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ABSTRACT OF DISSERTATION
GRADUATE SCHOOL, UNIVERSITY OF ALABAMA AT BIRMINGHAM

Degree Ph., D, Major Subject Pq;_lfha]ngy
Name of Candidate Donald Joseph Cannor

Title __ Aluminum Toxicity: Cognitive and Cholinergic Parameters

Administration of aluminum sulfate in the drinking water of male Sprague-
Dawley rats for thirty days resulted in an inpairment of both consolidation and
extinetion of a passive avoidance task. The behavioral deficit was not due to
nonspecific effects caused by lower fluid consumption. No impairment of
performarnice was observed on an active avoidance task, radial arm maze or open
field activity measure. Partial improvement of the deficit was produced by
replacement of the aluminum sulfate solution with tap water two weeks prior to
testing (p  0.05). Injection (i.p.) of the aluminum chelator desferoxamine (DFO)
returned the performance of the aluminum-treated animals to control levels in a
dose-dependent manner. DFO injection of control animals did not affect their
activity levels or extinction on the passive avoidance task. Biochemical analysis
indicated a slight ( 10%) but significant inerease in hippocampal muscarinic receptor
number after aluminum treatment as determined by tritiated quinuelidinyl benzilate

(3H-QNB) binding. No changes were found in choline acetyltransferase (ChAT)
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activity, phosphoinositide hydrolysis, 3H-QNB binding in the cortex or tritiated
pirenzepine (311-PZ) binding in the hippocampus or cortex. These results indicate
that the behavioral impairment is a specific, toxic effect of aluminum
administration, that it can be reversed by administration of an aluminum chelator

and that the impairment is not due to cholinergic degeneration.
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I. INTRODUCTION TO ALUMINUM TOXICITY
1. EXpogure

Aluminum is a ubiquitous metal, compromising approxi-
mately 8% of the earth's crust and is present in the air as
aluminosilicates associated with dust particles (Boegman &
Bates, 1984). Aluminum compounds are used in many common
products including deodorants, talc, cat 1litter, table
salt, baking powders and processed cheese (Roberts 1986;
Crapper-McLachlan & Farnell, 1985). The average daily
North American diet has been estimated to contain between 3
and 36 mg of aluminum (Underwood, 1977; Alfrey, 1986b),
however, individual exposure can greatly vary. Fcllowing
the recomended dosage of some over-the-counter liquid ant-
acids can vresult in ingestion of up to 2 g of elemental
aluminum per day. Althcugh long believed to be nontoxic,
recent evidence has shown that aluminum can cause neuro-
logical damage. The following sections review some of the
clinical and experimental evidence for aluminum neurotox-
icity.
2. Aluminum Toxicity in Relation to Human Disease:

Aluminum has been implicated in the pathology of sev-

eral neurological disorders associated with cognitive im-

pairments (Wisniewski, Sturman, Shek & 1Igbal, 1985;
Crapper-McLachlan, 1986). The three best explored
1
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disorders are dialysis encephalopathy, the Parkinson-
dementia of Guam and Alzheimer's disease.
L. Dialysis Encephalopathy:

Dialysis encephalopathy (also called dialysis demen-
tia) 1is a progressive neurological dysfunction which 1is
observed almost exclusively in patients who have been on
hemodialysis for over 2 years (Arieff, 1985). The main

symptom complex consists of speech and language disorders,

dementia (personality changes, intellectual deterioration
and memory loss), myoclonus and in some cases seizures
(Jack, Rabin & McKinney, 1984). Initially, symptoms are
present only during and shortly after dialysis. The sever-

ity and persistence of these symptoms increase with the
number of treatments until the syndrome becomes constant
(Alfrey, 1985). Death wusually occurs within 6-8 months
after the first manifestation of symptoms (ARlfrey, 1986a).
The occurrence of dialysis encephalopathy has been
shown to be related to ingestion of phosphate binding gels
containing aluminum (Alfrey, Le Gendre & Kaehny, 1976;
Wallace, 1981; Pogglitsch, Petek, Wawschinek & Holzer,
1981) and to aluminum contamination of the dialysate (Park-
ingson, Ward & Kerr, 1981; Rozas & Port, 1979). Contamina-
tion of the dialysate with aluminum has been associated
with the use of aluminum sulfate as a coagulum in the tap
water used to prepare the dialysate (Alfrey, 1984). In
some cases the clinical symptoms of the encephalopathy have
been successfully treated or prevented by the removal of

aluminum containing gels (Wallace, 1981: Jack et al., 1984;
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Masselot, Adhemar, Jaudon, Kleinknecht & Galli, 1978), by
clearing the dialysate of aluminum (Rozas & Port, 1979) or
by a combination of both treatments (Platts, 1980; Poisson,
Mashaly & Lebkiri, 1978; Poisson, Mashaly & Lafforgue,
1979). Readministration cof the aluminum containing gels to
treat elevated phosphate levels has resulted in reoccur-
rence of the encephalopathy (Masselot et al., 1978; Pois-
son, 1979).

B. Parkinson-dementia of Guam:

Natives of Guam, certain regions of the Kii Peninsula
of Japan and of southern West New Guinea have demonstrated
an abnormally high incidence of amyotrophic lateral scler-
osis (ALS) and parkinsonism with severe dementia (PD). ALS
is a progressive central nervous system disease character-
ized by progressive weakness and skeletal muscle atrophy
stemming from degeneration of the anterior horn cells of
the spinal cord, motor nuclei in the brain stem and neurons
in the motor cortex (Spencer et al., 1987). PD has a much
slower onset than ALS and its victims demonstrate both
extrapyramidal symptoms and organic dementia. Patients
with PD usually deteriorate into a vegetative state 3 to 5
vears after the appearance of the disease (Chen & Yase,
1985). Occurrence of both syndromes in 1 patient is common
(Elizan et al., 1966), but whether these syndromes are
different manifestations of the same underlying disease 1is
still unknown.

Accumulation of neurofibrillary tangles occurs in both

ALS and PD. The tangles in the neurons of the ALS patients
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appear to be composed of neurofilaments, while the neuro-
fibrillary tangles of the PD patients are composed of
single, paired and occasionally triple helical £ilaments
similar to the paired helical filaments (PHF) found in
Alzheimer's disease (Wisniewski, Narang & Terry, 1976;
Wisniewski et al., 1985; Guiroy et al., 1987). Recent
studies have indicated a common subunit protein exists in
both the neurofibrillary tangles in Guamanian PD and the
neurofibrillary tangles of Alzheimer's disease suggesting a
commcn pathogenesis (Guiroy et al., 1587).

The occurrence of the amyotrophic lateral sclerosis
(ALS) and parkinsonism-dementia (PD) syndromes of Guam have
been correlated with high environmental levels of aluminum
by epidemiological studies which also excluded genetic and
virclogical influences. The charactzaristic neurofibrillary
tangles found in the central nervous system of patients
with these disorders have been shown to contain high con-
centrations of aluminum (Perl, Gajdusek, Garruto, Yanagi-
hara & Gibbs, 1982; Chen & Yase 1985; Garruto, 1985),
further implicating the metal in their pathogenesis.

C. Alzheimer's Disease:

Alzheimer's disease is a progressive, degenerative,
terminal neurological disorder that affects more than 2
million people in the United States, accounting for approx-
imately 55% of all irreversible dementias (Katzman, 1986).
It is estimated that over 20 billion dollars a year is
spent on +the general treatment and care of victims of

Alzheimer's disease (Dean & Bartus, 1985). Clinically, it
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is characterized by memory loss, cognitive decline, person-
ality change and eventual death.

The clinical diagnostic criteria for Alzheimer's
disease has been greatly improved over the past few vyears
(Ron, Toone, Garralda & Lishman, 1959), but definitive
diagnosis can only be achieved postmortem. It is the
presence of neurofibrillary tangles (made of paired helical
filaments), neuritic plaques, granulovacular degeneration
and Hirano bodies in the brains of demented patients which
defines +the <classical patholos,y of Alzheimer's disease
(McKann et al., 1984). The number of neuritic plaques
within the cerebral cortex correlates with deficits in
cognitive performance (Blessed, Tomlinson & Roth, 1968;
Perry et al., 1978) and with reductions in cholinergic and
somatostatinergic markers (Perry, Candy & Perry, 1983;
Rossor, Emson, Mountioy, Roth & Iversen, 1984).

Analysis of the aluminum content in brain regions from
Rlzheimer's patients has demonstrated elevated aluminum
content when compared to age-matched controls in some
studies (Crapper, Krishnan & Quittkat, 1976; Trap, Miner,
Zimmerman, Mastri & Heston, 1978) but not 'in others
(Markesbery, Ehmann, Hossain, Alauddin & Goodin, 1981;
McDermott, Smith, Igbal & Wisniewski, 1977). Recent
studies have shown that both the neurofibrillary tangles
(Perl & Brody 1980) and the core of the neuritic plaques
(Candy et al., 1986) contain high concentrations of alumi-
num. Aluminum accumulation is therefore directly associ-

ated with the 2 main defining morphological characteristics
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of Alzheimer's disease (neuritic plaques and neurofibril-
lary tangles). Aluminum's 1role in the etiology of the
disease, however, remains unclear.

The association between these dementing disorders and
aluminum suggests that aluminum toxicity may be involved in
the pathogenesis of the cognitive impairments observed in
these disease states. Further evidence implicating alumi-
num toxicity in central nervous system (CNS) diseases 1is
provided by experimental studies.

3. Modeling Aluminum Toxicitv:
A. Morphology:

Aluminum administered orally (Greger, Bula & Gum,
1985; Arieff, Cooper, Armstrong & Lazarowitz, 1979; Slanina
et al., 1986), intraperitoneally (Ebina, Okada, Hamazaki &
Midorikawa, 1984), subcutaneously (Uemura, 1984a; 1984b)
and by intragastric intubation (Slanina, Falkeborn, Frech &
Cedergren, 1984; Slanina, Frech, Bernhardson, Cedergren &
Mattsson, 1985) crosses the blood-brain barrier and accumu-
lates in the brain. Metallic aluminum (Wisniewski, Sturman
& Shek, 1982) or aluminum chloride (Wisniewski, Sturman &
Shek, 1980), injected into the cisterna magna of rabbits,
as well as chronic subcutaneous injection of aluminum tar-
trate (Uemura, 1984bj, has been shown to induce the forma-
tion of unpaired neurofibrillary tangles similar to the
paired neurofibrillary tangles found in the Alzheimer's
patient's brain (Wisniewski, Shelk, Gruca & Sturman, 1984;
Selkoe, Liem, Yen & Shelanski, 1979%). The difference 1in

these +tangles may reflect a species-specific difference
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rather than different mechanisms of formation. The type of
exposure (acute high level vs chronic low level) may also
affect the nature of the tangles. Intracranial injection
of aluminum chloride to rats failed to induce formation of
neurofibrillary tangles at a concentration 5-6 times that
found to induce tangle formation in rabbits or cats (King,
DeBoni & Crapper, 1975).

B. Biochemistry:

In vitro studies of nuclear processes have demon-
strated that aluminum induces the formation of DNA-aluminum
complexes (Karlik, Eichhorn, Lewis & Crapper, 1980), inhi-
bits polytene chromosome puffing in response to steriods
(Sanderson, Crapper-McLachlan & DeBoni, 1982) and inhibits

ADP-ribosylation in vivo and in vitro (Crapper-Mclachlan,

Van Dam, Farnell & Lewis, 1983). Aluminum in combination
with sodium floride has been shown to interact with the G-
proteins which regulate the cyclic AMP and phosphoinositide
second messenger systems (Sternweis & Gilman, 1982; Katada,
Bokoch, ©Northup, Ui & Gilman, 1984; Bellorin-Font et al.,
1985:; Blackmore, Bocckino, Waynick & Exton, 1985; Johnson &
Jope, 1986). Aluminum also impairs glucose utilization
{Johnson & Jope, 1986), inhibits the fast phase of voltage-
dependent calcium influx into synaptosomes (Koenig & Jope,
1987) and inhibits glycolysis and hexokinase activity in
rat brain cytosolic and mitrochondria preparations (Lai &
Blass, 1984). Synaptosomal uptake of norepinephrine (NE),
serotonin (5-HT) and ¥ -aminobutyric acid (GABRA) is

inhibited by aluminum while dopamine (DA) uptake shows a
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biphasic effect (Lai, Lim & Davison, 1982; Wong, Lai, Lim &
Davison, 1981; Lai, Lim & Davison, 1981).

Aluminum also appears to have toxic effects on central
cholinergic function. Addition of aluminum chloride to
rodent isolated brain nerve ending preparations resulted in
decreased choline transport (Lai, Guest, Leung, Lim & Dav-
ison, 1980). A reduction in activity of purified acetyl-
cholinesterase (AChE) from eel electric organ and human
serum was found after addition of aluminum chlorohydrate to
the assay medium (Marquis & Lerrick, 1982b; Marquis, 1983),
while a decrease in rat brain AChE activity followed mater-
nal exposure to aluminum (Marquis, 1982a). Choline acetyl-
transferase (ChAT) activity was found to decrease after
aluminum administration to rabbits in one study (Kosik,
Bradley, Good, Rasool & Selkoe, 1983) but not in another
{Hetnarski, Wisnienski, Igbal, Dziedzic & Lajtha, 1980).

C. Behavior:

Few studies have assessed the effect of aluminum
administration on cognitive function in animals. Intra-
cranial aluminum injection impaired the performan : of
rabbits in both a water maze (Rabe, Lee, Shek & Wisniewski,
1982) and a passive avoidance task (Petit, Biederman, Jonas
& LeBoutillier, 1985) and impaired learning of a condi-
tioned avoidance task by cats (Crapper & Dalton, 1973).
Studies with rats have produced variable results. Injection
of aluminum chloride into the hippocampus of rats resulted
in a transient deficit in acquisition of a conditioned

avoidance 7response (King et al., 1975), while chronic
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intubation of aluminum chloride produced no performance
deficits on a shuttle task (Bowdler et al., 1%79). Dietary
administration of aluminum chloride produced varying
effects on shuttle-box avoidance behavior depending on
strain, gender and whether or not parathyroid hormone was
co-administered (Commissaris et al., 1982). In rats fed 3
doses of aluminum hydroxide (1500 mg/kg, 2500 g/kg and 350
mg/kg) no significant difference between dosage groups was
found on a single trial passive avoidance task and on a
visual-discrimination with reversal task although a signif-
icant correlation was found between the aluminum content of

some brain areas and impaired performance on these tasks

(Thorne et al., 1986). Activity levels of rats have been
reported to increase (Bowdler et al., 1979), decrease
(Commissaris et al., 1982; Thorne et al., 1986) or not
change (Bowdler et al., 1979; Commissaris et al., 1982)

after aluminum administration.
The behavioral variability following aluminum admin-
istration could be secondary to differences in 1.) testing

conditions between laboratories, 2.) modes of aluminum

administration and 3.) susceptibilities of rats by age,
gender and strain (Bowdler et al., 1979; Commissaris et
al., 1982; King et al., 1975; Thorne et al., 1986). The

chemical form of aluminum may also be relevant in deter-
mining the absorption (both intestinal and through the
blood-brain barrier) and therefore the toxicity of the
aluminum compounds. For example, daily intubation with

aluminum citrate significantly increased the cortical and
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hippocampal concentrations of aluminum, but intubation with
aluminum hydroxide was without effect (Slanina et al.,
1984).

4. Qverview of Studies

The following experiments consist of 3 main studies.
The first study utilizes several classical behavioral tasks
to examine a range of cognitive function in aluminum-
treated rats. Modifications of some of the task paradigms
were done to increase the sensitivity of the tasks to
behavioral deficits. The second study examines pre- and
postsynaptic cholinergic function in an effort to find a
neurochemical basis for the behavioral deficit(s) found in
study 1. The third and final study examines the nature of
the aluminum-induced behavioral impairment(s) to determine
if they can be reversed by removal of aluminum from the
animal or if they are permanent.

The mode of administration and form of aluminum that
was employed in the present study was chosen on the basis
of previous clinical and experimental research. The
chronic oral administration protocol reduces the stress and
possible side-effects of other methods that have been used,
such as daily administration by intubation with etheriza-
tion (Bowdler et al., 1979), and is more comparable to the
mode of exposure of the general populace to aluminum than
acute intracranial or subcutaneous injection. The form of
aluminum used (aluminum sulfate) has been shown to be
leached from the soil by acid rain (Driscoll, 1985) and has

been used in water purification systems as a flocculant
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(Crapper-McLachlan & Farnell, 1985). Aluminum sulfate
compounds are also found in medications such as sucralfate
(the aluminum salt of sucrose octasulfate) with the conven-
tional dose of this compound providing 828 mg per day of
elemental aluminum. Absorption of this compound was demon-
strated by increased blood and urine levels of aluminum in
control patients with normal renal function after chronic
(Bannwarth, Gaucher, Burnel & Netter, 1986) and acute
(Haram, Weberg & Berstad, 1987) sucralfate administration.
Previous neurochemical studies have shown effects of
chronic oral aluminum sulfate administration on cyclic
nucleotide synthesis in the central nervous system of rats

(Johnson & Jope, 1987).
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II. STUDY 1: EFFECTS OF CHRONIC ORAL ALUMINUM SULFATE
ADMINISTRATION ON COGNITION

1. Introduction:

In this study, a battery of behavioral tasks was used
to investigate the effect of chronic oral aluminum sulfate
administration on cognitive function in rats. Behavioral
testing was done utilizing passive and active avoidance
tasks (aversive reinforcers) and the radial arm ma:ze
(appetitive reinforcer). These tasks allow the examination
of acquisition, extinction and long- and short-term memory.
Activity measures were done in order to controcl for non-
specific effects of the treatments on behavior.

The general activity level of the treated animals was
measured in an open field device. In addition to indica-
ting the effects of treatment on activity 1level, this
measure is necessary in order to interpret the results of
the other behavioral tests correctly (e.g., latency to
enter on the passive avoidance task).

The passive avoidance task measures the animal's abil-
ity to learn and remember to avoid a footshock by inhibit-
ing a '"natural" response (entering a dark chamber). It
should be noted that the extinction of the avoidance re-
sponse over time reflects both a component of "forgetting"
the original relation (dark box = shcck) and the acquisi-

tion of a new association (dark box = safe).
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The active avoidance paradigm requires the animal to
take an action (step-up to a platform) in order to avoid a
shock. This paradigm allows the measurment of both the
acquisition and retention of the task.

An open B-arm radial maze was used to test working
memory in an appetitive reinforcement paradigm.

2. Methods:
Subjects:

Male, Sprague-Dawley rats (initially weighing 120-
130g) were housed communally in a temperature (25“C) con-
trolled room, illuminated 0600 to 1800 hours. Treated
animals were maintained crn drinking water containing 0.3%
aluminum (as a 3.7% aluminum sulfate octadecahydrate solu-
tion; Mallinckrodt) ad libitum for 1 month. Standard rat
chow was provided to control and treated animals ad 1libi-
tum. During the last 3 weeks of aluminum administration,
the treated animals consumed 18.0 +/- 0.8 ml of aluminum
solution per day per rat (equal to 2.0 mmoles of aluminum
/day/rat) and controls consumed 28.0 +/- 1.7 ml of water
per day per rat.

Activity:

General motor activity was measured in an open field
apparatus consisting of an 80 x 80 cm square divided into
sixteen 20 x 20 cm blocks, surrounded by a 45 <¢m high
opaque wall. At the beginning of the measurement period,
the animal was placed in the middle of the field and activ-
ity was measured from O to 1 minute and 1 to 5 minutes.

Horizontal activity was defined as the number of hindlimb
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crossings between blocks and vertical activity as the num-
ber of rearings. Groups were compared by Student's t-test.
Passive Avoidance:

A Lafayette model 12970 passive avoidance device was
utilized for all passive avoidance tasks. The apparatus
consisted of a runway (25 cm x 7 cm), illuminated by a 60-
watt incandescent light, separated by a manually operated
guillotine door from a black Plexiglas chamber (46 cm x 40
cm x 17 cm) having a grid floor through which a scrambled
foot-shock (unconditioned stimulus; UCS) could be deli-
vered.

Experiment 1: Animals were placed on the runway
facing the closed guillotine door. After a 30-second delay
the guillotine door was raised and the rats were allowed to
enter the dark chamber and habituate in the apparatus for 3
minutes. Twenty-four hours later the procedure was repeat-
ed except the door separating the arm and the chamber was
closed after entry of the rat and a 1.0 second, 0.8 ma
scrambled foot-shock (UCS) was administered through the
floor grid. Retention was tested 1, 2, 3, & and 7 days
after training.

Experiment 2: In the second experiment, rats were not
prehabituated to the apparatus prior to shock and the
guillotine door was open at the beginning of the trial. 1In
order to eliminate the possibility of entry as a result of
a startle response from being placed on the runway, the rat
was positioned facing away from the open guillotine door

and was required to turn and enter the dark chamber. When
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the rat had entered the chamber, the door was closed and a
4.0 second, 0.8 mA scrambled foot shock was administered.
Thirty seconds later, the subject was returned to the home
cage. The shock duration was increased from Experiment 1
in order to insure that all of the control animals acquired
the task and to extend the extinction period so that any
difference between groups would be more easily detected.
Animals were tested at 24-hour intervals until extinction
criterion was achieved.

Experiment 3: In order to increase the strength of
the initial association, the final passive avoidance exper-
iment involved the same conditions as Experiment 2 except
that the animals were prehabituated to the apparatus for a
3-minute period, 24 hours prior to shock. Testing was done
at 24-hour intervals until extinction criterion was reach-
ed.

For all paradigms, 7retention and extinction were
assessed by the latency to enter (LTE) the dark chamber.
Entry was defined as all four paws of the animal being on
the grid floor of the dark chamber. The maximum latency was
set at 5 minutes. Acquisition criterion was achieved when
the rat withheld entry from the dark chamber for 5 minutes.
Extinction criterion was achieved when the rat entered the
dark chamber in less than 1 minute on 3 out of & consecu-
tive days. The acquisition of the task and the number of
days to reach extinction criterion were compared between
groups using Fisher's exact test and by ANOVA with unequal

n.
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Active Avoidance:

A Lafayette model 85150 step-up active avoidance
device was used for all active avoidance tasks. The device
consisted of a lower (shock) chamber with a grill floor and
an upper (safe) chamber with a retractable back wall. The
conditioned stimulus (CS) consisted of a 5-watt light and
the unconditioned stimulus (UCS) was a scrambled foot
shock. Concurrent with the presentation of the €S, the
back wall of the upper chamber retracted to allow access to
the safe chamber. To make an avoidance response, the
animal had to climb into the upper chamber within the 10-
second CS interval. If an avoidance response was not made,
the UCS was administered for 10 seconds or until an escape
response was made by the animal climbing into the upper
chamber. The rat was then given a 1l0-second rest period.
Upon conclusion of the trial, the back wall of the wupper
chamber was moved forward and the animal returned to the
lower chamber. After a 10-second intertrial interval, the
procedure was repeated.

To determine the effect of aluminum on the acquisition
of the task, animals were treated with aluminum (0.3% for 1
month) prior to training. The acquisition schedule con-
sisted of 10 trials per session with 1 session every other
day and a UCS shock level of 0.3 mA. Acquisition criterion
was defined as 9 avoidance responses in 10 trials (with the
first 5 responses being avoidances) on 2 out of 3 consecu-
tive days. In order to assess the strength of acquisition,

20 trials without shock were given 24 hours after acquisi-
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tion criterion was reached. Data were analyzed by ANOVA
with unequal n and by Student's t-test.

To test the effect of aluminum on the retention of an
active avoidance task, rats were trained on the active
avoidance task prior to aluminum administration. Training
sessions consisted of 20 trials per day with a UCS shock
level of 0.8 ma. Training criterion was achieved when the
rat established 18 avoidance responses in 20 +trials with
the first 5 responses being avoidances. Beginning 48 hours
after reaching criterion, aluminum was administered for 30
days. To assess retention without new learning or recall
being primed by the UCS, the first test session consisted
of 20 trials without shock.. No-shock trials continued
until a stable extinction criteria was achieved (5 or fewer
avoidance vresponses per session with none of the first 5
responses being an avoidance). Following this, shock
trials were resumed until training criterion was reacquir-
ed. Data were analyzed by Student's t-test.

Radial Arm Maze:

A standard, wooden open B8-arm radial maze was used to
assess working memory in an appetitive task paradigm (Oiton
& Samuelson, 1976). The apparatus consisted of a black
wooden B-arm maze elevated 100 cm above the floor. The
center platform was octagonal and 30 ¢m in diameter with 8
arms, 75 cm long and 7 cm wide, spaced at equal distances.
At the outer end of each arm a 2 cm wide and 1 cm deep hole

served as the reward cup.
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Animals were deprived of food for a 2%4-hour period
prior to the beginning of initial training. The pre-
aluminum training consisted of a habituation, a shaping,
and an acquisition session. In the habituation session &
baits (dry Fruit Loops) were placed equidistant along each
of the 8 arms and the rats were allowed access to the baits
for a 5-minute period. This procedure was repeated 24
hours later. The shaping sessions were then begun by
reducing the number of baits per arm over the next &4 days
until only the bait in the reward cup was presented.

In acquisition training, water deprivation was used as
the motivating variable with water-soaked Fruit Loops as
the reward. Food was provided ad libitum, but access to
water was restricted to 1 hour after each session. During
the acquisition sessions, rats were placed in the center of
the maze and allowed to enter the arms and eat the bait.
Arm entries and reentries were recorded until the rat had
obtained all baits or a 5-minute period had -elapsed.
Acquisition criterion was reached when all 8 baits were
obtained within 5 minutes with less than 2 arm reentries
(errors) per trial on & out of 5 consecutive days. Alumi-
num administration began 48 hours after acquisition criter-
ion was reached.

After 30 days of aluminum administration, animals were
retested. Procedures were the same as described in acqui-
sition training. Rats were allowed access to water or to
the aluminum sulfate solution for 1 hour and 2 hours,

respectively, after each daily session. The number of days
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to reacquire the task and the number of arm reentries
(errors) per day were analyzed by Student's t-test and
ANOVA.

3. Results:

Activity:

No significant differences were observed between con-
trol and aluminum-treated rats in horizontal or vertical
activity at O-l-minute, 1l-5-minute, or 0-5-minute time
intervals (p > 0.05).

Passive Avocidance:

Initial (pre-shock) latency to enter the dark chamber
was not different between the control and treated groups
for any of the 3 passive avoidance experiments.

Experiment 1: Aluminum sulfate administration did not
produce a deficit in acquisition or retention of the avoid-
ance response in Experiment 1. Bll rats in both the con-
trol and treated groups withheld entry for the maximum time
allowed (5 minutes) at 1, 2, 3, &, and 7 days.

Experiment 2: All control animals demonstrated a LTE
of 5 minutes on the first day after training while only 3
of the 9 aluminum-treated animals reached criterion on day
1. The remaining 6 animals reached criterion on days 2 - &
(p < 0.05; Fisher's exact test). The learned response
extinguished significantly faster in the aluminum-treated
group than controls (p < 0.01; Fig. 1). Rank analysis
showed that the number of days to reach the initial 5-

minute LTE acquisition criteria was inversely correlated to
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Figure 1: Effect of aluminum sulfate administration (30
days) on extinction of a learned passive avoidance response
(Experiment 2). Animals were trained without prehabitua-
tion to the apparatus as described in Methods. Bars repre-
sent percent of each group to reach extinction criteria.
Open bar represent control rats (n = 4) and shaded bars
represent aluminum-treated rat (n = 9).
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the number of days to extinction criteria (Spearman's r = -
0.78; p < .05).

Experiment 3: The addition of a 3-minute prehabitua-
tion period 24 hours prior to shock resulted in all of the
control animals and 7 out of the 8 aluminum-treated animals
acquiring the 5-minute LTE criteria on day 1. The remaining
aluminum-treated animal reached criterion on day 2. As in
Experiment 2, administration of aluminum caused a signifi-
cantly faster extinction of the passive avoidance response
compared to control animals (p < 0.001; Fig. 2).

Prehabituation +to the apparatus 24 hours prior to
shock significantly increased the mean number of days to
extinction for both the aluminum-treated (p < 0.0l) and
control (p < 0.001) animals (Experiment 2 vs. Experiment
3). Prehabituation increased the mean number of days to
extinction by 84% for control animals (from 17 to 32 days)
and by 70% for aluminum-treated animals (from 10 to 17
days) .

Active Avoidance:

Pretreatment with aluminum sulfate did not affect the
number of sessions required to reach acquisition criteria
(control = 5.72 +/- 1.05, aluminum = 6.0 +/- 0.73). No
significant differences were found between groups in the
number of avoidance responses or on the interaction of
group x days (p > 0.5 and p > 0.1, respectively; Fig. 3). A
significant days-effect was found, reflecting learning of

the task (p < 0.0%). The treated and control groups also
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Figure 2: Effect of aluminum sulfate administration (30
days) on extinction of a learned passive avoidance response
(Experiment 3). Rats were trained with prehabituation to
the apparatus as described in Methods. Bars represent
percent of each group to reach extinction criteria. Open
bars represent control rats (n = 5) and shaded bars repre-
sent aluminum-treated rats (n = 8).
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Figure 3: Effect of aluminum sulfate administration (30
days) on acquisition of the active avoidance task. Data
are expressed as the mean number of avoidance responses per
session +/- S.E.M. Open bars represent control rats (n =
4), and shaded bars represent aluminum-treated rats (n =
6).
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behaved similarly in the no-shock condition (number of
active avoidance responses: control = 14.5 +/- 3.6, alumin-
um = 16.0 +/- 2.6; n = & - 6).

In the active avoidance retention paradigm, the mean
number of days to initial acquisition criteria (pre-
aluminum sulfate administration) did not differ between the
group to be treated with aluminum and control animals.
Aluminum treatment did not significantly alter the number
of trials (without shock) to reach extinction criteria nor
alter the reacquisition of the task. The number of avoid-
ance vresponses during the first session of extinction
trials and the first session of reacquisition trials were
also similar between aluminum-treated and control animals
(Table 1).

Radial Axrm Maze:

The mean number of days to reach initial acquisition
criteria was not significantly different between the con-
trol animals and the animals to be treated with aluminum
(5.8 +/- 1.5, and 4.2 +/- 0.13, respectively; n = & - 10,
p > 0.1). After 1 mounilhi of sluminun sulfate treatmznt, the
mean number of days to reacquire task criteria was not
significantly different between the 2 groups (control = 7.0
+/- 1.08; aluminum = 5.2 +/- 0.42, p > 0.07). BRnalysis of
arm reentries also showed no significant interaction effect
of group x sessions or any significant difference between

groups.
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Table 1: Effect of aluminum administration on retention of the active
avoidance response. Animals were trained to criteria on the active avoidance
response. After thirty days of treatment with aluminum sulfate, the animals
were tested for retention of the avoidance response in the absence of the UCS
(shock). After the avoidance response was extinguished, the UCS was
reinstated and reacquisition trials began. Data is expressed as means +/-
S.E.M.
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PRE-TREATMENT

DAYS TO
ACQUISITION:

30 DAY TREATMENT
PERIOD

POST-TREATMENT

DAYS TO
EXTINCTION (no shock):

DAYS TO
REACQUISITION (with shock):

AVOIDANCES ON EXTINCTION
TRIAL ONE (no shock):

AVOIDANCES ON REACQUISITION
TRIAL ONE (with shock):

6)

—
3
n

3.1 + 0.1

ALUMINUM

1.8 + 0.2

13.5

1+

4.0

15.2 £+ 1.0

3.3+ 0.3

CONTROL

2.5 £ 0.3

I+

15.3 ¢+ 3,5

15.3 + 1.5

67
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4. Discussjion:

L series of behavioral tests were employed to deter-
mine the neurotoxic effects of chronic oral aluminum sul-
fate administration in the male Sprague-Dawley rat. The
results indicate that this administration paradigm produced
specific impairments of cognitive function, manifest as
deficits in acquisition/consolidation and retention of the
learned response in a passive avoidance task. The observa-
tion of these impairments was found to be dependent upon
the experimental constraints under which the task was per-
formed. Moreover, the cognitive impairments appear speci-
fic to this task because no deficits were observed in
acquisition or retention of an active avoidance task or in
performance on a radial arm maze task.

Contrel and aluminum-treated animals behaved similarly
when a standard passive avoidance paradigm was employed
(Experiment 1). In order to assess more subtle influences
of aluminum on behavior, the sensitivity of the task was
increased by decreasing the saliency of the events (cues)
through (i) omitting prehabituation to the apparatus, (ii)
eliminating the 30-second door delay and (iii) continuing
trials wuntil extinction criterion was reached by each
animal. Utilizing this protocol, deficits in both the
acquisition/consolidation and retention of the tasks were
evident (Experiment 2).

The 1longer period required for most of the aluminum-
treated animals to acquire the passive avoidance behavior

when compared to controls (Experiment 2), demonstrated one
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of the potential problems of measuring learning at only the
24-hour retention interval. That is, entry into the dark
box in less than 5 minutes at the 24-hour test period may
be an indication of an impaired acquisition/consolidation
process rather than of a retention deficit. In order to
test retention of the task in the absence of a deficit in
acquisition/consolidation, the initial strength of associa-
tion between the CS and the UCS was increased by prehabit-
uating the animals to the apparatus 24 hours before the
training trial (Experiment 3). In this situation, all of
the controls and all but one of the aluminum-treated
animals reached acquisition criterion on day 1 and the
remaining animal achieved criterion on day 2. In the
absence of a significant impairment of acquisition/consoli-
dation, the aluminum-treated animals still extinguished
significantly faster than controls, indicating that reten-
tion of the task was impaired independently of its initial
acquisition.

Bn increase 1in general motor activity could potential-
ly confound performance on passive avoidance and many other
behavioral tasks. Aluminum administered by other methods
has been reported to increase (Bowdler et al., 1979},
decrease (Commissaris et al., 1982; Thorne et al., 1986) or
produce no change (Bowdler et al., 1979; Commissaris et
al., 1982) in activity levels. In this study, activity
measurements did not reveal any significant difference
between groups when analyzed in 0-1-, 1-5- or O0-5-minute

intervals. The 0-l1l-minute interval was analyzed separately
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to exclude the possibility that an initial activity differ-
ence would be masked by the longer measurement period (0-5
minutes). That is, since extinction criterion in the pas-
sive avoidance task was set at an LTE of 1 minute or less,
even a brief increase in the initial activity, which would
be insignificant over the total interval (0-5 minutes),
could effect the measurement of the extinction of the
passive avoidance response.

Sensitivity to foot-shock could also influence the
performance of the rats on the behavioral tasks. Since the
acquisition of the active avoidance task and of the passive
avoidance task in Experiments 1 and 3 was similar between
the aluminum-treated and control animals, altered sensitiv-
ity does not appear to account for the differences between
the 2 groups in performance of the passive avoidance task.
No obvious signs of dehydration (skin turgor, ungroomed
fur, etc.) were present in the aluminum-treated animals at
the time of testing.

The lack of significant differences between the
treated and control ‘groups on radial arm performance,
active avoidance acquisition or retention, and acquisition
or extinction in passive avoidance Experiment 1 has several
possible interpretations. There are indications that 4if-
ferent neuronal subsystems are associated with the perform-
ance of different behavioral tasks. Unlike tasks such as
the radial arm maze which appear to be largely dependent
upon intact cholinergic hippocampal function (Eckerman,

Gordon, Edwards, MacPhail & Gage, 1979; Stevens, 1981},
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performance of the passive avoidance task seems to be
disrupted by lesions of several CNS regions. Hippocampal
(Winocur, 1985), striatal (Prado-Alcala, Fernandez-Samblan-
cat & Solodkin-Herrera, 1985) and basal forebrain (Altman,
Crosland, Jenden & Berman, 1985) lesions have all been
shown to effect passive avoidance performance. It is pos-
sible that the neuronal systems subserving passive avoid-
ance learning are more accessible or susceptible to alumi-
num toxicity than the systems underlying the learning and
retention of the other tasks.

The memory requirement of the task may also be impor-
tant in considering the effects of aluminum. The radial
arm maze is considered to be a measure of working memory
and 1is dependent upon an appetitive reinforcer (0Olton,
Becker & Handelmann, 1979) while the passive avoidance task
measures reference memory and utilizes a negative rein-
forcer. Also, in the passive avoidance paradigm, aluminum
was administered prior to training while in several of the
other tasks (active avoidance retention, radial arm maze),
animals were trained on the task before exposure to alumi-
num. Therefore, aluminum may interfere with the consolida-
tion and retention of new memory rather than alter the
retrieval of established memories acquired previous to
aluminum exposure. It should be noted however, that alumi-
num did not effect active avoidance acquisition which may
indicate that the different characteristics of each task
(multi wvs. single exposure to the UCS, go vs. no-go

response, etc.) may draw on different systems.
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In summary, administration of aluminum in a paradigm
that is relevant to in situ human exposure produces a
specific behavioral impairment in the rat. The next study
examines possible neurochemical substrates for this cogni-

tive change.
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ITI. STUDY 2: EFFECTS OF CHRONIC ORAL ALUMINUM SULFATE
ADMINISTRATION ON CHOLINERGIC FUNCTION

1. Introduction:

AL close association has been shown to exist between
cholinergic activity and cognitive function (Drachman,
1977; Spencer & Lai, 1983). In clinical studies, choline
acetyltransferase (ChAT) activity was found to be reduced
in the frontal and occipital cortex of hemodialysis
patients manifesting the symptoms of dialysis encephalo-
pathy (Perry et al., 1985). Neurochemical studies of
patients with the PD complex of Guam have revealed a reduc-
tion in ChAT and AChE activity in the neocortex and limbic
system. The degree of loss of cholinergic markers in these
areas correlated well with the presence of neurofibrillary
tangles (Chen & Yase, 1985). In Alzheimer's disease, de-
generation of the cholinergic system is the most pronounced
neurochemical abnormality (Davies & Maloney, 1%76; Bowen,
Benton, Spillane, Smith & Allen, 1982) and is highly cor-
related with the degree of dementia (Perry et al., 1978).
In experimental studies, memory loss similar to that ob-
served in normal aging has been induced in man by an injec-
tion of scopolamine (a muscarinic antagonist) (Drachman &
Leavitt, 1974). Rats and monkeys injected with muscarinic
antagonists have shown similar deficits in performance on

memory tasks (Bartus & Johnson, 1976; Drew & Miller, 1573;
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Swonger & Rech, 1972; see Spencer & Lai, 1983 for review).
The specific involvement of the cholinergic system in the
induction of these impairments has been demonstrated by
their reversal with physostigmine (an anticholinesterase)
but not with general CNS stimulants such as methylphenidate
(Bartus, 1978) or amphetamine (Drachman, 1977).

In order to determine if the cognitive deficits obser-
ved after aluminum sulfate treatment were related to im-
pairment of the cholinergic system, biochemical markers of
presynaptic (choline acetyltransferase activity; ChAT) and
postsynaptic (muscarinic receptor binding) cholinergic
integrity were measured. Receptor-coupled inositol phos-
pholipid hydrolysis after in vivo aluminum administration
was also measured because this second messenger system has
been shcwn tc be inhibited by aluminum added in vitro
{Johnson & Jope, 1986).

2. Methods:
Subjects:

Male, Sprague-Dawley rats (initially weighing 120-130
grams) were housed communally in a temperature (25°C) con-
trolled xoom, illuminated 0600 to 1800 hours. Treated
animals were maintained on drinking water containing 0.3%
aluminum f(as a 3.7% aluminum sulfate octadecahydrate solu-
tion; Mallinckrodt) ad libitum for 1 month. Standard rat
chow was provided to control and treated animals ad 1libi-
tum. During the last 3 weeks of aluminum administration,

the treated animals consumed 18.0 +/- 0.8 ml of aluminum
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solution per day per rat (2.0 mmoles of aluminum/day/rat)
and controls consumed 28.0 +/- 1.7 ml of water per day per
rat.

Choline Acetyltransferase:

ChAT activity was measured using the method of Fonnum
(1975). Homogenates of brain regions were incubated in
triplicate for 20 minutes at 37°C in buffer containing
[14C] acetyl-CoA (0.2 mM; ICN Radiochemicals), choline (10
mM) and eserine (1 mM). The reaction was terminated by
extraction of the synthesized [14Cl-acetylcholine into an
organic phase containing scintillation fluid.

Muscarinic Receptors:

The method of Vickroy et al. (1986) was employed to
measure muscarinic receptor binding in homogenates of brain
regions. Triplicate samples of homogenate were incubated
for 1 or 2 hours at 25“C in 2 ml of 10 mM phosphate buffer
containing 2.5 nM [3H] pirenzepine (3H-PZ; New England
Nuclear) or 0.60 nM [3H] quinuclidinyl benzilate (3H-QNB;
New England Nuclear), respectively. Incubations were ter-
minated by rapid filtration through Whatman GF/B filters
followed by a wash with 8 ml of ice cold buffer. Blanks
contained 1 mM atropine sulfate. Protein concentration 1in
the incubation tubes were 0.06 mg/ml and 0.03 mg/ml for 3H-
PZ and 3H-QNB binding, respectively.

Inositol Phospholipid Hydrolysis:

Phosphoinositide metabolism was determined by measure-

ment of [3HImyo-inositeol-l-phosphate (M1P) accumulation

using a modification of the method of Berridge, Downes, and
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Hanley (1982). Cortices or hippocampl were sliced (0.3 mm)
in 2 perpendicular directions using a Mcllwain tissue
slicer. The slices were washed several times and preincu-
bated for 60 minutes at 37°C in media (NaCl, 122 mM; KC1,
4.9 mM; MgSO4, 1.2 mM; NaHCO3, 3.6 mM; dextrose, 11 mM;
HEPES, 30 mM: bubbled with 95% CO2 for 20 minutes, pH
adjusted to 7.3 with NaOH) to restore energy balance.
Media was renewed after 30 minutes of preincubation.
Slices were then washed several times and incubated in 500
ml of media containing 0.53 uM myo-[2-3HJinositol (American
Radiolabelled Chemicals) and 10 mM LiCl for 60 minutes at
37<C. Carbachol (5 mM), norepinephrine (200 uM), K+ (25
mM), or media (basal) and CaCl2 (1.3 mM) was then added to
the prelabeled slices and incubated for 60 minutes. The
reaction was stopped by rapidly washing the slices twice
with 6 volumes of ice-cold media, and addition of 1.5 ml of
CHC13/MeOH/12N HC1l (1:2:0.01). After a 20-minute extrac-
tion period, 1.0 ml of chloxroform and 0.5 ml of H20 were
added and the lipid and aqueous phases were separated by
centrifugation. The 1lipid phase was dried overnight aﬁ
room temperature and counted in 5 ml of scintillation
fluid.

The aqueous phase was mixed with 0.5 ml of a 50% AGlxS8
slurry (formate form, BioRad) and 1.0 ml H20. The mixture
was vortexed and added to a 10 ml plastic column. The
resin was washed with 8 ml of 5 mM Na-tetraborate/60 mM Na-
formate and 6.0 ml of 200 mM NH4-formate in 0.1 M formic

acid (to elute inositol monophosphate; Mi1P). Ten ml of
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scintillation fluid was added to the final eluate and the
radiocactivity was determined.
Protein determination:

Protein concentration was determined by the method of
Lowry, Roseborough, Farr, and Randall (1951).

3. Results:

There were no significant differences of ChAT activity
between the aluminum-treated animals and controls in either
the cortex or the hippocampus (Table 2). Muscarinic recep-
tor number as determined by [3H]-PZ and [3H]-QNB binding
was similar in the cortex of control and aluminum-treated
rats. Although the Bmax of 3H-PZ binding in the hippocam-
pus was not different between groups, there was a small
(10%), Dbut significant (p < 0.05) increase in the Bmax of
3H-QNB binding in the hippocampus of the aluminum-treated
rats compared with controls.

Inositol phospholipid hydrolysis demonstrated a simi-
lar resistance to aluminum treatment. Basal, carbachol (5
mM), norepinephrine (200 uM) and K+ (25 mM) stimulated
production of [3MIM1P were not significantly different in
cortical or hippocampal slices from the aluminum-treated
rats compared with controls (Fig. &).

4. Discussion:

Blthough no general effects of aluminum on cholinergic
function were found, a small increase in hippocampal mus-
carinic receptor number was observed,. This may reflect a
slight decline in hippocampal cholinergic presynaptic ac-

tivity. However, the results indicate that the aluminum
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Table 2: Effects of chronic oral aluminum sulfate treatment on cholinergic
markers. ChAT activity and radioligand binding assays were carried out as
described in Methods. Values are expressed as mean +/- S.E.M. in

nanomoles/minute/mg protein for ChAT and femtomoles/mg protein for radioligand
binding assays. *p < 0.05.
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Figure 4: Effect of aluminum sulfate administration (30
days) on phosphoinositide hydrolysis. Rat cortical or
hippocampal slices were prelabeled with [3Hl-inositol and
the release of [3H]1-M1P was measured as described in
Methods. Data are expressed as the percent [3H]-M1P/[3H]-
lipids +/- S.E.M, Open bars represent control rats (n =
4), and shaded bars represent aluminum-treated rats (n =
4).
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treatment did not lead to cholinergic degeneration since
ChAT activity, carbachol-stimulated phosphoinositide hydro-
lysis and binding of another ligand (3H-PZ) were unaffect-
ed. The inability of aluminum to effect other cholinergic
parameters in the hippocampus is consistent with the normal
performance by the aluminum-treated animals on the radial
arm maze (Study 1) as this task has been shown to be depen-
dent upon normal hippocampal cholinergic function (Eckerman
et al., 1979; Olton et al., 1979; Stevens, 1981).

Although in vitro aluminum inhibits carbachol-induced
hydrolysis of inositol phospholipids in brain slices
(Johnson & Jope, 1986), no inhibition was observed follow-
ing chroniec in vivo administration of aluminum. This
indicates that an irreversible alteration of this receptor-
coupled system did not occur with this treatment. Prepara-
tion and washing of the brain slices during the assay may
have removed the aluminum from the slices, masking a direct
effect. Alternately, a longer treatment period may be
required to expose the CNS to sufficient aluminum to induce
an irreversible effect on this system. An initial shock oxr
trauma to the tissue prior to aluminum exposure (such as
changes in membrane fluidity or cell metabolic activity) as
may occur in the preparation of brain slices for the phos-
phoinositide assay and in some clinical situations (e.g.,
Alzheimer's disease, dialysis encephalopathy) could also be
necessary to make the neurons more susceptable tc¢ aluminum

toxicity.
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IV. STUDY 3: REVERSAL OF A BEHAVIORAL DEFICIT INDUCED BY
CHRONIC QRAL ALUMINUM SULFATE

1. Introduction:

The neurological 1lesions of Alzheimer's disease and
the Parkinson-dementia of Guam are generally considered
irreversible with our current level of knowledge. However,
several methods for reversing the pathology of dialysis
encephalopathy have been +tried with wvarying success.
Reduction 1in the exposure of dialysis patients to aluminum
through discontinuation of the oral aluminum hydroxide gels
and removal of aluminum from the dialysis fluid by the use
of a deionizer has reduced the number of encephalopathy

cases and in some instances induced partial remission of an

already present encephalopathy (Poisson et al., 1978;
Masselot et al., 1978; Poisson et al., 1979; Rozas & Port,
1279; Wallace, 1981; Platts, 1980). Similarly, in

aluminum-loaded animals with normal renal function, spon-
taneous elimination of aluminum from tissues can occur but
does so very slowly (Verbeelen, Smeyers-Verbeke, Van Hooff,
Van Der Straeten & De Roy, 1986).

A far more efficent way to treat the dialysis encepha-
lopathy syndrome is by using chelators to facilitate alumi-
num Tremoval. The most clinically effective chelator at
present is deferoxamine (DFO) (RAckrill & Day, 1985; Swartz,

1985). DFO is a byproduct of the mold Streptomyces and was
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originally used to treat iron overload in dialysis patients
(see Pippard & Callender 1983 for review). It was subse-
quently shown that DFO is also effective in removing alumi-
num and reducing the symptoms of encephalcocpathy in a dialy-
sis patient (Ackrill, Ralston, Day & Hodge, 1980). Recent
studies have confirmed and expanded this finding (Ciancioni
et al., 1984; Payton, Junor & Fell, 1984; Hercz, Salusky,
Norris Fine & Corburn, 1986; Warady et al., 1986). In
cases where hemofiltration alone did not improve dialysis
encephalopathy or increase aluminum removal, co-treatment
with DFO significantly reduced the patient's symptoms after
only & infusions (Pogglitsch et al., 1981). The inability
of hemofiltration alone to remove aluminum is probably due
to the metal's tendency to bind to serum proteins such as
albumin and transferrin and to sequester in bone and tis-
sue. DFO can detach aluminum from these proteins and allow
removal of the metal by dialysis (Leung, Hodsman, Muirhead
& Henderson, 1985). Infusion of DFO also increased plasma
aluminum levels in patients removed from aluminum exposure,
indicating that DFO is able to mobilize aluminum from body
tissue stores (Ackrill, Ralston & Day, 1986). Intravenous
(i.v.), intramuscular (i.m.) or intraperitoneal (i.p.)
injection of DFO were all seen to be effective in producing
aluminum mobilization and removal (Molitoris et al., 1987).

In experimental studies, DFO increased the survival
and aluminum excretion in the urine and feces of animals
injected i.p. with aluminum nitrate {(Domingo, Llobet, Gome:z

& Corbella, 1986). DFO infusion was also effective in

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



47

removing aluminum from the tissues of rabbits given sub-
chronic subcutaneous injections of aluminum (Melograna &
Yokel, 1983; 1984). The average reduction in aluminum
levels from the organs examined in this study was 26%
compaired to a theoretical maximum of 39% if all the DFO
infused had chelated with aluminum. This demonstrates that
DFQO can be quite efficient as well as effective in reducing
aluminum tissue burden.

In study 1, impaired performance of rats on a passive
avoidance task was found after adminstration of a 3.7%
aluminum sulfate solution in the drinking water for 1
month. The final study tests the reversibility of this
behavioral impairment by (i) discontinuing aluminum admin-
istration for a 2-week period prior to and thrcughout
testing and {(ii) injection of DFO in addition to the is-

continuation of aluminum administration.

2. Methods:
Subjects:

Male, Sprague-Dawley rats (initially weighing 120-140
grams) were housed communally in a temperature (25<C) and
light (12 hour light/dark cycle) controlled room. Stan-
dard rat chow was provided to control and treated animals
ad libitum throughout the study.

Aluminum and DFO Treatment:

All aluminum-treated animals were maintained on water
containing 0.3% aluminum (as a 3.7% aluminum sulfate octa-
decahydrate solution; Mallinckrodt) for an initial 4-week

period.
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Bnimals were randomly divided into 7 groups as follows
(see Table 3):
Group 1: (C) Controls were maintained on tap water ad
libitum for the initial 4-week treatment period and
throughout the study. Behavioral testing was begun at the
end of the &4-week period.
Group 2: (DEP) Water-deprived controls were maintained on
tap water throughout the study but were yoked by fluid
consumption to the aluminum treated animals (see Table 4).
Testing was begun at the end of the &4-week period.
Group 3: (C+D) Control animals were allowed access to tap
water as per group 1. Aftexr the initial 4-week period
animals were injected i.p. with DFO (75mg/kg) every other
day during the fifth week (4 injections). Animals were
then allowed a further week (week 6) prior to behavioral
testing to match the treatment schedules of groups 4, 5,
and 6.
Group 4: (DH) Aluminum-treated animals injected with a high
dose of DFO were maintained on drinking water containing
3.7% aluminum sulfate for a 4-week period. The drinking
solution was then changed to tap water and the rats were
injected with DFO (75mg/kg) as described for group 3.
Animals were continued on tap water for a sixth week prior
to testing and throughout the testing period.
Group 5: (DL) Aluminum-treated animals injected with a low
dose of DFO were treated as described for group & except a

lower dose of DFO was injected (30 mg/kg).
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Table 4. Effects of aluminum administration on fluid
consumption and body weight gain. Data expressed as (ml) /

(grams) per day per rat. Groups are as described in

methods (see also Table 1). Data expressed as means +/-
std. dev..

16
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Group 6: (ALW) Aluminum-treated animals with a "wash-out"
period were maintained on the aluminum sulfate solution for
4 weeks as above and were then switched to, and continued
on, tap water at the end of the &4-week treatment periocd.
During the fifth week this group was injected with saline
i.p. in a volume and schedule to match group 4&. Animals
were allowed a further week on tap water (week 6! prior to
behavioral testing.

Group 7: (AL) Aluminum-treated animals were administered
the aluminum-sulfate solution throughout the treatment and
testing periods. Behavioral testing was begun immediatly
after the initial 4-week treatment period.

Open Field Activity:

General motor activity was measured prior to passive
avoidance training. An open field apparatus was utilized,
consisting of an 80 x 80 cm square base divided into six-
teen 20 x 20 cm blocks, surrounded by a 45 cm high opagque
wall.

At the begining of the measurment period, the animal
was placed in the middle of the field and activity was
measured from 0 to 1 minute and 1 to 5 minutes. Horizontal
activity was measured as the number of hindlimb crossings
between blocks and vertical activity as the number of
rearings.

Passive Avoidance:

A Lafayette model 12970 passive avoidance device was

utilized. The apparatus consisted of a runway (25 x 7 cm),

illuminated by a 60-watt incandescent light, separated by a
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manually operated guillotine door from a black plexiglass
box (46 x 40 x 17 cm) having a grid floor through which a
scrambled foot-shock (unconditioned stimulus; UCS) could be
delivered.

Animals were placed on the runway facing away from the
open guillotine door and allowed to turn and enter the dark
chamber. The guillotine door was then closed and the rat
allowed to habituate in the apparatus for 3 minutes.
Twenty-four hours later the procedure was repeated except a
4-second, 0.8 mAR scrambled foot-shock was administered
through the floor grid 40 seconds after closing the guillo-
tine door. Thirty seconds after UCS administration, the
subject was returned to the home cage. RAnimals were tested
at 24-hour intervals wuntil extinction criterion was
achieved.

Acquisition and extinction were assessed by the laten-
cy to enter (LTE) the dark box. The maximum latency was
set at 5 minutes. Acquisition crtierion was reached when
the 1rat withheld entry for the maximum latency period.
Extinction criterion was achieved when the rat entered the
dark box in less than 1 minute on 3 out of 4 consecutive
days. The number of days to acquire the task and the
number of days to reach extinction criterion were compared
among groups.

Data Analysis:

One-way analysis of variance (ANOVA) was employed to

assess treatment effects on activity levels (open field)

and on the number of days to reach acquisition and
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extinction criteria (passive avoidance). Post-hoc analysis
of significant ANOVA was preformed wutilizing Duncan's
multiple range test (significance set at 95% confidence
level).

3. Results:

Fluid consumption and body weight:

Animals maintained on the aluminum sulfate solutions
during the 4-week treatment period showed an initial sup-
pression of fluid consumption and weight gain which improv-
ed over time (Table 4). When the drinking solution was
changed from the aluminum solution to tap water, all alumi-
num-treated animals demonstrated increased fluid consump-
tion up to, but not beyond, control levels. Fluid intake-
yvoked control animals (DEP) showed weight gains similar to
the aluminum-treated group (ARL).

Open field activity:

No significant difference between groups was seen 1in
the O0O-l1-minute or 0-5-minute time periods for horizontal
(F=1.8, p>.1 and F=1.0, p>.& respectively) or vertical
(F=.83, p>.5 and F=.28, p>.9 respectively) activity (Table
5).

Passive avoidance:

All but 1 of the 49 animals achieved acquisition
criterion on day 1. The remaining rat (from the DL group)
did not reach criterion by day & and was dropped from the
study.

The number of days to reach extinction criteria was

profoundly influenced by the various treatments (Fig. 5).
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Table 5.
activity.
(vertical)

Effects of aluminum administration on open field
Number of crossings (horizontal) and rearings
in a 1l-minute and 5-minute period. Groups are

as described in methods (see also Table 1). Data expressed
as means +/- std. error.
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Figure 5: Reversal of the effect of aluminum sulfate
administration on extinction of a learned passive avoidance
response. Animals were treated as described in methods
(see also Table 1). Treatment groups were as follows: C =
control, DEP = water-deprived controls, C+D = controls
given DFO, DH = aluminum-treated animals injected with a
high dose of DFO, DL = aluminum-treated animals injected
with a low dose of DFO, ALW = aluminum-treated animals
wihtdrawn from the aluminum sulfate solution prior to
testing, AL = animals maintained on aluminum throughout the
study. Extinction criterion was achieved when an animal
entered the dark chamber in under one minute (LTE < 1
minute) on 3 out of 4 consecutive days. (ANOVA analysis:
p<0.0001).
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Statistical analysis revealed a marked overall group effect
(F= 22.7, p<0.0001). Animals treated continuously with
aluminum (Al) extinguished significantly faster than all
other treatment groups (p<0.05). This effect was not sec-
ondary to a decrease in fluid intake since the number of
days to extinction was similar between the CON and the DEP
groups.

The reduction in the number of days to extinction
criterion caused by aluminum administration was completely
reversed by withdrawl of the aluminum treatment when com-
bined with injection of +the high dose of DFO (DH).
Although the DH group performed slightly better than con-
trols neither group was statistically different from the
controls given DFO (C+D) or the DEP group (p>0.05). The
lower dose of DFO (DL) significantly improved performance
of aluminum-treated animals compared to the Al group, but
did not return the behavior to control levels (P<0.05)}.
Insertion of the 2-week washout period alone (AlW), also
resulted in improved performance when compared to the Al
group, but not to the extent demonstrated by either of the
drug treatment groups (p<0.05).

4. Discussion:

The present study confirms the findings of Study 1
that chronic oral aluminum sulfate administration leads to
a faster extinction of the learned response in this passive
avoidance paradigm. Developmental effects induced by the
lower fluid intake of the aluminum-treated animals did not

appear to account for the behavioral deficit since the
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water-yoked controls (DEP) performed at normal levels.
Also, the 1improved performance of animals withdrawn from
the aluminum sulfate solution (AlW) provides further
evidence that the impairment is not a developmental phenom-
enon. The possibility that the behavioral impairment was
due to a simple dehydration/rehydration effect was dis-
counted since returning aluminum-treated animals to control
levels of performance required a high dose of DFO and was
not seen by simply removing the aluminum sulfate solution
during the 2-week "wash-out" period. The performance of
the DEP group also showed that any dehydration due to the
reduction in fluid intake did not impair performance on the
passive avoidance task. Finally, no signs of dehydration
(skin turgor, lack of grooming, etc.) were detectable in
any of the animals at the time of testing.

The lack of any significant differences in open field
activity at any of the time periods measured supports the
conclusion that the toxic effects of aluminum are not due
to nonspecific mechanisms (Table 5). Although not measured
in this study, the results from Study 1 indicate that there
is no apparent difference in sensitivity to footshock be-
tween the control and aluminum-treated groups. Similarly,
a DFO induced change in shock-sensitivity was not apparent
since DFO had no effect on the extinction of control
animals (CON vs C+D).

Injection with DFO reversed the behavioral impairment
caused by aluminum treatment in a dose dependent manner

(Fig. 5). The large variance in the DL group may indicate
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individual animal differences in susceptibility to aluminum
or to the drug treatment. The administration of a high
dose of DFO to the aluminum exposed animals improved their
mean performance slightly above control levels (CON vs DH),
but did not have any significant effect on rats not exposed
to aluminum (CON vs C+D). When the DFO injected control
and aluminum-treated high dose DFO groups were compared
(C+D vs DH), no statistical difference was found. It is
apparent, therefore, that DFO exerts its effect by removing
aluminum from the animal's system and not through non-
specific mechanisms. This view is strenghtened by the
inclusion of a l1-week period between the last DFO injection
and the beginning of the passive avoidance task since DFO
has been shown to have a short metabolic half life in the
dog (t1/2= 75 minutes) and is rapidly excreted in the rat
(Peters, Keberle, Schmid & Brunner 19€6). Human hemo-
dialysis patients demonstrated a greater than 90% reduction
in plasma DFO levels within the first hour after DFO infu-
sion (Onc et al., 1986). The presence of DFO in the animal
after the sixth week is therefore very doubtful.

In summary, the behavioral deficits reportgd in Study
1 have been confirmed and can be reversed by injection of
an aluminum chelator. Some impiovement in retention was
produced by removing aluminum from the animal's water dur-
ing a "wash-out" period but injection with a chelator was
required to return the behavior of the aluminum-treated
animals to control levels. The behavioral deficits and

their reversal do not appear to be due to developmental or
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nutritional influences but rather to a reversable toxic

effect of the aluminum administration.
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V. CONCLUSIONS:
1. Summary:

The results of this dissertation can be summarized as
follows:

1.) Chronic oral aluminum sulfate administration induced a
specific deficit in the acquisition/consolidation and re-
tention of a passive avoidance task.

2.) No behavioral impairments were noted on open field
activity, active avoidance or on the radial arm maze task.
3.) Chronic oral aluminum sulfate administration did not
lead to cholinergic degeneration or effect phosphoinositide
hydrolysis.

4.) The behavioral impairment caused by this treatment was
reversible by administration of an aluminum chelator.

These results demonstrate the potential for neurotoxic
effects of aluminum utilizing a treatment paradigm that is
relevant +to in situ human exposure. The reversibility of
this model suggests that it may be relevant to the study of
dialysis encephalopathy or the early stages of AD and PD.
In the final section of this dissertation, these results
will be discussed with regard to the aluminum related
clinical disorders and implications for future research.

2. Implications for Future Research:

As discussed in the general introduction, aluminum

toxicity has been related to dialysis encephalopathy, the
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Parkinson-dementia (PD) complex of Guam and Alzheimer's
disease. In all of these disorders, elevated levels of
aluminum have been found in the whole brain or in CNS
morphological abnormalities associated with the disease.
The characteristic neurofibrillary tangle formation seen in
Alzheimer's disease and the PD syndrome is generally not
observed in dialysis encephalopathy. Recent work however
has shown that excess tangle formation can also occur in
some cases of dialysis encephalopathy (Scholtz, Swash,
Gray, Kogeorgos & Marsh, 1987). Although the nature of the
tangle formation (unpaired, paired, etc.) and characteris-
tics of these tangles (staining, antibody binding, etc.)
may vary, there is evidence that thz tangles from P and
Alzheimer's disease patients may result from a common pre-
cusor (Guirocy et al., 1987). The differences between the
tangles in these three diseases may result from different
rates of, levels of, and/or routes of exposure to aluminum.
Other disease states that may be co-present with the alumi-
num exposure may also influence the development and nature
of these disoxrders. For example, in dialysis patients,
onset of dialysis encephalopathy is often correlated with
sudden hospitalization (immobilization stress), surgery, or
other physiological stressors (Arieff, 1985). In the case
of the PD of Guam, other neurotoxins present in the diet
(B-N-methylamino-L-alanine, BMAA) as well as other causa-
tive factors, may interact with aluminum toxicity to influ-
ence the course of the degenerative process (Spencer et

al., 1987). However, for all the variations in clinical
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and morphological presentation, aluminum seems to be a
common denominator amoung these diseases.

Support for the common aluminum based etiology of
these disorders is found in experimental studies. Neuro-
fibrillary tangles and an encephalopathy-like syndrome has
been induced in rabbits after intracisternal injection of
aluminum salts. These tangles are morphologically differ-
ent than those manifest in AD but similar to those in ALS.
This may be due to species-specific differences in response
to aluminum or related to the exposure factors mentioned
above. Rodents are generally believed to be resistant to
this effect, but a recent study has shown development of
encephalopathy-like symptoms after i.c.v. injection of
aluminum tartrate to rats (Lipman, Colowick, Lawrence &
Abumrad, 1988). Although neurofibrillary tangles have
still not been investigated in detail in rodents, it should
be noted that the presence of tangles in dialysis encepha-
lopathy is also quite variable and again may be related to
the type of exposure (acute, high dose) of both populations
compared to that associated with PD and Alzheimer's disease
(chronic).

The interrelationship of the three clinical diseases
as discussed above, suggests future directions for utiliza-

tion of this model in the investigation of human cognitive

disorders. Co-administration of a neurotoxin (BMAR),
lesion of a particular brain region {(e.g., nucleus basalis
magnocellularis), disruption of synaptic activity (eg.

electroconvulsive shock) or other stressors may increase
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the wvunerability of the associated neuronal system to
aluminum toxicity and produce manifestation of a symptom-
atology {including morphological changes) similar to that
seen in humans. In this view, the lack of effect of alumi-
num on some of the behavioral tasks in Study 1 can be quite
useful. For example, AF64A (a cholinergic-specific neuro-
toxin) has been shown to be able to induce a dose dependent
decrease in ChAT activity (Johnson et al., in preperation)
and performance on an active avoidance task (Connor, unpub-
lished observations). Utilization of this neurotoxin in a
low dose may allow us to target the neuronal population
associated with performance on the active avoidance task
and make them more susceptable to aluminum's toxic effects.
This enhanced toxicity could be monitored by both biochemi-
cal (ChAT) and behavioral (active avoidance) measures. The
chronic, oral aluminum sulfate administration paradigm,
which mimics 1 type of human in situ aluminum exposure, in
combination with a variety of neurotoxins and/or lesioning
techniques, may provide us with even more viable model
systems for studying the patholcgy of the aluminum-asso-
ciated clinical disorders as well as enlightening us as to

the relations between these disecase states.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



REFERENCES

Ackrill, P., Ralston, A.J., Day, J.P., & Hodge, K.C.
(1980). Successful removal of aluminum from patient with
dialysis encephalopathy. Lancet, 2, 692-693.

Ackrill, P., & Day, J.P. (1985). Desferrioxamine in the
treatment of aluminum overload. Clinical Mephrology, 24,
Suppl.l, S94-597.

Ackrill, P., Ralston, A.J., & Day, J.P. (1986). Role of
deferrioxamine in the treatment of dialysis encephalopathy.

Kidney International, 2%, Suppl.18, S104-S107.

Alfrey, A.C., Le Gendre, G.R., & Kaehny, W.D. (1976). The
dialysis encephalopathy syndrome. The New England Journal
of Medicine, 294 (&), 184-188.

Alfrey, A.C. (1984). Aluminum toxicity. Bulletin of the New
York Academy of Medicine, 60, 210-212.

Alfrey, A.C. (1985). Dialysis encephalopathy. Clinical
Nephrology, 24, Suppl.l1, S15-S19.
Alfrey, A.C. (1986a). Dialysis encephalopathy. Kidnevy In-

ternational, 29, Suppl.18, S$S53-S857.

Alfrey, A.C. (1986b). Aluminum. In W. Mertz (Ed.), Trace
Elements in Human and Animal Nutrition, Vol. 2 (pp.399-
413). Florida: Academic Press.

Altman, H.J., Crosland, R.D., Jenden, D.J., & Berman, R.F.
(1985). TFurther characterization of the nature of the be-
havioral and neurochemical effects of lesions te the Nu-
cleus Basalis of Meynert in the rat. Neurobiology of Aging,

6, 125-130.
Arieff, A.I1., Cooper, J.D., Armstrong, D., & Lazarowitz,
V.C. (1979). Dementia, renal failure and brain aluminum.

Annals of Internal Medicine, 90, 741-747.

Arieff, A.I. (1985). Aluminum and the pathogenesis of dial-
ysis encephalopathy. American Journal of Kidney Diseases,
6(5), 317-321.

Bannwarth, B., Gaucher, A., Burnel, D., & Netter, P.
(193¢<). Longterm sucralfate therapy. Journal of Rheumatol-

ogy 13(6), 1187.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



69

Bartus, R.T., & Johnson, H.R. (1976). Short term memory in
the rhesus monkey: disruption from the anti-cholinergic
scopolamine. Pharmacology Biochemistyy and Behavior, 5, 39-
&6.

Bartus, R.T. (1978). Evidence for a direct cholinergic
involvement in the scopolamine induced amnesia in monkeys:
effects of concurrent administration of physostigmine and
methylphenidate with scopolamine. Pharmacology Biochemistry
and Behavior, 9, 833-836.

Bellorin-Font, E., Weaver, M.E., Stokes, T.J., McConkevy,
C., Slatopclsky, E., & Martin, K.J. (1985). Effects of

aluminum on bovine parathyroid adenylate cyclase. Endocri-
nology, 117(&), 1456-1461.
Berridge, M.J., Downes, C.P., & Hanley, M.R. (1582).

Lithium amplifies agonist-dependent phosphatidylinositaol
responses in brain and salivary glands. Biochemical Jour-
nal, 206, 587-595.

Blackmore, P.F., Bocckino, S.B., Waynick, L.E., & Exton,
J.H. (1985). Role of a guanine nucleotide-binding regula-
tory protein in the hydrolysis of hepatocyte phosphatidyl-
inositol 4,5-Biphosphate by calcium-mobilizing hormones and
the control of cell calcium. The Journal o¢of Biological
Chemistyy, 260(27), 14477-14483.

Blessed, G., Tomlinson, B.E., & Roth, M. (1968). The asso-
ciation between quantitative measures of dementia and of
senile change in the cerebral grey matter of elderly sub-

jects. British Jourpnal of Psvchiatry, 114, 797-811.

Boegman, R.J., & Bates, L.A. (1984). Neurotoxicity of alu-
minum. Canadian Journal of Physiologv and Pharmacology, 62,
1010-1014.

Bowen, D.M., Benton, J.S., Spillane, J.A., Smith, C.C.T., &
Allen, S.J. (1982). Choline acetyltransferase activity and
histopathology of frontal neocortex from biopsies of
demented patients. Journal of the Neuroleogical Sciences,
57, 191-202.

Bowdler, N.C., Beasley, D.S., Fritze, E.C., Goulette, A.M.,
Hatton, J.D., Hession, J., Ostman, D.L., Rugg, D.J., &
Schmittdiel, C.J. (1979). Behavioral effects of aluminum
ingestion on animal and human subjects. Pharmacology, Bic-
chemistry and Behavior, 10, 505-512.

Candy, J.M., Klinowski, J., Perry, R.H., Perry, E.K., Fair-
bairn, A., Okley, A.E., Carpenter, T.A., Atack, J.R.,
Blessed, G., & Edwardson, J.A. (1986). Aluminosilicates and
senile plaque formation in Alzheimexr's disease. Lancet, 1,
354-357.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



70

Chen, KXK.M., & Yase, Y. (1985). Parkinsonism-Dementia,
neurofibrillary tangles, and trace elements in the western
pacific. In: J.T. Hutton and A.D. Kenny (Eds.), Neurologvy
anc Neurobioclogy., Vel 18, Senile Dementia of the Alzheimer
Type (pp. 153-173), New York: Alan R. Liss.

Ciancioni, €., Poignet, J.L., Naret, C., Delons, S.,
Mauras, Y., Allain, P., & Man, N.K. (1984).Concomitant
removal of aluminum and iron by haemodialysis and haemo-
filtration after desferrioxamine intravenous infusion. PROC

EDTA-ERA, 21, 469-473.

Commissaris, R.L., Cordon, J.J., Sprague, S., Keiser, J.,
Mayor, G.H., & Rech, R.H. (1982). Behavioral changes in
rats after chronic aluminum and parathyroid hormone admin-
istration. Neurobehavioral Toxicology and Teratclogy, &,
403-410.

Crapper, D.R., & Dalton, A.J. (1973). Alterations in short
term retention, conditioned avcidance response accquislition
and motivation following alumlnum induced neurofibrillary

degeneration. Physiology and Behavioxr, 10, 925-933.

Crapper, D.R., Krishnan, S8.S5., & Quittkat, S. (1976).
Aluminum, neurofibrillary degeneration and BAlzheimer's
disease. Brain., 99, 67-80.

Crapper-MclLachlan, D.R., Van Dam, T., Farnell, B.J., &
Lewis, P.N. (1983). Aluminum inhibition of ADP- ribosylation
in vivo and ip vitro. Neurobehavioral Toxicologvy and Tetra-
tology, 5, 645-647.

Crapper-McLachlan, D.R., & Farnell, B.J. (1985) Aluminum

and neuronal degeneration. In: S. Gabay, J. Harris and
B.T. Ho (Eda.), Neurology and Neurobiology, Vol. 15, Metal

Ions in Neurology and Psvchiatry (pp. 69-87). New York:
Alan R. Liss,

Crapper-McLachlan, D.R. (1986) Aluminum and BAlzheimer's
disease. Neurcbiology of Aging, 7, 525-532.

Davies, P., & Maloney, A.J.F. (1976). Selective loss of
central Cholinergic neurons in BRlzheimer's disease. Lancget,
2, 1403.

Dean, R.L., & Bartus, R.T. (1985). Animal models of
geriatric cognitive dysfunction: evidence for an important
cholinergic involvement. In J. Traber and W.H. Gispen (Ed.)

Senile Dementia of the Alzheimer Type, (pp. 269-282).
Springer-Verlag

bomingo, J.L., Llobet, J.M., Gomez, M., & Corbella, J.
(1986). Acute aluminum intoxication: A study of the
efficacy of several antidotal treatments in mice. Research

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



71

Communications in Chemical Pathology and Pharmacology, 53,
93-103.

Drachman, D.A., & Leavitt, J. (1974). Human memory and the
Cholinergic System. Archives of Neurology, 30, 113-121.

Drachman, D.A. (1977). Memory and cognitive function in
man: Does the cholinergic system have a specific role?

Neurology, 27, 783-790.

Drew, W.G., & Millexr, L.L. (1973). Effects of THC, LSD-25
and scopolamine on continuous, spontaneous alteration in

the Y-maze. Psychopharmacologia, 32, 171-182.
Driscoll, C.T. (1985). Aluminum in acidic surface waters:

Chemistry, transport and effects. Environmmental Health
Perspectives, 63, 93-104.

Ebina, Y., Okada, S., Hamazaki, S., & Midorikawa, O.
(1984). Liver, kidney and central nervous system toxicity
of aluminum given intraperitoneally to rats: a multiple-
dose subchronic study using aluminum nitrilotriacetate.

Toxicology and Applied Pharmacology, 75, 211-218.
Eckerman, P., Gordor, W., Edwards, J., MacPhail, R., &
Gage, M. (1979). Effects »f scopolamine, pentobarbitol and

amphetamine on radial arm maze performance in the rat.
Pharmacology Biochemistrvy and Behavior, 12, 595-603.

Elizan, T.S., Hirano, A., Abrams, B.M., Need, R.L., Van
Nuis, C., & Kurland, L.T. (1966). BAmyotrophic Lateral
Sclerosis and Parkinsonism-dementia complex of Guam.

Bxchieves of Neuroclogy, 14, 356-368.

Fonnum, F. (1975). A rapid radiochemical method for the
determination of choline acetyltransferase. Journal of

Neurochemistyrvy. 24, 407-409.

Garruto, R.M. (1985). Elemental insults provoking neuronal
degeneration: The suspected etiology of high incidence
amytrophic lateral sclerosis and Parkingson-Dementia of
Guam. In J.T. Hutton and A.D. Kenny (Eds.), Senjile dementia
of the Alzheimer tvpe, (pp.319-336). New York:Alan R. Liss.

Greger, J.L., Bula, E.N., & Gum, E.T. (1985). Mineral
metabolism of rats fed moderate levels of various aluminum

compounds for short periods of time. Journal of Nutxition,
115(12), 1708-1716.

Guiroy, D.C., Mivazaki, M., Multhaup, G., Fischer, P.
Garruto, R.M., Beyreuther, K., Masters, C.L., Simms, G.,
Gibbs, ¢€.J., & Gajdusek, D.C. (1987). Bmyloid of neuro-
fibrillary tangles of Guamanian parkinsonism-dementia and
Alzheimer disease share identical amino acid sequence.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



72

Proceedings of the National Academy of Science, 84, 2073-
2077.

Haram, E.M., Weberg, R., & Berstad, A. (1987). Urinary
excretion of aluminum after ingestion of sucralfate and an
aluminum-containing antacid in man. Scandanavian Journal of
Gastroentexrology, 22, 615-618.

Hercz, G., Salusky, I.B., Norris, K.C., Fine, R.N., &
Corburn, J.W. (1986). Aluminum removal by peritoneal dialy-
sis: Intravenous vs. intraperitoneal deferoxamine. Kidney

International, 30, 944-948.
Hetnarski, B., Wisnienski, H.M., Igbal, K., Dziedzic, J.D.,
& Lajtha, A. (1980). Central cholinergic activity in al-

uminum induced neurofibrillary degeneration. Annals of

Neurology, 7, &89-490.

Jack, R., Rabin, P.L., & McKinney, T.D. (1984). Dialysis
Encephalopathy A rev1ew International Journal of Psychia-
try in Medicine, 13, 309-326

Johnson, G.V.W., & Jope, R.S.(1986). Aluminum impairs glu-
cose utlllzatlon and cholinergic activity in rat brain in

vitro. Toxicology, 40, 93-102.

Johnson, G.V.W., & Jope, R.S. (1987). Aluminum alters cyc-
lic AMP and cyclic GMP levels but not presynaptic cho-
linergic markers in rat brain in vivo. Brain Research, 403,
1-6.

Karlik, S8.J., Eichhorn, G.L., Lewis, P.N., & Crapper, D.R.
(1980). Interaction of aluminum species with deoxyribonu-

cleic acid. Biochemistrv, 19, 5991-5998.

Katada, T., Bokoch, G.M., Northup, J.K., Ui, M., & Gilman,
A.G. (1984). The inhibitory guanine nucleotide-binding
regulatory component of adenylate cyclase. The Journal of
Biological Chemistry, 259, 3568-3577

Katzman, R. (1986). Alzheimer's disease. The New England
Journal of Medicine, 314, 964-973.

King, G.A., DeBoni, U., & Crapper, D.R. (1975). Effect of
aluminum upon conditioned avoidance response acquisition in
the absence of neurofibrillary degeneration. Pharmacologyv
Biochemistrv and Behavior, 3, 1003-1009.

Koenig, M.L., & Jope, R.S. (1987). Aluminum inhibits the
fast phase of voltage-dependent calcium influx in synapto-

somes. Journal of Neurochemistry, 49, 316-320.

Kosik, K.S., Bradley, W.G., Good, P.F., Rasool, C.G., &
Selkoe, D.J. (1983). Cholinergic function in lumbar

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



73

aluminum myelopathy. Journmal of Neuropatholosy and Experi-
mental Newurology, 42, 365-375.

Lai, J.C.K., Guest, J.K., Leung, T.X., Lim, L., & Davison,
A.N. (1980). The effects of cadmium, manganese and aluminum
on sodium-potassium-activated and magnesium-activated aden-
osine triphosphatase activity and choline uptake in rat

brain synaptosomes. Biochemical Pharmacology, 29, 141-146.

Lai, J.C.K., Lim, L., & Davison, A.N. (1981). Differences
in the inhibitory effect of Cd, Mn, and Al on the uptake of
dopamine by synaptosomes from forebrain and from striatum

of the rat. Biochemical Pharmacology, 30, 3123-3125.

Lai, J.C.K., Lim, L., & Davison, A.N. (1982). Effects of
Cd, Mn, and 1Al on rat brain synaptosomal uptake of nor-
adrenaline and serotonin. Journal of Inorganic Biochemics-
txy, 17, 215-225.

Lai, J.C.K., & Blass, J.P. (1984). Inhibition of brain
glycolysis by aluminum. Journal of Neurochemistrvy, 42, 438-
L46.

Leung, F.Y., Hodsman, A.B., Muirhead, N., & Henderson, A.R.
(1985). Ultrfiltration studies in vitro of serum aluminum
in dialysis patients after deferoxamine chelation therapy.
Clinical Chemistrvy, 31, 20-23.

Lipman, J.J., Colowick, S.P., Lawrence, P.L., & Abumrad,
N.N. (1988). Aluminum induced encephalopathy in the rat.

Life Sciences, 42, 863-875.

Lowry, O.H., Roseborough, N.J., Farr, A.L., & Randall, R.J.
(1951). Protein measurement with the folin phenol reagent.

Journal of Biological Chemistrvy, 193, 265-275.

Markesbery, W.R., Ehmann, W.D., Hossain, T.I1.M., Alauddin,
M., & Goodin, D.T. (1981). Brain trace element levels in
Alzheimer's disease by insturmental neutron activation
analysis. Journal of Neuropathology and Expexrimental Neur-
ology, 40, 359 (abstract).

Marquis, J.K. (1982). Aluminum neurotoxicity: an experi-
mental perspective. Bulletin Environmental Contamination
and Toxicolory, 29, &3-49

Marquis, J.K. & Lerrick, A.J. (1982). Noncompetitive inhi-
bition by aluminum, scandium and yttrium of acetylcholines-
terase from Electrophorus electricus. Biochemijcal Pharma-
cology, 31, 1437-1440.

Marquis, J.K. (1983). Aluminum inhibition of human serum
cholinesterase. Bulletin of Environmental Contamination and
Toxicology, 31, 164-169.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



74

Masselot, J.P., Adhemar, J.P., Jaudon, M.C., Kleinknecht,
D., & Galli, A. (1978). Reversible dialysis encephalopathy:
Role for aluminum-containing gels. Lancet, 2, 1386-1387.

McDermott, J.R., Smith, A.I., Igbal, K., & Wisniewski, H.M.
(1977). Aluminum and Alzheimer's disease. Lancet, 2, 710-
711.

McKann, G., Drachman, D., Folstein, M., Katzman, R., Price,
D., & Stadlan, E.M. (1984). Clincal diagnosis of Alz-
heimer's disease: report of the NINCDS-ADRDA work group
under the auspices of department of health and human ser-
vices task force on Alzheimer's disease. Neurclogv, 34,
939-944.

Melograna, J.M., & Yokel, R.A. (1983). Effect of the chela-
tor desferrioxamine on aluminum elimination in rabbits.
Research Communications in Chemical Pathology and Pharma-
cologv, 40 (3), 4&497-509.

Melograna, J.M., & Yokel, R.A. (1984). Effects of sub
chronic desferrioxamine infusion on aluminum toxicity in
rabbits. Research Communications in Chemical Patheologv arnd

Pharmacology, &4, 411-422.

Molitoris, B.A., Alfrey, P.S., Miller, N.L., Hasbargen,
J.A., Kaehney, W.D., Alfrey, A.C., & Smith, B.J. (1987).
Efficacy of intramuscular and intraperitoneal deferoxamine
for aluminum chelation. Kidnev International, 31, 986-991.

Olton, D.S., & Samuelson, R.J. (1976). Remembrances of
places passed: Spacial memory in rats. Journal of Experi-
mental Psychology, 2, 97-116.

Olton, D.S., Becker, J.T., & Handelmann, G.E. (1979).
Hippocampus, space and memory. Behavioral and Brain
Science, 2, 313-372.

Ono, T., Iwamoto, N., Kataoka, H., Taniguchi, Y., Sakai,
Y., & Kunitomo, T. (1986). Removal of aluminum from chronic
dialysis patients by administration of deferrioxamine and
dialysis. Iransactions of the American Society of Artifi-
cial Inteynal Organs, 32, 52-57.

Parkingson, I.S., Ward, M.K., & Kerr, D.N.S. (1981).
Dialysis encephalopathy, bone disease and anemia: The
aluminum syndrome during regular hemodialysis. Journal of

Clinical Pathology, 34, 1285-1294.

Payton, ¢€.D., Junor, B.J.R., & Fell, G.S. (1984). Success-
ful treatment of aluminum encephalopathy by intraperitoneal
desferrioxamine. Lanpcet, 1, 1132-1133.

Perl, D.P., & Brody, P.R. (1980). Alzheimer's disease: X-
Ray spectrometric evidence of aluminum accumulation in

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



75

neurofibrillary tangle-bearing neurons. Science, 208, 297-

299.

Perl, D.P., Gajdusek, D.C., Garruto, R.M., Yanagihara,
R.T., & Gibbs, C.J., Jr. (1982}). Intraneuronal aluminum
accumulation in amytrophic lateral sclerosis and Parkinson-
ism-Dementia of Guam. Science, 217, 1053-1055.

Perry, E.K., Tomlinson, B.E., Blessed, G., Bergmann, K.,

Gibson, P.H., & Perry, R.H. (1978). Correlation of cholin-
ergic abnormalities with senile plaques and mental test

scores in senile dementia. British Medical Journal, 2,
1457-1459.

Pexrrv, R.H., Candy, J.M., & Perry, E.K. (1983). Some obser-
vations and speculations concerning the cholinergic system
and neuropeptides in Alzheimer's disease. In R. Katzman
(Ed.), Branbury Report #15: Biological Aspects of Alz-
heimer's Disease, lpp. 3%1-361). Cold Spring Harbor, NY:
Cold Spring Harbor Laboritories.

Perry, T.L., Yong, V.W., Kish, 5.J., Ito, M., Foulks, J.G.,
Godolphin, W.J., & Sweeney, V.P. (1985). Neurochemical
abnormalities in brains of renal failure patients treated

by repeated hemodialysis. Jouxrnal of Neurochemistry, &5,
1043-1048.

Peters, G., Keberle, H., Schmid, K., & Brunner, H. (1966},
Distribution and renal excretion of desferrioxamine and
ferrioxamine in the dog and in the rat. Biochemical Pharma-
colory, 15, 93-109.

Petit, T.L., Biederman, G.B., Jonas, P., & LeBoutillier,
J.C. (198%5). Neurobehavioral development following aluminum
administration in infant rabbits. Experimental Neuroclogv,

88, 640-651.

Pippard, M.J., & Callender, S.T. (1983). The management of
iron chelation therapy. British Journal of Haematology, 54,
503-507.

Platts, M.M. (1980). Dialysis encephalopathy. Lancet, 2,
1035-1036.

Pogglitsch, H.. Petek, W., Wawschinek, 0., & Holzer. W.
(1981). Treatment of early stages of dialysis encephalo-
pathy by aluminum depletion. Lancet, 2, 134&4-1345.

Poisson, M., Mashaly, R., & Lebkiri, B. (1978). Dialysis
encephalopathy: Recovery after interruption of aluminum
intake. British Medical Journal, 2, 1610-1611.

Poisson, M., Mashaly, R., & Lafforgue, B. (1979). Progres-
sive dialysis encephalopathy: Role of aluminum toxicity.
Annals of Neurology, 6, 88.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



76

Prado-Alcala, R.A., M. Fernandez-Samblancat, M., &
Solodkin-Herrera, M. (1985). Injections of atropine into
the caudate nucleus impair the acquisition and the mainten-
ance of passive avoidance. Pharmacology Biochemistry and
Behavior, 22, 243-247.

Rabe, A., Lee, M.H., Shek, J., & Wisniewski, H.M. (1982).
Learning deficit in 1mmature rabblts with aluminum induced
neurofibrillary changes. Experimental Neurelogy, 76, &44l-
446,

Roberts, E. (1986). Alzheimer's disease may begin in the
nose and may be caused by aluminosilicates. Neurobioclogy of

Bging., 7, 561-567.

Ron, M.A., Toone, B.K., Garralda, M.E., & Lishman, W.A.
(1979). Diagnostic accuracy in presenile dementia. British

Journal of Psvchiatrv, 134, 161-168.

Rossor, M.N., Emson, P.C., Mountjoy, ¢C.Q., Roth, M., &
Iversen, L.L. (1984). Patterns of neuropeptide deficits in
Alzheimer's disease. In R.J. Wurtman, S.H. Corkin, and J.H.
Growdon (Eds.). QAlzheimer's Disease: Advances in Basic
Research and Ih_:§22§ {Proceedings of the third meeting of
the International Study Group on treatment of Memorvy Dis-
orders Associated with Aging), (pp. 29-37). Zurich: Center

for Brain Sciences and Metabolism Charitable Trust.

Rozas, V.V., & Port, F.K. (1979). Progressive dialysis
encephalopathy: Prevention through control of aluminum

levels in water. Anpals of Neurology, 6 (1), 88-89.

Sanderson, C.L., Crapper-MclLachlan, D.R., & De Boni, U.
{1982). Altered steroid induced puffing by chomatin bound
aluminum in a polytene chromosome of the blackfly. Canadian

Journal of Genetics and Cytology, 24, 27-36.
Scholtz, C.L., Swash, M., Gray, A., Kogeorgos, J., & Marsh,

F. {(1987). Neurofibrillary neuronal degeneration in dialy-
sis dementia: a feature of aluminum toxicity. Clinical
Neuropathology, 6, 93-97. T

Selkoe, D.J., Liem, R.K.H., Yen, S., & Shelanski, M.
(1979). Biochemical and immunological characterization of
neurofilaments in experimental neurofibrillary degeneration
induced by aluminum. Brain Research, 163, 235-252.

Slanina, P., Falkeborn, Y., Frech, W., & Cedergren, A.
(1984). Aluminum concentrations in the brain and bone of
rats fed citric acid, aluminum citrate or aluminum hydro-

xide. Food and Chemical Toxicoleogy, 22, 391-397.

Slanina, P., Frech, W., Bernhardson, A., Cedergren, A., &
Mattsson, P. (1985). Influence of dietary factors on

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



77

aluminium absorption and retention in the brain and bone of

rats. Acta Pharmacologica et Toxicologica, 56, 331-336.
Slanina, P., Frech, W., Ekstrom, L., Loof, L., Slorach, S.,

& Gedergren, A. (1986). Dietary citric acid enhances
absorption of aluminum in antacids. Clinjical Chemistrv,

32/33, 539-5&l.

Spencer, D.G., & Lai, H. (1983). Effects of anticholinergic
drugs on learning and memory. Drug Development and
Research, 3, 489-502.

Spencer, P.S., Nunn,P.B., Hugon, J., Ludolph, A.C., Ross,
S.M., Roy, D.N., & Robertson, R.C. (1987). Guam Amyotrophic
Lateral Sclerosis-Parkinsonism-Dementia linkes to a plant
excitant neurotoxin. Science, 237, 517-522.

Sternweis, P.C., & Gilman, A.G. (1982). Aluminum: a requir-
ment for actlvatlon of the regulatory component of adenyl-
ate cyclase by fluoride. Proceedings of the National
Bcademv of Science, 79, &888-4891.

Stevens, R. (1981). Scopolamine impairs spacial maze per-
formance in rats. Phvsioclogy and Behavior, 27, 385-386.
Swartz, R.D. (1985). Deferoxamine and aluminum removal.

American Journal of Kidney Diseases, 6, 358-364&.

Swonger, A.K., & Rech, R.H. (1972). Serotonergic and chol-
inergic involvement in habituation of activity and spontan-
eous alternation of rats in a Y-maze. Journal of Compara-
tive and Phvsioclogical Psychology, 81, 509-522.

Thorne, B.M., Donohoce, T., Lin, K., Lyon, S., Medeiros,
D.M., & Weaver, M.L. (1986). Aluminum ingestion and behav-
ior in the Long-Evans rat. Physiology and Behavior, 36, 63-
67.

Trap, G.A., Miner, G.D. Zimmerman, R.L., Mastri, R. &
Heston, L.L. (1978). Alumlnum levels in brain in BAlz-

heimer's disease. Biological Psychiatrvy, 13, 709-718.

Uemura, E. (1984a). Synaptic density in chronic animals
with experimental neurofibrillary changes. Experimental

Neurology, 85, 1-9.

Uemura, E. {1984b). Intranuclear aluminum accumulation in
chronlc animals with experimental neurofibrillary changes.

Experimental Neurology, 85, 10-18.

Underwood, E.J. (1977). Aluminum. In E.J. Underwcod (Ed.).
Trace Elements in Human and Animal Nutrition (pp.430-433).
New York: Academic Press

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



78

Verbeelen, D., Smeyers-Verbeke, J., Van Hooff, I., Van Der
Straeten, A., & De Roy, G. (1986). The effect of desferri-
oxamine on concentration and distribution of aluminum in

bone. Kidney International, 30, 68-73.

Vickroy, T.W., Watson, M., Leventer, S.M., Roseke, W.R.,
Hanin, I., & Yamamura, H.I. (1986). Regional differences in
ethylcholine mustard aziridinium ion (AF64A)-induced defi-
cits in presynaptic cholinergic markers for the rat central
nervous system. Journal of Pharmacology and Experimental
Theraputics, 235, 577-582.

Wallace, M.R. (1981). Correction of high serum aluminum in
a patient on maintenance haemodialysis. New Zealand Medical
Journal, 93, 335-337.

Warady, B.A., Ford, D.M., Gaston, C.E., Sedman, A.B.,
Huffer, W.E., & Lum, G.M. (1986). Aluminum intoxication in
a child: Treatment with intraperitoneal desferrioxamine.

Pediatrics, 78 (&), 651-655.

Winocur, G. (1985). The Hippocampus and Thalamus: Their
roles in short- and long-term memory and the effects of

interference. Behaviocal Brain Research, 16, 135-152.

Wisniewski, H.M., Narang, H.K., & Terry, R.D. (1976).
Neurofibrillary tangles of paired helical filaments.

Journal of the Neurological Sciences, 27, 173-181.

Wisniewski, H.M., Sturman, J.A., & Shek, J.W. (1980).
Aluminum chloride induced neurofibrillary changes in the
developing rabbit: a chronic animal model. Apnals of Neur-

ology, 8, 479-490.

Wisniewski, H.M., Sturman, J.AR., & Shek, J.W. (1982).
Chronic model of neurofibrillary changes induced in mature

rabbits by metallic aluminum. Neurobiologyvy of Aging, 3, 11-
22.

Wisniewski, H.M., Shek, J.W., Gruca, S., & Sturman, J.A.
(1984). Aluminum-induced neurofibrillary changes in axons

and dendrites. Acta Neuropathologica, 63, 190-197.
Wisniewski, H.M., Sturman, J.A., Shek, J.W., & Igbal, K.

(1985). Aluminum and the central nervous system. Journal
of Environmental Pathology Toxicology and Oncology, 6, 1-8.

Wong, P.C.L., Lai, J.C.K., Lim, L., & Davison, A.N. (1981).
Selective inhibition of L-glutamate and gammaaminobutyrate
transport in nerve ending particles by aluminum, manganese,
and cadmium chloride. Journal of Inorganic Biochemistrvy,
14, 253-260.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



GRADUATE SCHOOL
UNIVERSITY OF ALABAMA AT BIRMINGHAM
DISSERTATION APPROVAL FORM

Name of Candidate Donald J. Connor

Major Subject Behavioral Neuroscience

Title of Dissertation Aluminum Toxicity: Cognitive and

Cholinergic Parameters

Dissertation Committee:

LA S chairmn
7 A |
Lttt & Fead o —
L %,L

',7 2
(/// y /7 -
Director of Graduate Program \)—WA y%ﬁ/\l
7, 7

Dean, UAB Graduate School — L8

Gl7lne

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



	Aluminum toxicity: Cognitive and cholinergic parameters.
	Recommended Citation

	tmp.1716579362.pdf.XEvCW

