 

bodies. The dystrophic neurites contain neurofibrillary tangles made of tau protein. Some 
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macrophages are visible as well. Stereological estimation of the number and size of amyloid 

aggregates in the amyloid (25-35) treated animals is currently ongoing.  
 

 

Fig. 25 Silver staining to evidentiate amyloid aggregates, a) normal rat cerebral tissue b) rat cerebral tissue from 
animal treated with pre-aggregatedamyloid peptide (25-35) c) human AD patient’s tissue magnification 100x d) 
amyloid aggregate in rat brain e) senile plaques in human tissue. 

 

Effects of immunolesioning 
Consistent with the previous observations (Torres et al 1994; Baxter et al 1995; Baxter 2001) the 

local injection of 192 IgG-Saporin caused a dramatic loss of ChAT-immunoreactive neurons in 

the basal forebrain nuclei (Fig. 26) and of AChE positive fibers in the terminal neocortical-

hippocampal regions (Fig. 27). 

ChAT immunohistochemistry: 

Chat immunostaining on coronal sections revealed, a clear loss of ChAT positive neurons in both 

the septal region and the NBM, in rats subjected to the lesion with only 192 IgG-Saporin Fig. 26 

(b) or in combination with the amyloid fragment Fig. 26 (d). Compared to normal controls (a) or 

amyloid treated animals (c). The loss roughly averaged to 80 %. Accurate stereological analyses 

to quantify the exact % loss are now in progress. 
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AChE staining: 

The local injections of the toxin, in the double lesioned animals and in the Saporin group, 

induced a widespread depletion of AChE-positive reaction product both in the cortical mantle 

and the entire hippocampus, indicating damage to basalocortical and septohippocampal 

cholinergic neurons respectively Fig. 27. The normal and the amyloid-only groups exhibited a 

fairly intact AChE staining pattern groups Fig 27 (a, c). 

 

Fig. 27 AChE staining. The 192 IgG-Saporin reduces selectively AChE positive fibers in injected animals (b) 
Saporin, (d) double. The control group (a) present a higher fiber density, which results immutate in the amyloid 
injected group (b). By contrast, the control (a) and the amyloid-injected (c) groups exhibit a fairly similar fiber 
distribution pattern. 

 

Densitometric analysis of AChE-positive fibers in Cx, Ca1, Ca2 and DG are shown in Fig. 28. In 

all analysed areas the groups injected with saporin exhibited a dramatic 60-90% loss of AChE-

positive fibers density in the cortex, hippocampus and dentate gyrus as compared to normal or 

amyloid-treated animals (p< 0.01). 
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Fig. 28 Relative density of AchE fibers in the cortex, Ca1, Ca3 and dentate gyrus 
 

Western Blotting, tau and APP regional expression 

Regional tau tissue expression did not differ between groups (data not shown). As to APP, a 

higher (15-25%) expression of a 120 kDa band, consistent with the APP protein was detected in 

hippocampus and neocortex of lesioned animals, when compared to controls (p < 0.05) (Fig. 29). 

This increase was particularly evident in the double lesioned group. It is interesting to note that 

(-) MR22 prevented such APP increase and maintained APP expression close to normal. 

 
Fig. 29 Relative APP density. APP expression is higher in lesioned groups (particularly the double-lesioned 
subjects), and (-) MR22 treatment normalises the APP levels. 

120 kDa 
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Discussion  
 

 

 

Experiment I 
 
In this present experiment, the anti-amnesic properties of a novel sigma-1 receptor agonist, (±) 
PPCC (Prezzavento et al 2007; 2008), and their possible dependence upon either a cholinergic 
mechanism or a direct interaction with sigma-1 receptor were studied in the 192 IgG- Saporin-
lesioned rat model. The rationale for this study was two-fold: first, the peculiar distribution of 
sigma-1 binding sites in neocortical and hippocampal areas classically associated with learning and 
memory processes (Alonso et al 2000), secondly, the well-known effects of sigma receptor ligands 
upon cholinergic neurotransmission both in vitro and in vivo, as seen respectively in hippocampal 
slice preparations (Junien et al 1991), and following placement of microdialysis probes in the 

neocortex or hippocampus  (Matsuno et al 1993). Thus, the effects of the compound were 
investigated under relatively moderate or severe cholinergic depletion and spatial learning 
impairments induced by different doses of the toxin conjugate.  
 

Effects of the lesion: 

The selective immunotoxin 192 IgG-Saporin acts only on cholinergic neurons in the basal 

forebrain (Wiley et al 1991) and has been extensively used in many studies as a powerful tool to 

investigate the role of this system in learning and memory (Parent & Baxter 2004; Mesulam 

2004). Previous findings on the selectivity and efficiency of the 192 IgG-Saporin (Heckers et al 

1994a; Leanza et al 1995b). Thus the 192 IgG-Saporin produced an evident loss of ChAT-
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immunoreactive neurons throughout basal forebrain, associated to a marked depletion of AChE-

positive fibers innervating the neocortex and the hippocampus without affecting non cholinergic, 

GABAergic neurons in the septum/vDBB or other cholinergic neurons outside the basal 

forebrain (as the striatal cholinergic interneurons). At the doses used here (3.0 or 5.0 µg) into the 

lateral ventricles, the toxin enabled the production of graded, dose-dependent cholinergic 

depletions. These resulted in graded spatial navigation deficits, in line with previous reports 

(Waite et al 1995; Leanza et al 1996b). Working memory capacities were tested using a radial 

arm water maze and also in this task the immunotoxin treated groups were seen affected. Similar 

deficits have previously been detected using the delayed matching and non matching to position 

tasks (Torres et al 1994; Steckler et al 1995; Leanza et al 1996a). Overall, therefore, the data 

point to a role for ascending basal forebrain cholinergic afferents in the regulation of short-term 

memory. It should be noted, however, that the deficits observed here appeared to be less 

sensitive to the dose of toxin injected, as they were of similar magnitude in both dose-groups. 

The lack of dose-dependent impairments in working memory could be due to the fact that the 

test used here is not sensitive enough to detect impairments of such a complex task and this will 

represent a topic for further investigations. In any case, the possibility to produce well-defined 

mild lesions could have an important role when testing strategies aimed at protecting and/or 

sustaining transmitter activity in residual neurons. Similarly, by completely removing 

cholinergic afferents to neocortex and hippocampus it is possible to address the efficacy of 

restorative treatments without the confounding presence of spared elements that may interfere 

with a correct interpretation of the observed effects. All the obtained results emphasize the 

usefulness of the 192 IgG-Saporin lesioning approach in studies aimed at investigating drug-

induced recovery of cognitive functions in models of either mild or severe loss of regulatory 

cholinergic inputs. 

 

Effects of (±) PPCC: 

The results of the present study indicate that the novel sigma ligand (±) PPCC is able to reverse 

the impairments in both reference and working memory induced by selective cholinergic lesions. 

Remarkably, the efficacy of the (±) PPCC compound was observed not only when the 

cholinergic depletion and the resulting cognitive impairments were very mild, but also when the 

deficits were highly severe and the cholinergic loss was virtually complete. Conversely, no clear-

cut learning facilitation was observed in control animals treated with (±)-PPCC, nor was the 

sigma-1 antagonist BD1047 seen to efficiently block in these animals the effects of the (±) PPCC 

compound during the atropine test. In keeping with previous evidence (reviewed in Maurice 
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2007) the present data therefore, seem to suggest that sigma receptor ligands (acting as either 

agonists or antagonists) would exert their action only when cholinergic neurotransmission is 

perturbed. The issue of a cholinergic involvement in the anti-amnesic actions of sigma-1 agonists 

has been addressed in a number of previous studies (e.g. Earley et al 1991; Matsuno et al 1994; 

Maurice et al 1996, 1998; Senda et al 1998; Tottori et al 2002; see also Maurice, 2007 for a 

recent review). Notably, however, several observations strongly suggests that the effects reported 

here may take place independently of a cholinergic mechanism, but most probably require a 

direct interaction with sigma-1 receptors. First, the anti-amnesic effects of (±) PPCC are still 

detected following complete cholinergic depletion, i.e. a condition where virtually no neurons 

are left spared in the basal forebrain nuclei. Although an interaction of (±) PPCC with 

cholinergic receptors onto target neurons cannot completely be ruled out, this seem unlikely, in 

light of the very low or no affinities exhibited by the compound for muscarinic receptors [Ki > 

10.000 nM, Prezzavento et al 2007; the affinity of the (±) PPCC compound for nicotinic receptor 

subtypes is currently being investigated]. Second, perhaps more importantly, the (±)-PPCC-

induced effects are dramatically blocked by pre treatment with BD1047 in animals later 

subjected to cholinergic muscarinic receptor blockade with atropine. This finding suggests that 

the (±) PPCC compound does not simply act as a cholinomimetic drug, but may possess a very 

specific mode of action directly onto sigma-1 receptors densely expressed in the same cortical 

and hippocampal regions denervated by the present lesioning procedure (Alonso et al 2000). 

Although this notion cannot be directly inferred from the present data, the fact that (±) PPCC has 

recently been shown to exhibit one of the best sigma-1 agonist profile among the various 

putative ligands tested (Ki(σ1) = 1.5 nM; Prezzavento et al 2007) argues that this may be the 

case. The mechanism whereby sigma-1 receptor agonists exert their physiological actions is still 

elusive. One interesting possibility is that activated sigma-1 receptors may participate to the 

modulation of inositol 1,4,5-triphosphate (IP3) receptor-mediated Ca2+ signalling and activation 

of phospholipase C/protein kinase C pathways (Morin-Surun et al 1999; Hayashi et al 2000). 

This mechanism has recently been proposed to account for the marked restorative and 

neuroprotective effects of donezepil reported both in vitro (Ishima et al 2008) and in vivo, 

following administration to mice with learning impairments induced by either carbon monoxide 

or amyloid beta (25-35) (Meunier et al 2006 a, b). To the best of our knowledge, no study to date 

has investigated the anti-amnesic actions of sigma-1 receptor agonists following selective 

cholinergic dysfunction. Never the less, in keeping with those observations, it is plausible that a 

direct activation of sigma-1 receptors and the downstream functional consequences possibly 

promoted by (±) PPCC may have well taken place also in the present experimental conditions. 
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An intriguing possibility, in this respect, will be to investigate the possible effects of these 

compounds on other histopathological aspects of the disease known to be replicated in the 192 

IgG-Saporin rat model (Leanza 1998, Lin et al 1998) and normalized following muscarinic 

receptor activation (Lin et al 1999) or cholinergic cell replacement (Aztiria et al 2008). Studies 

are in fact underway in our lab. to address this issue.  

 

 

Experiment II 
 
In addition to profound impairments in memory and learning AD presents also dramatic histo-

pathological alterations consisting in diffuse extracellular amyloid aggregates in the neo-cortex 

and hippocampus, intra-neuronal neurofibrillary tangles and cholinergic cell and fibre loss. 

Presently, there is much effort in the attempt to understand whether and how these hallmarks 

interact to give rise to the disease. However, a unifying hypothesis for AD is still missing. The 

creation of an appropriate model to study the possible interactions between the hallmarks of the 

pathology represents a major goal for many research groups worldwide. Today, there are defined 

models of AD like memory dysfunction based on the cholinergic hypothesis or the “amyloid 

cascade hypothesis” principles2. Moreover, transgenic mouse models are now available where 

one or more aspects of the disease are recapitulated. However none of them is fully predictive of. 

In this second experiment we therefore sought to address the relationship between the 

relationship between cholinergic dysfunction and amyloidogenesis. The resulting model was 

then used to test a novel protection strategy based on the administration of a sigma-1 ligand.  

 

The animal model: 

To study the possible interaction between cholinergic loss and amyloidogenesis we designed a 

murine model where the 192 IgG-Saporin toxin and an amyloid peptide were injected 

simultaneously. We first tried to find the most suitable route of administration for both 

substances. In initial experiments, and in line with previous findings (Delobette et al 1997), we 

found that i.c.v. or intra-parenchymal injections of the beta-amyloid (25-33) was without any 

behavioural or histochemical effect, if preaggregation of the peptide was not included in the 

preparation steps. Similarly the effects of the preaggregated amyloid (25-33) peptide were 
                                                
2 It should be noted that based on the identification of mutant tau proteins, transgenic mice models expressing these 
mutant forms have been developed (Lewis et al 2000; Santacruz et al 2005) that show both neurofibrillary pathology 
and extensive neurodegeneration. However as specified earlier (pag. 19) analysis of these models and of the 
possibile interactions between cholinergic mechanisms and tau hyperphosphorilation is beyond the scopes of the 
present thesis. These issues are indeed being addressed in separate investigations. 
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virtually undetectable when the substance was injected in the hippocampus (Dornan et al 1993). 

By contrast the same group observed marked learning deficits when the amyloid peptide was co-

administered with non-toxic doses of ibotenic acid. Those findings were confirmed by Morimoto 

and co-workers, in a subsequent study, where beta-amyloid fragment (1-40) or (25-35) was 

injected alone or in combination with a small amount of ibotenic acid, into the rat hippocampus. 

Histological and immunohistochemical examination showed visible changes two weeks after 

injection. Although beta-amyloid alone or ibotenic acid alone exerted only minimal degenerating 

effects on neurons just around the injection site, the co-injection of beta-amyloid (1-40) or beta-

amyloid (25-35) with ibotenic acid produced drastic neuronal loss (Morimoto et al 1998). Thus, 

it appears that toxicity of beta-amyloid requires association with some other insulting agent to 

become effective. However, ibotenic acid is not specific for cholinergic neurons, and such 

association has never been studied using a selective cholinergic toxin as insulting agent. We 

have chosen to inject the 192 IgG-Saporin toxin in to the basal forebrain nuclei as this 

administration route is known to induce very mild or no functional effects in itself (Torres et al 

1994; Baxter et al 1995; Baxter 2001;Parent & Baxter 2004). 

 

Effects of the lesion: 

As expected, and in line with previous observations, using congo-red for detection (Wilcock et al 

2006), a number of dense silver-stained amyloid aggregates were detected adjacent to the 

injection site in the hippocampus and the overlying cortex. Likewise animals receiving bilateral 

injection of 192 IgG-Saporin exhibited a marked loss of ChAT positive neurons and AChE 

positive fibers in the basal forebrain nuclei and terminal cortical/hippocampal regions, 

respectively. Interestingly double lesioned animals showed both this features. Several findings 

suggested that the anatomical effects of the treatments were indeed selective and spatially 

restricted. In no case, in fact, were amyloid aggregates seen contralateral to or far away from the 

injected site, nor were non-cholinergic neurons in the basal forebrain or cholinergic neurons 

outside the basal forebrain seen affected. The notion of an important interaction between 

cholinergic neurotransmission and amyloid processing is further substantiated by the results of 

the western blotting studies. In fact APP levels in the neocortex and hippocampus were seen 

more increased in double- than single lesioned animals. Interestingly, the double lesioned 

protocol adopted here determined the induction of severe deficits in both reference and working 

memory as seen in Morris and radial arm water maze respectively. The fact that severe deficits 

were detected only when the animals were simultaneously lesioned points to a synergistic action 

between cholinergic neurotransmission and local amyloid in producing cognitive deficits.  
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It is therefore likely that local accumulation of amyloid peptide alone is not sufficient to produce 

cognitive deficits but it requires a perturbation of cholinergic neurotransmission to dramatically 

interfere with learning processes. This is an important finding and warrants further investigation 

to address whether hyperphosphorilation of tau protein is somehow involved in the process as 

well. Our preliminary results of no changes in regional tau expression in animals with single or 

double lesion seem to indicate its poor or no involvement. However it should be noted that the 

antibody used in our western blotting analyses was raised against total tau and therefore was 

unable to discriminate between the various phosphorilated forms. This appears in line with 

previous findings in mice (Capsoni et al 2000) where no differences were seen between wild 

type and impaired transgenic animals in the total tau content. Studies are now ongoing in our 

laboratory using different anti bodies for the various forms of the protein.  

Effects of [(-) MR22]: The sigma-1 ligand methyl (1S,2R)-2-{[1-adamantyl(methyl)amino]-

methyl-1-phenilcyclopropanecarboxylate [(-)MR22] is a newly synthesised agonist selective for 

the sigma-1 receptor that has been observed to protect cortical neurons from amyloid-induced 

toxicity in vitro (Marrazzo et al 2005), and whose functional efficiency in animal models of 

neurodegeneration has never been tested so far. In preliminary investigations, we have found that 

(-) MR22 (1 mg/kg i.p.) is able to efficiently reverse the severe 192 IgG-Saporin or atropine-

induced deficits in spatial learning and memory, an effect which was abolished by treatment with 

the sigma-1 receptor antagonist BD1047. These initial findings confirm the memory-enhancer 

role proposed for the sigma-1 agonists on animals with learning impairments. In the present 

study we have extended those results showing that not only does (-) MR22 act as a memory 

enhancer, but it has also a remarkable potentially protective action at cellular level, being able to 

normalise perturbed APP levels in double lesion animals. 

A major issue in this respect is to define a mechanism whereby (-) MR22 would exert its 

restorative actions. Two possible, non-mutually exclusive mechanisms, may have taken place: 

one possibility is that the effects of (-) MR22 are related to the enhancement of cholinergic 

transmission. This is in line with the observation of increased cholinergic release induced by 

sigma-1 receptor agonists both in vitro and in vivo (Junien et al 1991; Matsuno et al 1993; 1995). 

In turn, this agonist-increased cholinergic tone would both improve cognitive performance 

(Earley et al 1991; Matsuno et al 1994; Tottori et al 2002) and normalise lesion-perturbed 

regional APP expression (Leanza et al 1998; Lin et al 1998; 1999; Aztiria et al 2008). 

Alternatively, but not necessarily in contrast, is it possible that (-) MR22 acts directly on sigma-1 

receptors expressed onto the neocortical and hippocampal neurons  (Alonso et al 2000) affected 

by the present lesioning procedures. If so, the same considerations done above for (±) PPCC 
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would apply to (-) MR22 as well, that is, the possible mechanism involved should deal with the 

generation of an IP3 mediated intracellular cascade triggered by the sigma ligand-receptor 

interaction, (Morin-Surun et al 1999; Hayashi & Su 2007), the enhancement of calcium 

signalling from the endoplasmic reticulum into mitochondria, and thus with the attenuation of 

the insults imposed to the cells (Hayashi & Su 2007). 

 

 

Concluding remarks: 
 
In conclusion, the findings of the present thesis show that putative sigma-1 receptor agonists 

such as (±) PPCC and (-) MR22 have powerful anti-amnesic actions when administered to 

animals with either mild or severe cognitive impairments induced by either cholinergic loss 

alone or combined with local infusion of amyloid peptides. In addition, (-) MR22 was seen to 

significantly reduce the lesion-induced changes in APP expression, suggesting a possible 

protective action. These pro-cognitive and neuroprotective effects most probably occur via a 

direct interaction of the compound sigma-1 receptors onto denervated neurons, although the 

possible contribution of a drug-induced enhancement of cholinergic neurotransmission can not 

completely be ruled out. Interestingly, the sigma-1 compounds were seen to exert their actions 

only on perturbed systems being largely ineffective on intact animals, which highlight their 

potential safety and lack of obvious side effects. Thus, further developments of sigma-1 agonists 

may represent viable tools to ameliorate cognitive performance and the consequences of amyloid 

toxicity, and warrant further investigation on their possible use as supporting strategies in 

experimental studies aimed at cholinergic cell protection or replacement. 
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Riassunto 

 
 
 
La malattia di Alzheimer (AD) rappresenta la causa principale di demenza negli anziani. L’AD è 

una malattia del cervello progressiva e irreversibile che distrugge lentamente le capacità 

cognitive nei pazienti affetti. Dato il continuo incremento della popolazione anziana in Europa, 

questa e altre malattie legate all’invecchiamento potrebbero costituire in futuro una vera 

emergenza sanitaria. Al momento non esiste alcuna cura per l’AD, e i farmaci disponibili 

producono solo lievi miglioramenti non privi d’effetti collaterali. La ricerca di nuovi composti, 

che siano in grado di migliorare i deficit di memoria e/o ridurre la progressiva 

neurodegenerazione, sta progredendo. Tuttavia, sono ancora necessari solidi dati pre-clinici sulla 

loro efficacia in modelli animali appropriati prima di procedere alle loro applicazioni cliniche.  

Si è osservato che il recettore sigma-1, clonato di recente, è coinvolto in processi 

d’apprendimento e memoria. Il fatto che i ligandi per i recettori sigma-1 migliorano la 

performance comportamentale, in modelli animali di disfunzioni cognitive, ha aperto nuove 

prospettive alla ricerca di farmaci per l’AD. 

Nella presente tesi, sono riportati dati che suggeriscono l’efficacia di due nuovi sigma-1 agonisti 

[(±) PPCC and (-) MR22] sui deficit comportamentali indotti da un’immunotossina selettiva per 

il sistema colinergico. Il presente lavoro si basa principalmente su tre considerazioni: la peculiare 

distribuzione dei siti di legame di sigma-1, in zone della corteccia e dell’ippocampo 

classicamente associate ai fenomeni d’apprendimento e memoria; gli effetti permissivi dei 

ligandi del recettore sigma sulla neurotrasmissione colinergica; la capacità dei recettori sigma 

attivati di sostenere le funzioni cellulari, incluse quelle modificate a seguito dell’ esposizione a 

peptidi amiloidi. A questo scopo, sono stati utilizzati due diversi paradigmi di lesione. Nel primo 

studio sono state indotte, iniettando nei ventricoli laterali dosi crescenti dell’immunotossina 192 
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IgG-Saporin, lesioni colinergiche di diversa intensità che danno origine a deficit cognitivi 

d’entità variabile. In questo caso sono stati testati gli effetti anti-amnesici del composto (±) 

PPCC. Nel secondo studio è stato introdotto un nuovo modello murino di patologia di AD, 

iniettando simultaneamente la 192 IgG-Saporin e il peptide amiloide (25-35) nei nuclei del 

prosencefalo della base e nell’ippocampo rispettivamente. Questo studio ha permesso di 

evidenziare le relazioni fra la perdita di neuroni colinergici, l’espressione e il processamento 

dell’amiloide e i disturbi cognitivi. Inoltre ha messo in risalto il possibile ruolo positivo 

dell’agonista sigma-1 (-) MR22. Il primo esperimento ha messo in luce come il (±) PPCC, 

somministrato per via intraperitoneale, sia in grado di migliorare le abilità di navigazione 

spaziale. Questo avviene sia negli animali lesionati mediante dosi crescenti di 192 IgG-Saporin, 

che in modelli in cui i recettori colinergici sono bloccati farmacologicamente (atropina). 

Tuttavia, nessun effetto visibile è stato riscontrato in animali privi di lesione. Il secondo studio 

ha confermato i risultati precedenti e ha posto in evidenza come l’agonista sigma-1 (-) MR22, 

iniettato nei ventricoli cerebrali, sia in grado di normalizzare significativamente l’espressione del 

precursore proteico del peptide amiloide (APP) in ippocampo e corteccia, e di migliorare le 

performance cognitive degli animali lesionati. Le modalità d’azione proposte per la 

neuroprotezione e gli effetti anti-amnesici potrebbero essere associati a due possibili 

meccanismi: (i) l’aumento della trasmissione colinergica dovuta all’interazione ligando-recettore 

sigma; (ii) l’attivazione di meccanismi intracellulari plastici e/o protettivi nelle aree del cervello 

coinvolte nei processi d’apprendimento e memoria, secondari all’interazione del ligando con il 

recettore sigma-1 espresso localmente.  

In conclusione, i ligandi sigma-1 agonisti rappresentano una promettente possibilità terapeutica 

per il trattamento delle disfunzioni cognitive e della degenerazione neuronale. Sono ancora 

necessari ulteriori studi sperimentali su questi composti, e su molecole con caratteristiche simili, 

al fine di individuare sostanze farmacologiche che possano essere utilizzate come supporto a 

strategie terapeutiche volte alla neuroprotezione o al ripristino cellulare. 

 

 


