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ABSTRACT: Deficiencies in cholinergic nerve function have been clearly documented in patients with Alzheimer's 
disease. The lack of this neurotransmitter may be responsible for early memory loss in patients with the disease. 
Choline mustard Az ion has been used in our laboratory to produce cholinergic hypofunction in rat brain. Injections of 
the compound into the medial septal nucleus and dorsal hippocampus produced tissue lesions. The lesions were dose 
and time-dependent. Lesions produced in the medial septum resulted in transmitter depression in the hippocampus. 
These results suggest non-specific tissue damage because 5-HT levels were lower than normal. Other strategies for 
getting choline mustard Az ion into rat brain are being investigated to circumvent the apparent ability of this 
compound and other nitrogen mustard analogs of choline to produce non-specific tissue damage when injected 
directly into brain tissue. 

RESUME: Tentative de production d'une hypofonction cholinergique dans le cerveau de rat au moyen de I'aziridinium 
de moutarde cholinee: parametres neurochimiques et histologiques. Des deficits au niveau des fonctions nerveuses 
cholinergiques ont et6 clairement d6montres chez les patients atteints de la maladie d'Alzheimer. L'absence de ce 
neurotransmetteur peut etre responsable de la perte de memoire qui survient precocement chez les patients porteurs 
de cette maladie. L'AZ de moutarde cholinee a ete utilise dans notre laboratoire pour produire un deficit de la fonction 
cholinergique dans le cerveau de rat. L'injection de cette substance dans le noyau septal median et dans la region 
dorsale de l'hippocampe a produit des lesions tissulaires. Les lesions etaient dependantes des doses injectSes et du 
temps d'injection. Les lesions produites au niveau du septum median ont entraine' une depression des neurotransmet-
teurs dans l'hippocampe. Ces resultats semblent indiquer que les lesions tissulaires sont non-sp6cifiques, parce que 
les niveau de 5-HT Etaient inferieurs a la normale. Nous explorons d'autres strategies pour introduire l'AZ de 
moutarde cholinee dans le cerveau de rat dans le but de contourner la propriete que cette substance, ainsi que d'autres 
analogues de la choline sous forme de moutarde azot6e, semblent posseder de produire des dommages tissulaires 
non-sp6cifiques lorsqu'ils sont injectes directement dans le tissu cerebral. 
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Senile dementia of the Alzheimer type has no known cause 
nor are there effective treatments to halt its inexorable progress. 
At least six theories have been advanced to account for the 
decline in human central nervous function; these are genetic 
factors, aberrant protein synthesis, aluminum toxicity, altered 
blood flow, changed metabolic features and a deficiency in 
cholinergic function. Although there is substantive evidence 
that a number of chemical transmitter systems are affected in 
Alzheimer's disease, the deficits associated with markers of the 

cholinergic nervous system in the human brain are profound 
and they have been consistently documented by a number of 
investigators.1,2 The loss of cholinergic markers occurs early 
in the disease process.3 Recent memory loss is a feature of the 
early stages of the disease. 

A number of animal models have been proposed for studies 
with Alzheimer's disease. These include aluminum-treated 
experimental animals, aged monkeys or rodents, chemical-
lesioned rats or monkeys, animals treated with cholinergic 
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antagonists or presynaptic blocking agents and hypoxic/anoxic 
rats. It is unlikely that a true animal model for the disease will 
be found but it might be possible to produce a model for one 
specific feature such as memory loss. Towards this end an 
attempt has been made to utilize ethylcholine mustard aziridin-
ium ion (ECM Az; also known as AF-64A) to produce choliner­
gic deficits in rat brain [see review by Fisher and Hanin4] but 
reports of non-specific tissue damage when this agent was 
injected into rat brain have brought into question the site-
directed specificity of it.5,6 Over the past 12 years we have 
studied the mechanism of action of a number of nitrogen mus­
tard analogs of choline in the cholinergic nervous system of 
rodents with particular emphasis on choline mustard aziridinium 
ion (ChM Az) and ECM Az.7'8'9 More recently we have been 
employing ChM Az as a potential in vivo site-directed cholino­
toxin keeping in mind the proven ability of this compound in 
vitro to inhibit the high affinity transport of choline and choline 
acetyltransferase (CAT) in isolated nerve endings of rat brain. 
We report aspects of the neurochemical and histological effects 
of injections of low doses of ChM Az in several regions of rat 
brain. 

METHODS 

Male Sprague-Dawley rats weighing 280-300 g were used in 
all experiments. Following induction of anesthesia with Equi-
thesin, 3 ml/Kg, ChM Az or isotonic saline was injected 
bilaterally into the medial septum or dorsal hippocampus via a 
31 gauge cannula with a Harvard perfusion pump at a rate of 
1 ul/8 min. The cannula was left in place for 8 min following an 
injection of ChM Az or saline. Stereotaxic coordinates for 
medial septum (AP 0.2 mm. 0 mm midline, 6.3 mm ventral to 
skull) and dorsal hippocampus (AP-4.3 mm, +2.5 mm midline, 
3.8 mm ventral to skull) were according to the atlas of Paxinos 
and Watson.10 

ChM Az was obtained by alkaline hydrolysis (pH 11.0 for 10 
min with NaOH) of acetylcholine mustard synthesized in our 
laboratory. This agent as the free base (10 mM) was dissolved 
in physiological saline and left at ambient room temperature 
(about 23°C) for 50 min to form the aziridinium ion (Az) species. 
Drug solutions were prepared daily and dilutions of the stock 
solution were made with sterile physiological saline buffered to 
pH 7.4. Concentrations of the biologically active Az ion species 
in solution were determined for each stock solution by the 
iodine-thiosulfate titration method.'' All concentrations of ChM 
Az are reported as the Az ion. Purity of the synthesized acetyl­
choline mustard was never less than 97 per cent and contamina­
tion by methyl-bis-chloro-ethylamine as determined by mass 
spectrometry was negligible. 

For histological evaluation of ChM Az-treated rat brains the 
animals were anesthetized and perfused transcardially with 
cold buffered 10 per cent formalin. Brains were removed, placed 
in 10 percent formalin and prepared for paraffin embedding. 
Sections of brain cut at 7 um were stained with hematoxylin-
eosin and counterstained with luxol fast blue. 

Synaptosomal transport of choline (CH), 5-hydroxytrypta-
mine (5-HT), noradrenaline (NA), and gamma butyric acid 
(GABA) was measured according to Kuhar.12 Choline acetyl-
transferase (CAT) was measured radioenzymatically.13 Acetyl­
choline hydrolase (AChE) was determined by a colorimetric 
technique.14 Brain content of 5-HT, dopamine (DA) and NA 
was measured by high pressure liquid chromatography (HPLC). 

Glutamic acid decarboxylase (GAD) activity was quantitated 
radioenzymatically15 using modifications of the 14Co2 trap­
ping method. 

RESULTS 

Following injections of ChM Az into the medial septal nucleus 
of rat brain in the dose range of 0.1 to 3 nmoles in a volume of 1 
ul, histological evaluation was carried out, Figure 1 (a-d). No 
evidence of histological damage was evident in rats injected 
with isotonic saline, but a dose-dependent tissue damage effect 
was observed with ChM Az. Doses of ChM Az greater than 1 
nmoles caused large necrotic lesions (see Figure lb as a repre­
sentative example of the lesion type at 2 nmoles of ChM Az). 
Doses of ChM Az lower than 1 nmole produced a clearly 
evident cavitary lesion at the site of injection with glial cell 
proliferation; the magnitude of this type of lesion depended on 
the dose of ChM Az. At doses of the mustard agent below I 
nmole and at high magnification (Figure lc) neuronal perika-
rya adjacent to the injection site were observed to be degener­
ating compared with the saline control (Figure Id). 

At preselected intervals following the injection of ChM Az 
into the medial septum, cholinergic, monoaminergic and GAB-
Aergic markers were determined in the hippocampus (Table 1). 
It is clearly evident from the data given in Table 1 that there was 
a significant decrease in the high affinity uptake of choline in 
synaptosomes prepared from the hippocampus and a reduction 
in the activity of CAT. These effects were dose-dependent. Of 
the other neuronal markers examined there was a decrease in 
the level of 5-HT indicating that axons of passage in the medial 
septum as well as cholinergic cell bodies were damaged by injec­
tions of ChM Az. At the same dose of ChM Az (2 nmoles) the 
loss of cholinergic markers was greater at 21 days than at 10 day s 
after injection indicating time as well as dose dependent factors 
producing loss of cholinergic function in the hippocampus. 

ChM Az at doses from 0.05 to 3 nmoles in 1 ul was injected 
into the dorsal hippocampus. Dose-related tissue lesions were 
observed, Figure 2(a-c). As shown in Figure 2b, 0.5 nmoles of 
ChM Az produced a lesion in the hippocampus comparable to 
that observed for 2 nmoles of the drug injected into the medial 
septum (Figure lb). Degeneration of cells in the CA3 region of 
the brain some distance from the site of injection was clearly 
discernible (Figure 2c). Doses of the mustard below 1 nmoles 
produced a cavitary lesion at the site of injection surrounded 
by an area of proliferating glial cells: administration of 1 to 3 
nmoles of ChM Az resulted in gross degenerative lesions in hip-
pocampal tissue. Currently, the neurochemical parameters of a 
number of neurotransmitters in the hippocampus are being in­
vestigated in detail at different doses of ChM Az. 

DISCUSSION 

A rodent model with site-directed lesions for the cholinergic 
nervous system of brain would be invaluable in the study of 
neurologic and other parameters of Alzheimer's disease. As 
confusion and loss of recent memory appear to be related to 
early manifestation of the disease process, a site-specific 
cholinotoxin would be of great importance for the production of 
cholinergic hypofunction in one or more regions of the brain 
and this would lead to studies on memory and learning in the 
experimental animal species. Of equal importance would be the 
use of pharmacological intervention techniques to restore the 
function of the depressed neurotransmitter system. Long-term 
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Figure I — Histological examination of the effects of injections ofChM Az into the medial septal nucleus of rat brain, (a) administration of I ul ofphvsiological 
saline (b) 2 nmoles ofChM Az and the resultant tissue damage (c) higher magnification of neuronal perikarya adjacent to the damage obsen'ed in (b) arrows 
show degeneration of the perikarya, (d) higher magnification of perikarya in (a) showing no evidence of degeneration of perikarya. 

Figure 2 — Histological examination of injections ofChMAz into the dorsal hippocampus of rat brain, (a) Injection of 1 ul of physiological saline, (b) Tissue 
damage caused by 0.5 nmoles ChM Az. (c) Tissue damage caused by 0.5 nmoles ofChMAz in the CA3 region. Note dark degenerating cells some distance from 
the site of injection in (b). 

Table 1: Effects of ChM Az injected into the medial septum 

Dose 

(nmoles) 

0.3 

1.0 

2.0 

2.0 

3.0 

Time 

(days) 

21 

21 

10 

21 

21 

of rat brain on biochemical parameters measured 

Content (% Control) 

ChAT 

102.5 
(6)* 

98.7 
(13) 
57.5s 

(11) 
39.9* 

(4) 

AChE 

46.5* 
(8) 

44.5* 
(5) 

52.4* 
(4) 

GAD 

93.0 
(6) 

94.4 
(18) 
96.4 
(12) 

5-HT 

52.6* 
(6) 

DPA 

115.5 
(5) 

NA 

112.1 
(4) 

in the hippocampus 

Synaptosomal Transport (% Control) 

CH 

110.8 
(5) 

83.1 
(5) 

87.4 
(8) 

29.4T 

(4) 
68.31 

(6) 

GABA 

103.2 
(8) 

79.5 
(4) 

NA 

119.3 
(8) 

5-HT 

71.1 
(8) 

34.6T 

(4) 

* number of animals If P < 0.001 
§ P < 0.0005 I P < 0.02 
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deficits in cholinergic function might show effects on other 
neurotransmitters or central nervous modulators and the conse­
quences that these might have on central nervous activity. 

The purpose of the present study was to extend our in vitro 
experiments with ChM Az to in vivo effects of this cholinotoxin 
and to determine if the agent could produce specific deficits 
only in the cholinergic nerve terminals and perhaps cholinergic 
cell bodies. Initially we injected ChM Az into the medial septal 
nucleus of rat brain because this area of the brain contains 
cholinergic cell bodies with well-defined projections to the 
hippocampus. '6 The effects of ChM Az injected into the medial 
septum would thus be tested by measuring neurochemical mark­
ers in the hippocampus. If ChM Az had affinity only for cholin­
ergic nerve terminals one would not expect to find cholinergic 
deficits in the hippocampus. Non-specific tissue damage should 
produce deficits in a number of neurotransmitter markers in the 
hippocampus. The second major experimental approach was to 
determine the effect of ChM Az injected into the dorsal hippo­
campus which contains cholinergic nerve terminals. 

The results of our experiments show clearly that ChM Az at 
the doses used produced tissue damage at the site of injection. 
The amount of tissue damage was dose-dependent. Thus ChM 
Az produced lesions in the medial septum which in turn revealed 
deficits in CAT and high affinity choline transport in the hippo­
campus. The fact that 5-HT levels were also depressed in the 
hippocampus indicated that 5-HT axons of passage in the medial 
septum were being damaged by this nitrogen mustard analog of 
choline. Similar results were obtained when ChM Az was injected 
into the dorsal hippocamus. Our histological studies showed 
tissue destruction at the site of injection and the amount of tissue 
damage was dose-dependent. Even at low doses of the agent we 
observed proliferation of glial cells peripheral to the site of in­
jection. At the same dose of chemical, tissue damage was a fun­
ction oftime,i.e damage was greater at 21 days than at 10 days 
after drug injection. 

The ethyl analog of choline mustard, AF 64-A, has been used 
extensively as a potential site-directed cholinotoxin and as a 
chemical to produce an animal model of Alzheimer's disease; 
see 4 for an extensive review. This agent, however, has been 
reported to produce non-specific tissue damage.61718 In our 
laboratory we have found (unpublished data) that ECM Az as 
the free base or the hydrochloride produced non-specific tissue 
damage and in doses much lower than ChM Az. From these 
results it is possible that ChM Az has greater potential for 
site-directed neurotoxicity than ECM Az, providing a strategy 
can be devised for ChM Az that would eliminate its apparent 
ability to cause tissue damage on injection. 

Although our in vitro studies with isolated nerve endings have 
shown clearly that ChM Az has potential as an in vivo cholino­
toxin, 7'8,9 we must conclude that our present studies do not 
confirm this potential. On the basis of the overall evidence 
produced by many investigators working with ECM Az we are 
not yet convinced that this agent can be described as "a site-
directed specific cholinotoxin". This conclusion is based pri­
marily on the current use of the agents being injected directly 
into nervous tissue. A suitable biological preparation may be 
found where in a fluid phase ChM Az or ECM Az would not 
produce the damage found with injections into tissue where the 
agents can be localized. Intravitreal injections of ECM Az 
appear to produce selective lesions in the retina of chicks.19 

Presently, we are employing other strategies to direct ChM Az 

into central nervous tissue. Studies with these nitrogen mus­
tard analogs of choline must include parallel investigations on 
histology and neurochemistry, particularly where behavioural 
paradigms are being sought to ensure that the effects observed 
are not due to non-specific tissue damage. 
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