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Abstract
This study demonstrated that chronic aspartame consumption in rats can lead to altered T-maze performance and increased muscarinic
cholinergic receptor densities in certain brain regions. Control and treated rats were trained in a T-maze to a particular side and then
periodically tested to see how well they retained the learned response. Rats that had received aspartame (250 mg/kg/day) in the drinking
water for 3 or 4 months showed a significant increase in time to reach the reward in the T-maze, suggesting a possible effect on memory due
to the artificial sweetener. Using [3H]quinuclidinyl benzilate (QNB) (1 nM) to label muscarinic cholinergic receptors and atropine (10 6 M)
to determine nonspecific binding in whole-brain preparations, aspartame-treated rats showed a 31% increase in receptor numbers when
compared to controls. In aspartame-treated rats, there was a significant increase in muscarinic receptor densities in the frontal cortex,
midcortex, posterior cortex, hippocampus, hypothalamus and cerebellum of 80%, 60%, 61%, 65%, 66% and 60%, respectively. The midbrain
was the only area where preparations from aspartame-treated rats showed a significant increase in Na+,K+-ATPase activity. It can be
concluded from these data that long-term consumption of aspartame can affect T-maze performance in rats and alter receptor densities or
enzymes in brain.
D 2004 Elsevier Inc. All rights reserved.
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1. Introduction
Anecdotal reports on the toxic effects of aspartame
(NutraSweet) are numerous, and various issues continue to
be raised today, more than 20 years after aspartame approval
by the FDA. Concern relating to possible adverse effects has
been raised due to the metabolic components, phenylalanine, aspartic acid, diketopiperazine (DKP) and methanol as
well as the compound itself. (Trocho et al., 1998) There are
many accounts of situations in which aspartame is believed
to have caused negative effects on specific human functions.
These include brain tumors, memory loss, seizures, headaches, confusion, personality disorders, visual difficulty and
dizziness. (Tollefson and Barnard, 1992) There is very little
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scientific evidence in the literature to prove an aspartame
connection in these instances. Shortly after aspartame was
marketed, the FDA began to receive an increased number of
reports concerning adverse reactions related to aspartame
(Garriga and Metcalfe, 1988). However, conclusive evidence was not found (Aspartame, 1985; Butchko and
Stargel, 2001; Butchko et al., 2002; Stegink, 1987; Stegink
et al., 1981; Yost, 1989).
Numerous short-term studies have been conducted and
none of these have suggested any relationship between
aspartame consumption and memory loss (Moser, 1994).
Very few long-term studies have been done. Most short-term
studies consisted of either giving one large dose of aspartame or treating for a short time (a few days or weeks) and
then assessing aspartame’s effects on learning or memory.
Whether done in either humans or animals, these studies
have shown no adverse effects of aspartame on memory
(Lapierre et al., 1990; Mullenix et al., 1991; Saravis et al.,
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1990; Shaywitz et al., 1994; Spiers et al., 1998; Stokes et al.,
1994; Tilson et al., 1991; Wolraich et al., 1994). In a longer
study, Holder (1989) showed that 50 days of NutraSweet
had no effect on reflex or spatial memory development.
Another study (Leon et al., 1989) showed no persistent
changes in vital signs, body weight or standard laboratory
tests in subjects receiving aspartame for 24 weeks; however,
extensive memory testing was not done. A few chronic
studies have implicated aspartame consumption in learning
or memory. Potts et al. (1980) showed that administration of
aspartame as 9% of the diet for 13 weeks altered learning
behavior in male rats. Using a much lower daily dose of
aspartame, Dow-Edwards et al. (1989) treated pregnant
guinea pigs throughout gestation and demonstrated the
aspartame-treated pups showed a disruption of odor-associative learning.
Various neurochemical effects due to aspartame consumption have been reported (Coulombe and Sharma,
1986; Goerss et al., 2000; Pan-Hou et al., 1990). Neuropeptide Y concentrations have been shown to be lower in
arcuate nucleus in rats treated with aspartame for 14 weeks
(Beck et al., 2002). Certain brain amino acid levels have
been shown to be increased after aspartame consumption
(Dailey et al., 1991; Diomede et al., 1991; Yokogoshi et al.,
1984). Neurochemical changes following high-dose aspartame with dietary carbohydrates have also been reported
(Wurtman, 1983). Taken collectively, these studies suggest
that aspartame might affect brain neurotransmitters and
receptors, and these effects may become more prominent
with long-term consumption.
Numerous studies have implicated muscarinic cholinergic receptors in learning and memory (Bartus et al., 1982;
Granon et al., 1995; Kadar et al., 1990; Mezey et al., 1999;
Rose et al., 1980; Russell, 1996; Uchida et al., 1991; Van
der Zee and Luiten, 1999; Vogt et al., 1991; ) In the rabbit,
elevated muscarinic binding has been shown in the anterodorsal nucleus early in the learning process, and this
increase was maintained throughout subsequent training
(Vogt et al., 1991). The density of muscarinic receptors in
the CNS has been correlated with cognitive performance in
aging Wistar rats (Kadar et al., 1990). Two or more
muscarinic receptor states have been suggested to be
associated with age-related memory deficits in laboratory
animals (Lippa et al., 1985). Muscarinic receptor binding
has been shown to be altered in forebrain and midbrain
regions of chicks during passive avoidance learning (Longstaff and Rose, 1981). It has been suggested that nicotinic
transmission may be important in delayed response tasks,
while the muscarinic system may be involved in general
working memory processes (Granon et al., 1995). These
studies lead us to hypothesize that if memory impairment
were seen with chronic aspartame consumption in the rat,
then we might see an alteration in brain muscarinic cholinergic receptor densities.
Ionic involvement has been suggested to be involved in
memory formation and the Na+,K+-ATPase enzyme is

crucial for maintaining ionic gradients in neurons and
tissues (Conrad and Roy, 1993; Ng et al., 1992). Na+,K+ATPase activity has been found to change in young chicks
after taste stimulation using a chemical aversant (Hajek et
al., 1994). Bourre et al. (1989) have found that a diet rich in
sunflower oil can affect Na+,K+-ATPase activity in rat brain
cells and alter learning tasks measured with the shuttle box
test. Because these studies suggest that Na+,K+-ATPase
activity could potentially be involved with memory, we
also wanted to investigate the possibility that chronic
aspartame treatment might affect the levels of this enzyme
in the brain.
The specific aim of this study was to determine if longterm aspartame administration (4 months) would lead to
memory loss using rats trained in a T-maze and if so, to
explore a possible biochemical explanation by measuring
muscarinic cholinergic receptor densities and Na+,K+ATPase activity in nine brain areas. We chose the aspartame
dose of approximately 250 mg/kg/day because this dose is
consistent with other values in the literature and could be
easily within the limits of human consumption after species
factor correction. Dose comparisons between humans and
rats have usually been corrected by a factor of 5 since rats
metabolize aspartame faster than humans (Fernstrom,
1989); however, a factor of 60 has also been suggested as
a better value to use (Wurtman and Meher, 1987). The
everyday consumption of NutraSweet by people is increasing and it is important to know if this substance has longterm adverse effects under certain conditions. Such studies
are necessary to prove or disprove existing fears concerning
aspartame.

2. Methods
2.1. T-maze
The T-maze was brown and had a start arm and a left and
right arm (80730 cm, Fig. 1). A dark screen covered the
top of the entire maze. At the extremity of each arm, there
was an opening to a 1215-cm room. In the middle of the
right room, a 1-g piece of chocolate was placed as the
reward. Latency to find the reward was recorded as the
seconds from the time the animals entered the maze until
they found the chocolate.
2.2. Animals
Male Sprague – Dawley rats (225 g) were housed two
per cage with unlimited access to laboratory chow.
Control rats received regular tap water and treated rats
received aspartame in the drinking water (250 mg/kg/
day). Body weight as well as food and water consumption
was recorded throughout the 4 months. Drinking solutions
of aspartame were prepared to provide the appropriate
dose of aspartame in the expected volume consumed. The
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2.4. Radioligand binding assay
Maximal binding capacity (Bmax) was determined by the
use of [3H]quinuclidinyl benzilate (QNB, Perkin-Elmer) to
label the receptors. Briefly, 1 nM [3H]QNB was incubated
with 40 –50 Ag membrane protein in 200 Al total volume
(buffer: 50 mM Tris, 5 mM MgCl2, pH 7.4) for 30 min at 27
jC. At the end of the incubation period the tubes were
placed on ice for 10 min, rapidly filtered through Whatman
GF/C glass fiber filters and washed with 12 ml of ice-cold
incubation buffer. Nonspecific binding was determined in
the presence of 10 6 M atropine. Radioactivity remaining
on the filters was quantified using a Beckman scintillation
counter.
Fig. 1. T-maze dimensions are depicted as described in Methods. Reward
was always placed on the right side at the end of the maze.

gain in body weight and the amount of water consumed
during the 4 months of treatment were not affected by
aspartame. Rats were trained three times/day in the Tmaze for 2 weeks. At the end of this time all animals
would consistently find the reward (piece of chocolate) at
the end of the maze within 12 s. The animals were then
periodically tested in the same T-maze at the same time
each day (4:00 p.m.) for the next 4 months and the
seconds to reach the reward recorded. At the end of the 4
months, the animals were anesthetized with pentobarbital
(60 mg/kg), sacrificed by decapitation and brains quickly
removed and frozen at 70 jC until time of assay. The
experimental protocol was approved by the East Carolina
University Institutional Review Committee for the Use of
Human or Animal Subjects.

2.5. Na+,K+-ATPase assay
Na+,K+-ATPase activity was measured at 37 jC by
monitoring the release of inorganic phosphorus from 3
mM Tris ATP (Blumenthal et al., 1982; McConnaughey et
al., 1979) Total Na+,K+-ATPase activity was unmasked in
membrane preparations by pretreating the membranes with
sodium dodecyl sulfate (SDS) (Besch et al., 1976) Briefly,
freshly thawed preparations (approximately 1 mg/ml) were
diluted 1:2 in 30 mM imidazole– HCl buffer (pH 7.1)
containing 3.8 mM SDS. After preincubation for 20 min at
room temperature, 20 Al of the diluted suspension was
added to previously prepared reaction tubes containing 1
ml incubation medium (50 mM histidine, 3 mM MgCl2,
100 mM NaCl, 10 mM KCl, pH 7.4). Na+,K+-ATPase
activity was defined by the activity inhibited by 8 mM
ouabain.

2.3. Membrane preparations
For whole-brain preparations, the frozen brains were
thawed and homogenized for 15 s with a Brinkmann
Polytron PT-10 in 10 ml of ice-cold homogenization buffer
(50 mM Tris base, 150 mM sucrose, 5 mM MgCl2, pH 7.4
with HCl). The homogenate was then centrifuged at 500g,
the pellet discarded, and the supernatant centrifuged at
10,000g for 20 min. The pellet was resuspended in cold
homogenization buffer to a concentration of 8– 10 mg/ml.
For individual brain areas, the brains were thawed and
the nine areas dissected. These sections were then homogenized in 3 –5 ml of ice-cold buffer (50 mM Tris base, 150
mM sucrose, 5 mM MgCl2, pH 7.4 with HCl) for 10 s with a
Brinkmann Polytron PT-10. The homogenate was centrifuged for 15 min at 10,000g. The pellet was resuspended
in 1.5 – 2 ml of ice-cold homogenization buffer and immediately assayed. Excess membrane preparations were frozen
at 70 jC and were stable up to 4 months when stored in
this manner. Protein was determined by the method of
Lowry et al. (1951).

Fig. 2. Aspartame effects on latency to find reward in the T-maze. Seconds
were measured from time of T-maze entry to when the reward (chocolate)
was found for control and aspartame-treated rats. At 90 days of aspartame
treatment and at 120 days of treatment the treated animals took significantly
longer to find the reward than the controls. *P<.05 (n=12).
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Table 1
Na+,K+-ATPase in control and aspartame-treated rats (Amol Pi/mg
protein/h)

Fig. 3. [3H]QNB binding for control and aspartame-treated rats (4 months)
was performed as described in Methods. Brain tissue from aspartametreated rats had significantly more apparent muscarinic cholinergic
receptors when compared to controls. *P<.05 (n=6).

2.6. Statistics
Data are expressed as the meanFS.E.M. All values were
compared with a Student’s t test. The level of statistical
significance for these experiments was P<.05.

3. Results
The results of this study demonstrated that rats consuming aspartame in the drinking water for 3– 4 months took

Tissue

Control

Aspartame-treated

Frontal cortex
Midcortex
Posterior cortex
Hypothalamus
Hippocampus
Pons
Medulla
Cerebellum
Midbrain

3.86F0.05
3.74F0.05
3.41F0.06
4.55F0.08
2.99F0.08
2.59F0.02
2.53F0.08
3.42F0.16
3.58F0.05

3.98F0.40
3.88F0.09
3.47F0.06
4.67F0.09
2.83F0.09
2.45F0.07
2.41F0.10
3.04F0.19
4.39F0.04*

Na+,K+-ATPase activities were assessed as described in Methods. The
midbrain area was the only one that showed a difference between control
and aspartame-treated animals.
* Significantly different from control ( P<.05). Determinations were on
four to five separate pooled preparations each containing two to six brain
areas each.

longer to find the reward in a T-maze (Fig. 2). After 90 days
of treatment, rats that had received aspartame showed a
significant increase ( P<.05) in time to reach the reward,
with controls taking 10F1.4 s and aspartame-treated rats
taking 18F4 s. After 120 days of treatment, control rats took
14F2 s to reach the reward and aspartame-treated rats took
34F5 s ( P<.05). The aspartame-treated animals did not
show any differences in the amount of food or water
consumed when compared to controls, and at the end of
the 4 months both groups had gained a similar amount of
weight (data not shown). Aspartame-treated rats learned at
the same rate as control rats initially when maze training
took place during the first 2 weeks.

Fig. 4. Aspartame effects on muscarinic receptor binding in various brain regions. [3H]QNB binding for control and aspartame-treated rats (4 months) was
performed as described in Methods. Areas included frontal cortex (FC), midcortex (MC), posterior cortex (PC), hypothalamus (HYP), hippocampus (HIP),
pons (PON), medulla (MED), cerebellum (CER) and midbrain (MID). FC, MC, PC, HYP, HIP and CER tissue from aspartame-treated rats had significantly
more apparent muscarinic cholinergic receptors when compared to controls. *P<.05 (determinations were on three to five separate pooled preparations each
containing two to six brain areas each).
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As shown in Fig. 3, muscarinic cholinergic receptor
densities were found to be significantly higher ( P<.05) in
whole-brain preparations from aspartame-treated rats (161F
16 fmol/mg protein) when compared to controls (122F8
fmol/mg protein). When particular brain areas were investigated, it was found that apparent muscarinic receptor
numbers were significantly higher ( P<.05) in all three areas
of the cortex as well as the hypothalamus, hippocampus and
cerebellum (Fig. 4). No significant differences were observed in the pons, medulla or midbrain. Affinities of the
muscarinic receptor for the agonist methacholine were not
different between control and treated animals (data not
shown).
Na+,K+-ATPase activities were similar in all areas of
brain tested (Table 1) with the exception of the midbrain
where the activities were significantly increased in the
aspartame-treated animals ( P<.05).

4. Discussion
This study produced the novel findings that chronic
aspartame consumption lengthened the time it took rats to
find the reward in a T-maze and increased muscarinic
receptor numbers in specific brain areas. We postulate this
first finding to represent impaired long-term memory retention. This effect was seen only after prolonged aspartame
administration supporting short-term studies finding no
effects. The impairment was seen only after 90 days of
aspartame consumption and increased with longer exposure
to up to the 120-day conclusion of the study. At this final
endpoint, not only did the aspartame-treated rats take longer
to find the reward, but two of the treated rats even went to
the wrong side of the T-maze, totally forgetting where the
reward was. These results indicate the aspartame-treated
animals did not retain the learned behavior as well as the
control rats. Other explanations for these results might
include a decrease in smell to locate the reward or a
decreased desire for the chocolate reward; however, once
the rats did locate the reward, they devoured it immediately.
Other physiological markers including weight gain and
water and food consumption appeared stable throughout
the study, making it less likely that an impaired sensory or
metabolic effect of the chemical could be the cause of the
impaired maze performance. Aspartame did not affect
learning early in the course of the experiment when the
animals were being trained in the maze. We found the
aspartame-treated rats learned at the same rate as the control
rats.
This study did not address which stage or stages of
memory could possibly be affected by aspartame. The rats
seemed more vulnerable to forgetting the learned T-maze
task after 4 months, and it is certainly possible that various
memory stages including short-term, long-term, semantic,
recognition, implicit or memory consolidation could be
affected (Brunelli et al., 1997, Murre et al., 2001). If long-
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term memory or memory recall involves synthesis of
proteins and gene expression, then it is certainly possible
that chronic exposure to high amounts of aspartame could
affect these processes. Since hormonal as well as neural
influences can regulate memory consolidation (McGaugh,
2000), then long-term exposure to aspartame may also play
a part in impairing this consolidation. Three distinct stages
of memory were recently described by Walker et al. (2003)
involving initial, sleep dependent and recall phases. The
recall phase allows a previously stabilized memory to be
modified, and it is certainly possible that chronic aspartame
could influence this phase.
We hypothesized that if long-term aspartame consumption appeared to affect memory retention in the rats, then
brain muscarinic cholinergic receptor densities might also
be altered by the chronic aspartame. The second major
finding of this study demonstrated that after 4 months of
aspartame treatment, muscarinic receptor densities were
increased in numerous brain areas. If we relate these
increases to decreased memory retention, then our data are
contradictory to the results of others who show a correlation
between muscarinic blockers or a decreased number of brain
muscarinic receptors and impaired memory (Granon et al.,
1995; Okuma et al., 2000; Power et al., 2000; Uchida et al.,
1991). Considerable evidence supports an increase in cholinergic receptor binding being associated with learning and
memory (Gill and Gallagher, 1998; Loullis et al., 1983; Vogt
et al., 1991); however, other studies have suggested a
decrease in muscarinic receptors may be involved with
improved memory. Anagnostaras et al. (2003) showed that
M1-deficient mutant mice showed enhanced memory for
tasks that involve matching-to-sample problems. Lerer et al.
(1984) showed that diisopropyl fluorophosphate administration caused a decreased number of muscarinic receptors
and that this was associated with enhanced performance on
memory tasks. These studies are consistent with the idea
that if muscarinic receptors are down-regulated, then certain
memory functions may be enhanced. Our results indicate
that an increase in muscarinic receptors may be related to
memory-retention problems and that chronic consumption
of aspartame may be partially responsible.
Our study investigated total number of muscarinic receptors but did not evaluate specific receptor subtypes. It is
possible that aspartame may selectively affect both numbers
and affinities of muscarinic receptor subtypes in the different brain regions. Various studies have implicated muscarinic subtypes to be involved in memory formation (Ortega
et al., 1996; Patterson et al., 1990). By decreasing M2
receptors with antisense oligonucleotides, Galli et al.
(2000) showed that scopolamine-induced memory impairment in the Morris water maze was reversed; thus learning
and memory improved. These authors postulated that there
might be an increase in acetylcholine to compensate for the
decrease in receptors and that this increase could possibly be
related to the improved memory. The up-regulation of
muscarinic receptors that we observed after 4 months of
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aspartame consumption could be related to a compensatory
decrease in acetylcholine levels or be due to other compensatory mechanisms such as sprouting.
Although Na+,K+-ATPase has not attracted as much
attention dealing with memory and learning as muscarinic
receptors, this enzyme has been implicated in memory
function (Brunelli et al., 1997; Klink and Alonso, 1997;
dos Reis et al., 2002; Nakazato et al., 2002). It is interesting
that the only area of brain where we showed Na+,K+ATPase activity to be altered was the midbrain area. This
may be an effect unrelated to memory retention, but may be
specific for chronic aspartame consumption.
It is certainly possible that the increases we observed in
muscarinic receptor densities are unrelated to the memory
deficits observed after 4 months of aspartame consumption.
In addition, aspartame may be producing nonspecific
increases in cholinergic receptor densities since these
increases are similar in brain areas known to involve memory
formation such as the hippocampus, as well as areas not
associated with memory formation such as the hypothalamus.
Our data support the idea that the inability to remember where
the reward is in the T-maze could be related to an increased
density of brain muscarinic receptors; however, it is certainly
possible that other receptors, enzymes or transmitters are
altered with long-term aspartame treatment and contribute to
this decreased maze performance. Conflicting data exist
concerning aspartame’s effects on various receptors and
transmitters. Pan-Hou et al. (1990) demonstrated that aspartame caused a significant change in affinity of L-[3H]glutamate binding, whereas Reilly et al. (1989) found no changes
in receptor binding for six amine neurotransmitter receptors
after 30 days of aspartame treatment. Others have reported
various neurochemical alterations due to aspartame consumption (Beck et al., 2002; Fernstrom et al., 1986; Goerss
et al., 2000; Melchior et al., 1991). These data taken collectively suggest that the possibility is there for other receptors
or transmitters to be altered by chronic aspartame treatment in
addition to the increased density of muscarinic receptors that
we have shown.

References
Anagnostaras SG, Murphy GG, Hamilton SE, Mitchell SL, Rahnama NP,
Nathanson NM, et al. Selective cognitive dysfunction in acetylcholine
M1 muscarinic receptor mutant mice. Nat Neurosci 2003;6(1):51 – 58.
Aspartame Review of safety issues. Council on Scientific Affairs. JAMA
1985 (Jul 19);254(3):400 – 402.
Bartus RT, Dean RL, Beer B, Lippa AS. The cholinergic hypothesis of
geriatric memory dysfunction. Science 1982;217(4558):408 – 14.
Beck B, Burlet A, Max JP, Stricker-Krongrad A. Effects of long-term
ingestion of aspartame on hypothalamic neuropeptide Y, plasma leptin and body weight gain and composition. Physiol Behav 2002;75
(1 – 2):41 – 7.
Besch Jr HR, Jones LR, Watanabe AM. Intact vesicles of canine cardiac
sarcolema: evidence from vectorial properties of Na+,K+-ATPase. Circ
Res 1976;39:586 – 595.
Blumenthal SJ, McConnaughey MM, Iams SG. Hypothyroidism lowers

blood pressure, adenylate cyclase and Na+, K+- and K+, Ca++-ATPase
activities in normotensive and spontaneously hypertensive rats. Experientia 1982;38:707 – 709.
Bourre JM, Francois M, Youyou A, Dumont O, Piciotti M, Pascal G, et al.
Effects of dietary alpha-linolenic acid on the composition of nerve
membranes, enzymatic activity, amplitude of electrophysiological
parameters, resistance to poisons and performance of learning tasks in
rats. J Nutr 1989;119(12):1880 – 1892.
Brunelli M, Garcia-Gil M, Mozzachiodi R, Scuri R, Zaccardi ML. Neurobiological principles of learning and memory. Arch Ital Biol 1997;
135(1):15 – 36.
Butchko HH, Stargel WW. Aspartame: scientific evaluation in the postmarketing period. Regul Toxicol Pharmacol 2001;34(3):221 – 233.
Butchko HH, Stargel WW, Comer CP, Mayhew DA, Benninger C, Blackburn GL, et al. Aspartame: review of safety. Regul Toxicol Pharmacol
2002;35(Pt 2):S1 – S93.
Conrad CD, Roy EJ. Selective loss of hippocampal granule cells following
adrenalectomy: implications for spatial memory. J Neurosci 1993;
13(6):2582 – 2590.
Coulombe Jr RA, Sharma RP. Neurobiochemical alterations induced by the
artificial sweetener aspartame (NutraSweet). Toxicol Appl Pharmacol
1986;83:79 – 85.
Dailey JW, Lasley SM, Burger RL, Bettendorf AF, Mishra PK, Jobe PC.
Amino acids, monoamines and audiogenic seizures in genetically
epilepsy-prone rats: effects of aspartame. Epilepsy Res 1991;8(2):
122 – 133.
Diomede L, Romano M, Guiso G, Caccia S, Nava S, Salmona M. Interspecies and interstrain studies on the increased susceptibility to metrazol-induced convulsions in animals given aspartame. Food Chem
Toxicol 1991;29(2):101 – 106.
dos Reis EA, de Oliveira LS, Lamers ML, Netto CA, Wyse AT. Arginine
administration inhibits hippocampal Na(+),K(+)-ATPase activity and
impairs retention of an inhibitory avoidance task in rats. Brain Res
2002;951(2):151 – 157.
Dow-Edwards DL, Scribani LA, Riley EP. Impaired performance on odoraversion testing following prenatal aspartame exposure in the guinea
pig. Neurotoxicol Teratol 1989;11(4):413 – 416.
Fernstrom JD. Oral aspartame and plasma phenylalanine: pharmacokinetic
difference between rodents and man, and relevance to CNS effects of
phenylalanine [short note]. J Neural Transm 1989;75(2):159 – 164.
Fernstrom JD, Fernstrom MH, Grubb PE. Effects of aspartame ingestion on
the carbohydrate-induced rise in tryptophan hydroxylation rate in rat
brain. Am J Clin Nutr 1986;44(2):195 – 205.
Galli RL, Fine RE, Thorpe BC, Hale BS, Lieberman HR. Antisense oligonucleotide sequences targeting the muscarinic type 2 acetylcholine receptor enhance performance in the Morris water maze. Int J Neurosci
2000;103(1 – 4):53 – 68.
Garriga MM, Metcalfe DD. Aspartame intolerance. Ann Allergy 1988;
61(6 Pt 2):63 – 69.
Gill TM, Gallagher M. Evaluation of muscarinic M2 receptor sites in basal
forebrain and brainstem cholinergic systems of behaviorally characterized young and aged Long – Evans rats. Neurobiol Aging 1998;
19(3):217 – 225.
Goerss AL, Wagner GC, Hill WL. Acute effects of aspartame on aggression
and neurochemistry of rats. Life Sci 2000;67(11):1325 – 1329.
Granon S, Poucet B, Thinus-Blanc C, Changeux JP, Vidal C. Nicotinic and
muscarinic receptors in the rat prefrontal cortex: differential roles in
working memory, response selection and effortful processing. Psychopharmacology (Berl) 1995;119(2):139 – 144.
Hajek I, Sykova E, Sedman G, Ng KT. Na+,K(+)-ATPase activity in young
chicks after taste stimulation. Brain Res Bull 1994;33(1):87 – 91.
Holder MD. Effects of perinatal exposure to aspartame on rat pups. Neurotoxicol Teratol 1989;11(1):1 – 6.
Kadar T, Silbermann M, Weissman BA, Levy A. Age-related changes in the
cholinergic components within the central nervous system: II. Working
memory impairment and its relation to hippocampal muscarinic receptors. Mech Ageing Dev 1990;55(2):139 – 149.

B. Christian et al. / Pharmacology, Biochemistry and Behavior 78 (2004) 121–127
Klink R, Alonso A. Ionic mechanisms of muscarinic depolarization in
entorhinal cortex layer II neurons. J Neurophysiol 1997;77(4):
1829 – 1843.
Lapierre KA, Greenblatt DJ, Goddard JE, Harmatz JS, Shader RI. The
neuropsychiatric effects of aspartame in normal volunteers. J Clin Pharmacol 1990;30(5):454 – 460.
Leon AS, Hunninghake DB, Bell C, Rassin DK, Tephly TR. Safety of
long-term large doses of aspartame. Arch Int Med 1989;149(10):
2318 – 2324.
Lerer B, Altman H, Stanley M. Enhancement of memory by a cholinesterase inhibitor associated with muscarinic receptor down-regulation.
Pharmacol Biochem Behav 1984;21(3):467 – 469.
Lippa AS, Loullis CC, Rotrosen J, Cordasco DM, Critchett DJ, Joseph JA.
Conformational changes in muscarinic receptors may produce diminished cholinergic neurotransmission and memory deficits in aged rats.
Neurobiol Aging 1985;6(4):317 – 323.
Longstaff A, Rose SP. Ontogenetic and imprinting-induced changes in
chick brain protein metabolism and muscarinic receptor binding activity. J Neurochem 1981;37(5):1089 – 1098.
Loullis CC, Dean RL, Lippa AS, Meyerson LP, Beer B, Bartus RT. Chronic
administration of cholinergic agents: effects on behavior and calmodulin. Pharmacol Biochem Behav 1983;18:601 – 604.
Lowry OH, Rosebrough NJ, Farr AL, Randall RJ. Protein measurement
with the Folin phenol reagent. J Biol Chem 1951;193:265 – 275.
McConnaughey MM, Jones RJ, Watanabe AM, Besch Jr HR, Williams
LT, Lefkowitz RJ. Thyroxine and propylthiouracil effects on alpha- and
beta-adrenergic receptor number, ATPase activities, and sialic acid content of rat cardiac membrane vesicles. J Cardiol Pharmacol 1979;1:
609 – 623.
McGaugh JL. Memory—a century of consolidation. Science 2000;
287(5451):248 – 251.
Melchior JC, Rigaud D, Colas-Linhart N, Petiet A, Girard A, Apfelbaum
M. Immunoreactive beta-endorphin increases after an aspartame chocolate drink in healthy human subjects. Physiol Behav 1991;50(5):
941 – 944.
Mezey S, Szekely AD, Bourne RC, Kabai P, Csillag A. Changes in binding
to muscarinic and nicotinic receptors in the chick telencephalon, following passive avoidance learning. Neurosci Lett 1999;270(2):75 – 78.
Moser RH. Aspartame and memory loss. JAMA 1994;272(19):1543.
Mullenix PJ, Tassinari MS, Schunior A, Kernan WJ. No change in spontaneous behavior of rats after acute oral doses of aspartame, phenylalanine, and tyrosine. Fundam Appl Toxicol 1991;16(3):495 – 505.
Murre JM, Grahm KS, Hodges JR. Mantic dementia: relevance to connectionist models of long-term memory. Brain 2001;124(4):647 – 675.
Nakazato F, Tada T, Sekiguchi Y, Murakami K, Yanagisawa S, Tanaka Y,
et al. Disturbed spatial learning of rats after intraventricular administration of transforming growth factor-beta 1. Neurol Med Chir (Tokyo)
2002;42(4):151 – 156 [discussion 157].
Ng KT, Gibbs ME, Gibbs CL, Sedman G, Sykova E, Svoboda J, et al. Ion
involvement in memory formation: the potential role of astrocytes. Prog
Brain Res 1992;94:109 – 115.
Okuma Y, Murayama T, Tha KK, Yamada C, Hosokawa M, Ishikawa A,
et al. Learning deficiency and alterations in acetylcholine receptors
and protein kinase C in the brain of senescence-accelerated mouse.
Mech Ageing Dev 2000;114(3):191 – 199.
Ortega A, del Guante MA, Prado-Alcala RA, Aleman V. Changes in rat
brain muscarinic receptors after inhibitory avoidance learning. Life Sci
1996;58(9):799 – 809.
Pan-Hou H, Suda Y, Ohe Y, Sumi M, Yoshioka M. Effect of aspartame on
N-methyl-D-aspartate-sensitive L-[3H]glutamate binding sites in rat
brain synaptic membranes. Brain Res 1990;520(1 – 2):351 – 353.
Patterson TA, Lipton JR, Bennett EL, Rosenzweig MR. Cholinergic receptor antagonists impair formation of intermediate-term memory in the
chick. Behav Neural Biol 1990;54(1):63 – 74.
Potts WJ, Bloss JL, Nutting EF. Biological properties of aspartame: I.
Evaluation of central nervous system effects. J Environ Pathol Toxicol
1980;3(5 – 6):341 – 353.

127

Power AE, Roozendaal B, McGaugh JL. Glucocorticoid enhancement of
memory consolidation in the rat is blocked by muscarinic receptor
antagonism in the basolateral amygdala. Eur J Neurosci 2000;12(10):
3481 – 3487.
Reilly MA, Debler EA, Fleischer A, Lajtha A, Nathan S. Lack of effect of
chronic aspartame ingestion on aminergic receptors in rat brain. Biochem Pharmacol 1989;38(23):4339 – 4341.
Rose SP, Gibbs ME, Hambley J. Transient increase in forebrain muscarinic
cholinergic receptor binding following passive avoidance learning in
the young chick. Neuroscience 1980;5(1):169 – 178.
Russell RW. Continuing the search for cholinergic factors in cognitive
dysfunction. Life Sci 1996;58(22):1965 – 1970.
Saravis S, Schachar R, Zlotkin S, Leiter LA, Anderson GH. Aspartame:
effects on learning, behavior, and mood. Pediatrics 1990;86(1):75 – 83.
Shaywitz BA, Sullivan CM, Anderson GM, Gillespie SM, Sullivan B,
Shaywitz SE. Aspartame, behavior, and cognitive function in children
with attention deficit disorder. Pediatrics 1994;93(1):70 – 75.
Spiers PA, Sabounjian L, Reiner A, Myers DK, Wurtman J, Schomer DL.
Aspartame: neuropsychologic and neurophysiologic evaluation of acute
and chronic effects. Am J Clin Nutr 1998;68(3):531 – 537.
Stegink LD. The aspartame story: a model for the clinical testing of a food
additive. Am J Clin Nutr 1987;46(Suppl 1):204 – 215.
Stegink LD, Filer LJ, Baker GL. Plasma and erythrocyte concentrations of
free amino acids in adult humans administered abuse doses of aspartame. J Toxicol Environ Health 1981;7(2):291 – 305.
Stokes AF, Belger A, Banich MT, Bernadine E. Effects of alcohol and
chronic aspartame ingestion upon performance in aviation relevant cognitive tasks. Aviation Space Environ Med 1994;65(1):7 – 15.
Tilson HA, Hong JS, Sobotka TJ. High doses of aspartame have no effects
on sensorimotor function or learning and memory in rats. Neurotoxicol
Teratol 1991;13(1):27 – 35.
Tollefson L, Barnard RJ. An analysis of FDA passive surveillance reports
of seizures associated with consumption of aspartame. J Am Diet Assoc
1992;92(5):598 – 601.
Trocho C, Pardo R, Rafecas I, Virgili J, Remesar X, Fernandez-Lopez JA,
et al. Formaldehyde derived from dietary aspartame binds to tissue
components in vivo. Life Sci 1998;63(5):337 – 349.
Uchida S, Fukuchi I, Kato S, Nakahiro M, Yoshida H. Disturbance of
learning and memory by the alkylation of muscarinic acetylcholine
receptors by propylbenzilylcholine mustard. Gerontology 1991;
37(Suppl 1):12 – 16.
van der Zee EA, Luiten PG. Muscarinic acetylcholine receptors in the
hippocampus, neocortex and amygdala: a review of immunocytochemical localization in relation to learning and memory. Prog Neurobiol 1999;58(5):409 – 471.
Vogt BA, Gabriel M, Vogt LJ, Poremba A, Jensen EL, Kubota Y, et al.
Muscarinic receptor binding increases in anterior thalamus and cingulate cortex during discriminative avoidance learning. J Neurosci 1991;
11(6):1508 – 1514.
Walker MP, Brakefield T, Hobson JS, Stickgold R. Dissociable stages of
human memory consolidation and reconsolidation. Nature 2003;
425(6958):616 – 620.
Wolraich ML, Lindgren SD, Stumbo PJ, Stegink LD, Appelbaum MI,
Kiritsy MC. Effects of diets high in sucrose or aspartame on the behavior and cognitive performance of children. N Engl J Med 1994;
330(5):301 – 307.
Wurtman RJ. Neurochemical changes following high-dose aspartame with
dietary carbohydrates. N Engl J Med 1983;309(7):429 – 430.
Wurtman RJ, Maher TJ. Effects of oral aspartame on plasma phenylalanine
in humans and experimental rodents [short note]. J Neural Transm
1987;70(1 – 2):169 – 173.
Yokogoshi H, Roberts CH, Caballero B, Wurtman RJ. Effects of aspartame
and glucose administration on brain and plasma levels of large neutral
amino acids and brain 5-hydroxyindoles. Am J Clin Nutr 1984;40(1):
1 – 7.
Yost DA. Clinical safety of aspartame. Am Fam Physician 1989;39(2):
201 – 206.

