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Abstract

The etiology of human neurodegenerative diseases including Alzheimer’s disease (AD) is exceedingly complex and
our understanding of the mechanisms involved is far from complete. The experimental neurotoxicology of aluminum has
been shown to recapitulate many of the pathophysiological features of AD and therefore represents a useful model to
study the mechanisms involved in neurodegeneration. The present study investigated the effects of aluminum maltolate
(Al-maltol) on the delicate balance that exists between pro-inflammatory cytokines and neurotrophins using primary
brain rotation-mediated aggregate cultures. Aggregates were treated with Al-maltol (5—150 uM) on day 15 in vitro for
72 h. Cell death increased in a time- and concentration-dependent manner reaching significance in aggregates treated
with 150 uM Al-maltol in 48 h and 50 uM by 72 h. Analysis of gene expression at 72 h revealed a concentration-
dependent increase in tumor necrosis factor o (TNFo) and macrophage inflammatory protein-1o (MIP-1a) suggestive of
a state of inflammation. In contrast, a dramatic concentration-dependent decrease in the expression of nerve growth
factor (NGF) and brain derived neurotrophic factor (BDNF) was observed. In fact, NGF expression could not be
detected in aggregates treated with 50 and 150 uM Al-maltol. These changes in gene expression correlated with a
decrease in aggregate size and an increase in neurodegeneration as indicated by Fluoro-Jade B staining. The results
indicated a differential regulation of pro-inflammatory cytokines and neurotrophins in brain tissue following treatment
with Al-maltol. Such findings provide insight into the possible involvement of deregulation of the cytokine/neurotrophin
balance in the etiology of neurodegeneration.
© 2002 Elsevier Science Inc. All rights reserved.
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inflammatory cytokine/neurotrophin balance as a cau-
sative factor in neurodegeneration seen in Parkinson’s
disease (Nagatsu et al., 2000), central nervous system
(CNS) Schistosoma mansoni infection (Fiore and Aloe,
2001) and autoimmune encephalitis (Muhallab et al.,
2002). Additionally, Alzheimer’s-like neurodegenera-
tion was demonstrated in anti-nerve growth factor
(NGF) transgenic mice (Capsoni et al., 2000). The
interaction between pro-inflammatory cytokines and
neurotrophins is further supported by the observations
that overexpression of tumor necrosis factor oo (TNFot)
in the brain decreases NGF levels in the hippocampus
(Aloeetal., 1999) and low non-cytotoxic levels of TNFa
markedly reduced signaling from neurotrophic factors
(Venters et al., 1999, 2000).

Direct intracisternal administration of aluminum
maltolate (Al-maltol) has been shown to induce neu-
rodegeneration similar to that observed in human AD
and has been proposed as a model to study the mechan-
isms of neurodegeneration (Ghribi et al., 2002). Stu-
dies indicate that Al can also induce the production of
TNFo in human T98G glioblastoma cells (Campbell
et al., 2002). Alterations in the production of NGF have
also been reported in mice treated with Al (Allevaetal.,
1998). The purpose of the present study was to deter-
mine the effect of Al-maltol on the pro-inflammatory
cytokine/neurotrophin balance in the CNS. We
employed the rotation-mediated neural cell aggregate
culture system and found that Al-maltol concentration-
dependently increased the expression of TNFa and
macrophage inflammatory protein-1o. (MIP-1a) con-
comitant with marked decreases in the expression of
NGF and brain derived neurotrophic factor (BDNF).
These alterations in gene expression correlated with a
concentration-dependent increase in cell death. Results
of the present study implicate a shift towards increased
inflammatory mediators and decrease trophic factors in
the etiopathogenesis of Al-maltol-induced neurode-
generation and extend current knowledge of the
mechanisms involved.

MATERIALS AND METHODS
Materials

Aluminum chloride was purchased from J.T. Baker
(Mallinckrodt-Baker Inc., Phillipsburg, NIJ). 3-
Hydroxy-2-methyl-4-pyrone (maltol) was obtained
from TCI America (Portland, OR) and the aluminum
maltolate (Al-maltol) complex was made as previously
described in detail (Bertholf et al., 1989). Delbecco’s

Modified Eagle’s Medium (DMEM) and Albumax II
were purchased from Gibco Life Technologies (Invi-
trogen, Carlsbad, CA). All other cell culture reagents
were procured from Sigma. The primers used for
expression analysis were synthesized by Integrated
DNA Technologies (Coralville, IA). Fluoro-Jade B
was purchased from Histo-Chem Inc. (Jefferson,
AR). All other reagents were obtained from Sigma
and were of cell culture grade when available.

Cell Culture System

The rotation-mediated aggregate neural culture sys-
tem has been described in detail by Honegger and
Monnet-Tschudi (1997). This culture system has been
used previously to investigate the neurotoxicity of Al
(Atterwill et al., 1992). Briefly, the telencephalon was
aseptically removed from gestation day 15 Swiss
Webster mice (Harlan, Indianapolis, IN). The tissue
was mechanically dissociated in Puck’s D (Honegger
and Monnet-Tschudi, 1997) by gently teasing through
a 200 uM nylon mesh (Sefar America Inc., Depew,
NY) followed by filtration through a 120 uM nylon
mesh to remove debris. The single cell suspension was
counted using a hemocytometer and the viable cell
concentration was adjusted to 10 x 10° cells/ml in
serum-free media (Honegger and Monnet-Tschudi,
1997). Immediately, a total of 40 x 10° cells were
added to each 25 ml Delong flask, 4 ml of media
was added and the flasks were placed on an orbital
shaker at 68 revolutions per minute (rpm) in a humi-
dified incubator at 37 °C with 10% CO,. The speed of
rotation was progressively increased to 74 rpm by day
1 and then the aggregates were transferred to 50 ml
Delong flasks. Rotation speed was increased by 1 rpm
per day until a final speed of 80 rpm for the rest of the
culture period. Aggregates were treated on day 15 in
vitro by removing 4 ml of media and adding 4 ml of
fresh media containing 2 x concentrations of Al-maltol
(5-150 uM). Since each molecule of Al is bound by
three molecules of maltol, a control group was treated
with 450 uM maltol. Media samples were taken every
24 h until 72 h when the aggregates were harvested for
gene expression analysis.

Cytotoxicity Assay

Cell death induced by Al-maltol was determined
using the lactate dehydrogenase (LDH) release assay
as previously described (He et al., 2002). Briefly, 40 pl
of culture media was added to a 96-well plate and then
100 pl of 4.6 mM pyruvic acid in 0.1 M potassium
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phosphate buffer (pH 7.5) was added using a repeater
pipette. One hundred microliters of 0.4 mg/ml reduced
B-nicotinamide adenine dinucleotide in 0.1 M potas-
sium phosphate buffer (pH 7.5) was added to the wells
and the kinetic change in absorbance at 340 nm was
read for a duration of 1 min using a PowerWaveX ™
absorbance microplate reader (Bio-Tek Instruments
Inc., Winooski, VT). Data are presented as percentage
of control (no treatment) LDH release.

Analysis of Gene Expression

Cell aggregates were washed with ice-cold phos-
phate buffered saline (PBS) and then disrupted in
TRI® reagent (Molecular Research Center, Cincinnati,
OH) according to manufacturer’s protocol. Reverse-
transcriptase polymerase chain reaction (RT-PCR) was
used to analyze the expression of mRNA for TNFao,
MIP-1a, NGF, BDNF and B-actin (internal control) as
previously described (Johnson and Sharma, 2001). The
sense and antisense primers used were 5'-CTCTT-
CAAgggACAAggCTg-3' and 5'-CggACTCCgCAAA-
gTCTAAg-3 for TNFo, 5-CTgCCTgCTgCTTCT-
CCTAC-3' and 5-CTgCCTCCAAgACTCTCAgg-3
for MIP-1a, 5-TCAgCATTCCCTTgACACAg-3' and
5'-CACTgAgAACTCCCCCATgT-3 for NGF, 5'-
gCggCAgATAAAAAgACTEC-3" and 5'-CTTATgA-
ATCgCCAgCCAAT-3’ for BDNF and 5'-ATggATgAC-
gATATCgCT-3' and 5'-ATgAggTAgTCTgTCAggT-3'
for B-actin. The thermal cycles consisted of denaturation
at 94 °C for 15s, annealing at 54 °C for 15s and
extension at 72 °C for 30 s followed by a final extension
at 72 °C for 5 min. The numbers of cycles optimized
within the linear range of amplification for each primer
set were 25 cycles for TNFa and MIP-1a, 30 cycles for
NGF and BDNF and 35 cycles for B-actin.

The amplification products were fractionated on 2%
agarose gel and documented using a Kodak DC290
digital camera. The resulting images were digitized
and quantified using UN-SCAN-IT software (Silk
Scientific Inc., Orem, UT) and the pixel values for
each cytokine were normalized to that of B-actin.

Aggregate Size and Pathology

Aggregates were treated with Al-maltol (5-150 uM)
or maltol (450 pM) for 72 h and then collected and
washed once in ice-cold PBS. The aggregates were
then fixed in 4% paraformaldehyde for 1 h. Aggregate
size was determined using an Olympus IX71 inverted
microscope (Olympus America Inc., Melville, NY).
Digital images were captured using a MagnaFire SP®

digital camera and size analysis was performed using
Image-Pro®™ Express software (Olympus).

Pathological damage was examined using Fluoro-
Jade B, a specific marker for degenerating neurons, as
previously described (Schmued et al., 2000). Parafor-
maldehyde-fixed frozen sections (25 pM) were dried at
50 °C and rehydrated in 80% ethanol with 1% NaOH
for 5 min followed by 70% ethanol for 2 min and
distilled water for 2 min. Sections were then immersed
in 0.6% potassium permanganate for 10 min while
shaking to evenly suppress background staining and
then rinsed in distilled water for 2 min. The sections
were transferred to Fluoro-Jade B staining solution
(0.0004%) in 0.1% acetic acid for 20 min followed
by three changes of distilled water 2 min each. Slides
were dried at 50 °C, cleared in CitriSolv™ (Fischer
Chemical, Fairlawn, NJ) and coverslipped using Flo-
Texx® mounting media (Lerner Laboratories, Pitts-
burg, PA). Digital images were captured using an
Olympus IX71 inverted microscope equipped with a
MagnaFire SP™ digital camera.

Statistical Analysis

All statistical analysis was performed using Minitab
statistical software (Minitab Inc., State College, PA).
Treatment effects were determined using analysis of
variance followed by Fisher’s PLSD post-hoc test.
Effects were considered significant at P < 0.05.

RESULTS

Treatment of fetal aggregate cultures with Al-maltol
resulted in a concentration- and time-dependent
increase in LDH release indicating cell death
(Fig. 1). At 24 h increased cell death was observed
in aggregates treated with 150 pM Al-maltol although
statistical significance was not reached. LDH release in
this group was significantly increased over control by
48 h and remained significantly elevated at 72 h. At
72 h a concentration-dependent increase in cell death
was evident in aggregates treated with Al-maltol.
Unexpectedly, aggregates treated with a 450 pM mal-
tol (3x molar concentration of highest Al-maltol
group) showed increased cell death but only at 72 h
(Fig. 1).

Analysis of gene expression showed that Al-maltol
induced a concentration-dependent increase in the
expression of TNFa, except at the highest (150 uM)
concentration (Fig. 2). A concomitant increase in MIP-
1o was observed suggesting a chemotactic response in
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Fig. 1. Treatment of aggregating neural cell cultures with Al-
maltol induces cell death. Aggregate cultures were treated on day
15 in vitro with Al-maltol (5-150 uM) or maltol (450 uM) for
72 h. Samples of the culture media were taken every 24 h for the
determination of LDH release. Data are expressed as percentage
of control LDH release at the respective time point. C: control.
Mean + S.E.M. (n = 3 flasks per group). Data are representative
of three independent experiments with similar trends. (%)
Significantly different from control group at P < 0.05.

microglial cells to sites of cell death. The expression of
pro-inflammatory genes in aggregates treated with
150 uM  Al-maltol was also significantly increased
over control. The expression of PB-actin was also
decreased (Fig. 2) in this group over the control
indicating a deficit in total gene expression at this dose
likely due to the high toxicity at this concentration of
Al-maltol.

The increase in pro-inflammatory gene expression
was accompanied by a dramatic concentration-depen-
dent loss in the expression of neurotrophic factors
(Fig. 3). NGF mRNA was not detectable in aggregates
treated with 50 and 150 uM Al-maltol. Treatment with
450 pM maltol also increased TNFa and MIP-1a gene
expression (Fig. 2) correlating with the cell death (LDH
release) seen at 72 h. In contrast to the effect of Al-
maltol, no changes in the expression of NGF or BDNF
were evident in aggregates treated with maltol (Fig. 3).

Morphometric analysis using digital imaging soft-
ware revealed that aggregates treated with maltol
(450 pM) alone showed an increased size when com-
pared to untreated aggregates (Fig. 4) suggesting a
proliferative effect of maltol on the stem cells in the
aggregate culture. Al-maltol decreased the size of
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Fig. 2. Al-maltol increases pro-inflammatory gene expression in
rotation-mediated neural aggregate cultures. Aggregate cultures
were treated on day 15 in vitro with Al-maltol (5-150 uM) or maltol
(450 uM) for 72 h. Following treatment, aggregates were washed in
ice-cold PBS and disrupted in TRI® reagent and total RNA was
extracted. RT-PCR was used to examine the expression of TNFo and
MIP-1a. The order of the bands in the representative gels (A) is the
same as for the bars. Densiometric analysis of the gels for TNFa. (B)
and MIP-1a (C) was performed. Mean + S.E.M. (n = 3). Data are
representative of three independent experiments with similar trends.
(*) Significantly different from control group at P < 0.05.

aggregates (Fig. 4). The decrease in size may reflect
an inhibition of stem cell proliferation concomitant
with the loss of cells due to toxicity. Pathological
examination using Fluoro-Jade B showed minimal
neurodegeneration in the center of control aggregates
(Fig. 4). Neurodegeneration was increased in maltol-
treated aggregates but the damage was confined to the
center of the aggregate. In contrast, neurodegeneration
was evident throughout aggregates treated with
150 uM  Al-maltol (Fig. 4) suggesting different
mechanisms of toxicity for maltol versus Al-maltol.

DISCUSSION

The term neurodegeneration describes the cell death
that is observed in many diseases of the CNS including
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Fig. 3. Al-maltol decreases neurotrophin gene expression in
rotation-mediated neural aggregate cultures. Aggregate cultures
were treated on day 15 in vitro with Al-maltol (5-150 uM) or
maltol (450 pM) for 72 h. Following treatment, aggregates were
washed in ice-cold PBS and disrupted in TRI®™ reagent and total
RNA was extracted. RT-PCR was used to examine the expression
of NGF and BDNF. The order of the bands in the representative
gels (A) is the same as for the bars. Densiometric analysis of the
gels for NGF (B) and BDNF (C) was performed. Mean £ S.E.M.
(n = 3). Data are representative of three independent experiments
with similar trends. (%) Significantly different from control group
at P < 0.05.

AD and Parkinson’s disease. The series of pathophy-
siological events that culminate in neurodegeneration
are poorly understood. A promising hypothesis is that
oxidative stress and inflammation play a central role in
the cell death observed (Akiyama et al., 2000). Studies
demonstrate that oxidative stress and inflammation are
key factors in the neurotoxicity of Al (Campbell et al.,
2002) and this metal has been considered a risk factor
for the development of AD (Perl and Brody, 1980) and
other human neurodegenerative syndromes (Perl et al.,
1982). Therefore, we tested the hypothesis that Al
causes a shift towards a state of inflammation in the
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Fig. 4. Al-maltol decreased the size of aggregates and caused
neurodegeneration whereas maltol increased aggregate size and
neurodegeneration. Aggregate cultures were treated on day 15 in
vitro with Al-maltol (5-150 uM) or maltol (450 uM) for 72 h
following which aggregates were fixed in 4% paratormaldehyde for
1 h. (A) Frozen sections (25 uM) were stained with Fluoro-Jade B
specific for degenerating neurons and examined under phase
contrast or fluorescence using a fluorescein filter cube (Olympus)
and digital microscopy. (B) Fixed aggregates were allowed to settle
in wells of a 96-well plate and digital micrographs were captured
and used to determine aggregate size. Data are presented as
mean £ S.E.M. of 25 randomly selected aggregates. (*) Signifi-
cantly different from the control group at P < 0.05.

CNS that is involved in cell loss and neurodegenera-
tion. We found that pro-inflammatory gene expression
was increased in neural tissue treated with Al-maltol.
This inflammation correlated in time and concentration
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with Al-maltol-induced cell death. Interestingly, a
decrease in trophic support appears to play a role in
the neurodegeneration observed since the expression of
NGF and BDNF was markedly reduced. Decreased
trophic factor expression was observed at doses that did
not produce cell death or inflammation. This suggests
that decreased growth factor production may be the
initiating signals leading to cell death and the inflam-
mation may be a response to cell death.

Previous studies have demonstrated a reciprocal
relationship between pro-inflammatory cytokines and
neurotrophic factors in the CNS. It has been proposed
that there is a cytokine/neurotrophin balance that is
central to the maintenance of homeostasis in the brain
and disruption of this balance can lead to detrimental
changes in the CNS (Aloe et al., 1999). Such a balance
plays an important role in neurodegeneration asso-
ciated with disease (Nagatsu et al., 2000) and with
normal aging (Macdonald et al., 2000). In the present
investigation, Al, an environmental factor possibly
involved in neurodegeneration, caused a shift in this
balance towards increased pro-inflammatory cytokine
production. In addition to the increase in TNFa and
MIP-1a, a dramatic decrease in NGF and BDNF was
evident. These changes in gene expression were
accompanied by neurodegeneration and a decrease
in overall aggregates size. These findings indicate that
Al-maltol may cause neurodegeneration by two poten-
tially interrelated mechanisms, immune-mediated neu-
ronal death and neuronal death due to diminished
trophic support. The increase in inflammatory gene
expression may also be caused by Al-maltol-induced
necrosis since necrotic neurons have been shown to
increase TNFa production in primary glial cells
(Viviani et al., 2000).

Strong evidence supports an interaction between
cytokines and neurotrophins. Aloe et al. (1999) showed
that the overexpression of TNFa in Tg6074 transgenic
mice resulted in a significant decrease in NGF in the
hippocampus. The physiological consequence of this
decrease was a loss of septal cholinergic neurons that
depend on NGF for survival. Cholinergic neurons are
intimately involved in learning and memory and
Tg6074 transgenic mice show neurobehavioral altera-
tions including decreased learning ability (Fiore et al.,
1996, 2000). Therefore, the increase in TNFa observed
in the present study may be responsible for the down
regulation of NGF and BDNF expression both of which
may cause neuronal loss. Since the removal of NGF
from PC-12 cells and primary neurons in culture has
been shown to induce apoptosis (Chang and Johnson,
2002), the observed decrease in neurotrophin gene

expression may play an important role in the apoptosis
seen in Al-maltol-treated rabbits (Savory et al., 1999;
Ghribi et al., 2001a). Interestingly, co-administration of
glial-derived neurotrophic factor (GDNF) prevented
Al-maltol-induced neurodegeneration in the rabbit
brain (Ghribi et al., 2001b) suggesting a protective role
for neurotrophic factors in Al-maltol neurotoxicity. The
results of the present investigation offer the possibility
that Al-maltol decreased neurotrophic factor expression
in the CNS and that supplementation with GDNF
may be counteracting the decrease, thus protecting
against Al-maltol neurotoxicity in the rabbit.

Paradoxically, we observed asimilarincreasein TNFa
and MIP-1a in aggregates treated with maltol alone
and this correlated with increased LDH release at 72 h.
The observation of an increase in the size of the
aggregates following treatment with maltol may be a
critical factor. The aggregates proliferate in the initial
stages of the culture until they reach a terminal dia-
meter that is dictated by the limit of diffusion of
nutrients, oxygen and waste (Honegger and Monnet-
Tschudi, 1997). An increase in diameter as observe in
the present study resulted in an increased core of
necrosis in the center of the aggregate due to the lack
of nutrients and oxygen delivery and waste removal.
This conclusion is supported by our findings that the
neurodegeneration in maltol-treated aggregates was
confined to the central area. Therefore, it is possible
that the increase in TNFa is secondary to maltol-
induced proliferation and aggregate growth. We
recently found that maltol (>250 uM) stimulated pro-
liferation in Neuro-2a cells (Johnson and Sharma,
unpublished data) thus further supporting this hypoth-
esis. Another possible explanation for this effect is the
direct induction of cell death as previously observed in
neurons treated with >150 uM maltol for 72 h (Hir-
onishi et al., 1996). This could lead to secondary
inflammation and an increase in TNFa expression.
The lack of effect of maltol on NGF and BDNF
expression indicates that the mechanisms responsible
for the cell death are different than for the cell death
caused by Al-maltol.

The observed increase in pro-inflammatory gene
expression in maltol-treated aggregates was greater in
magnitude than aggregates treated with Al-maltol. Cell
death (LDH release) was also higher in maltol-treated
cultures at 72 h. Cultures treated with Al-maltol showed
a large increase in LDH release by 48h, which
decreased by 72 h. It is likely that Al-maltol increased
pro-inflammatory gene expression maximally at 48 h
although this was not tested in the present study. Patho-
logical analysis at 72 h showed damage throughout
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the aggregates treated with high concentrations of
Al-maltol, an observation not seen following maltol
treatment. This suggests a greatly reduced viability in
the aggregates treated with 150 pM Al-maltol possibly
accounting for the lesser increase in pro-inflammatory
gene expression. This is further supported by the
observed decrease in B-actin expression in this group
indicating a reduction in total gene expression.

In summary, Al-maltol caused cell death in a three-
dimensional model of brain tissue. A disruption in the
pro-inflammatory cytokine/neurotrophin balance was
observed and is likely responsible for the cell death.
These findings provide insight into etiology of Al
neurotoxicity and afford support for a role of Al in
neurodegeneration. The current in vitro neural model
will be useful for investigating the mechanisms
involved in neurodegeneration. Differential regulation
of cytokine and neurotrophin genes may play a pro-
minent role in neurodegenerative diseases. Pharmaco-
logical alterations of these pathways may provide
promise for possible prevention and therapeutic inter-
vention in neurodegenerative disease states as has been
demonstrated for neurotrophic factors and Al neuro-
toxicity (Ghribi et al., 2001b; Ohyashiki et al., 2002).
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