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r1 .. Abstract. Photocopying in offices and printing centers releases nanoparticles'that can reach the b~ following inhalation. We 
~: . exiunined whether subcytotoxic levels of airborne photocopy-emitted nanoparticles could potentiate perturbation of synaptic 
~/ signaling in cultured neurons following exposure to amyloid-[3 (Af3). Signaling was only transiently inhibited by Af3 ornanopar­
~ : · .. ti.cles individually, but remained statistically reduced in cultures receiving both after 24 h. In vitro and in vivo studies with copier 
~; . . emittednanoparticles have consistently demonstrated inflammation, oxidative stress, and cytotoxicity. Since Af3 can accumulate 
~: years before cognitive decline, subcytotoxic levels of nanoparticles are one factor that could potentiate A[3-induced impainnent 
~· . -of synaptic activity during these early stages. 
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i·; One hallmark of Alzheimer's disease (AD) is the 
~~ · deposition of so-called "senile plaques" in brain tissue 

(1], of which amyloid-13 (Aj3) is a major component. 
Prior to coalescence into plaques, Af3 oligomers exac­
erbate oxidative damage in vulnerable neurons, leading 

~; to inflammation and cell death [2, 3]. Resultant oxida-
;\ 
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tive stress may further · facilitate Af3 production and 
aggregation, l~ing to a deleterious neurodegenera­
tive cycle [ 4]. 

Af3 can be detected in brain years to decades 
before overt cognitive decline, suggesting that the 
above Af3-induced oxidative damage cycle may pre­
cede overt AD pathology [3]. In this regard, we recently 
demonstrated that subcytotoxic levels of A.13 oligomers 
impaired synaptic signaling within hours, leaying open 
the possibility that minor cognitive impairments, not 
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detectable . by standard cognitive tests, could accom­
pany early, subclinical accumulation of A~ in human 
brain [5]. We further demonstrated that physiological 
levels of iron potentiated the impact of A13 [6]. This 
interaction highlighted the potential deleterious impact 

. of othernise benign levels of common environmental 
compounds on nelirodegeneration resulting from early 
accumulation of A~. 

Neurotoxicity of engineerednanoparticles is of great 
interest; yet this remains an understudied area of nan­
otoxicology. Deposition of airborne nanoparticles in 
the nose and upper airways is particularly relevant to 
neurotoxicology, as they may reach the brain via the 
olfactory nerves as well as following inhalation into the 
lungs [7, 8), leading to potential disruption of synaptic 
signaling between the neurons 

Photocopiers and printers emit nanoparticles, lead­
ing to indoor environments with potentially high 
airborne nanopfilticle exposures. These nanoparticles 
are a complex mixture of carbonyl rich organic con­
stituents and several metal oxide nanoparticles, added 
as performance enhancers in toners. Iron oxide, tita­
nia, alumina, amorphous silica, copper oxide, possibly 
zinc oxide, and smaller amounts of manganese and 
other transition metals have been documented in ton­
ers and airborne nanoparticles [9, 10]. This mixture of 
carbonyl rich organics and redox-active transition met­
als may contribute synergistically to the high oxidative 
stress and inflammation documented in · human vol­
unteers, chronically exposed workers, and in vitro, in 
several recent studies [11-13). 

Herein, we• examined whether or not subcytotoxic 
levels of nanoparticles from a photocopy center could 
poteni:iate the deleterious impact ofSubcytotoxic levels 
of A13 on synaptic signalirig in murine cortical neuronal 
cultures. 

C57BL/6 murine embryonic cortical neurons 
harvested at day 17 of gestation were cultured for 
4-6 weeks before use in serum-free Neurobasal 
medium containing 2 mM 1-glutamine and anti.bi 
otics I antimycotics on poly-D-lysine I fibronectin­
coated petri dishes containing multi-electrode arrays 
(Multichannel Systems, Reutlingen, Germany) [14). 
Cultures in each experiment were established from 
homogenates obtained from multiple embryos from 
the same pregnant mouse. Multiple pregnant mice 
were utilized for experimental repetitions and mice 
were sacrificed according to procedures approved 
by our Institutional Animal Care and Use Commit­
tee. Cultures were incubated for 1 month prior to 
treatment, during which time they establish a stable 
network. This is characteriied by a transition of 

':;' 

predominantly high-amplitude individual signals to {I.' 
pattern of complex bursts that radiate throughout the; 
network [14, 15]. · ! 

Human A13 1-42 (rPeptide, Bogart GA) was diFi 
solved in HPLC-grade water at 6mg/mL, diluted to.· 
1 mg/mL in calcium- and magnesium-free phosphate-: 
buffered saline and incubated for 24 h at 37°C for : 
oligomerization [4]. . :. 

Copier-emitted nanoparticles were collected from.·:' 
ambient air during the printing process in a photocopy : 
cente~ using the Harvard comp.act casc~de impa~tor as l 
descnbed [9]. Only the nanos1ze fraction (particulate ,1 
matter <100nm, or PMo.1 collected on a Teflon filter 1 
was used herein. N anoparticles were extracted from th1( j 
Teflon filter using sonication, followed by subsequend . 
preparation of dispersions using a standardized disper- ~ 
sion and characterization protocols as described [1 lJ;· ;; 
which included determination of the critical sonication :: 
energy, agglomerate size, and dispersion stability. The. · 
effective density of particle agglomerates in cell culture '. 
suspension was measured using the volumetric cen- : 
trifugation method of Cohen et al. [15]. The effective _ 
dose of nanoparticles delivered to cells was computed .. 
using advanced fate and transport models. Independent . 
characterization of nanoparticles dispersed in net.i- · 
robasal medium revealed similar particle properties as 
previously reported with an estimated 20% of particles · 
deposited on cells by 24 h [ 11 J. 

Stock nanoparticle dispersion was prepared at 1 mM 
(1 mg/mL) in deionization H20. Nanoparticles were · 
further diluted to give a final administered dose of 
0.1-5-µ.g/mL in supplemented neurobas'al medium 
(delivered dose ""0.02-10 µ.g/mL at 24 h). · · · 

Culture medium was r~placed with .· fresh 
medium 24 ~ prior to treatments. Baseline sig~ 
nals were recorded, after which nanoparticles and/or 
A13 were aliquoted into the culture medium. Sigrtal~ 
were recorded at baseline and after 2, 4, and 24 h: · · 

Signals were recorded over 30-s intervals at room 
temperature in a MEA-1060-INV amplifier (Mul~ 
tichannel Systems) interfaced with a. DT9814 data 
acquisition system (Data 'Ii:anslation, Marlborough; 
MA) [13]. Signals were classified as spikes (individual 
signals deviating from baseline by >0.0025V) or bursts 
(;:::3 consecutive signals deviating from the baseline · 
by >0.0025V prior to decreasing to <0.0025V) Prior 
studies confirmed these signals to be synaptic in origin 
[13). Total signals (all spikes plus all bursts exceed­
ing 0.0025V) were quantified via our MBA software. 
The entire acquisition process, from remov81 of a 'cul­
ture from the incubator until its return took <2 min;' 
accordingly no perfusion of cllltrires was warranted, 
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. Fig. 1. Concentration-dependeµt inhibition of synaptic signaling by copier-emitted nanoparticles. PaI!.els present 20-s excerpts from spontaneous 
· signals recorded fron:i representative neuronal, cultures 24 h after addition of 10 or 50 µ;g of nanopinticles, along with untreated cultureS as 
·indicated. The accompanying graphs present quantification of total signals and bursts after24 h of treatment. Values represent the mean ± standard 
~viation of Volts x 10- 1 derived from at least three recordings from each of two ciiltures. · · 

· ·. and signals were recorded at ambient room tempera­
ture. Each culture was treated identically. Data files 

,, .. for .each channel were analyzed manually and with 
an algorithm that distinguishes neuronal activity from 

• . •baseline electrical disturbances [ 16]. Bursts were iden­
;, · tified by visual inspection of signals recorded over 30-s 
:. · intervals at each sampling interval (13, 14]. Values 
< . were derived from duplicate cultures from two experi­
'~ ·. · inents, for a total of four cultures under each condition. 
f: · Signals of untreated cultures and all treatments were 
~'.· analyzed by ANOVA with Fischer's post-hoc analyses 
[.'. . 24 h after treatment. For clarity of presentation in some 
f graphs, the mean bf baseline signals from all cultures 
Ii prior to treatment was defined as 100%, and the per-

!, centa:ge of signals at each sampling interval for each 
· condition was calculated [4, 5). 
.: Treatment of cultures with 50 µg/mL nanopar­
j· ticles reduced total signaling and complex bursts 

· by >98% within 24 h. By contrast, treatment with 
I 

10 µg/mL reduced total.signaling and complex bursts 
by approx. 25%, which was significantly identical to 
values displayed by cultures not treated with nanopar­
ticles (Fig. · f). We therefore utilized 10 µ.g/nlL copier 
nanoparticles for further analyses. 

As shown previously, treatment with 10 nM A13 
induced a transient decrease in complex bursts (Fig. 2). 
However, combined treatment with A13 plus lO nM . . . 
nanoparticles progressively reduced bursts such that 
after 24 h they remained statistjcally reduced versus 
untreated cultures. No change was observed in the 
number of total signals, confirming an absence ofover-
all toxicity after 24 h (Fig; 1 ). · 

Analysis of signaling . affords visuali:lation of 
neurotoxic impact not detectable by conventional cyto­
toxicity analyses. These findings demonstrate that 
exposure to sub-cytotoxic concentrations of copier­
emitted nanoparticles and Aj3 significantly reduced 
synaptic signaling at concentrations at which neither 
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Fig. 2. Exposure to .Al3 and nanoparticles inhibited synaptic signaling in cultured cortical neurons. A) 15-s excerpts from spontaneous sig~. i 
nals recorded from n:euronai cultures before and at 4 and 24 h following addition of Aj3, copier nanoparticles, or both, along with untreated -~ 
cultures, as described in the text. Signal amplitude is indicated in volts x 10-1• The same cultures are presented at each sampling interval. : 
Note the transient decline in signals in cultures treated with Aj3 or nanoparticles, followed by recovery at 24 h. By contrast, signals remaill : 
inhibited at 24 h in cultures treated with both Aj3 and nanoparticles. B) Quantification of positive bursts > 0.0025V from multiple cultures as -· 
presented .in (A). Values represent the. mean change in bursts (±standard deviation from the mean) recorded under all conditions vef!!US those . · 
recorded in untreated cultures as described in the text. Bursts underwent an initial decline following ~tment with either A13 or nanoparti- · ·1 
cles, but had undergone recovery by 24 h and were statistically identical to untreated cultures. BurstS were statistically reduced in cultures : 
receiv.ing both Aj3 'and nanoparticles versus untreated cultures (*p<0.05, ANOVA with Fischer LSD post-hoc analyses). C) Graphs present ; 
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· . agent alone. only transiently affected signaling. These 
.studies extend our prior investigations, where a higher 

. · · but still sub-cytotoxic concentration of Aj3 (1 µ.M) 
induced signaling abnormalities within hours when 
adniinistered in isolation [4], and simul~eous expo­

. sure to physiologkal concentration of iron potentiated 
, .. A~~induced signaling abnormalities [6]. Herein, and 

in our prior studies, signals reverted to baseline lev­
_els within 24 h following treatment with A13 alone, 

· . ·indicating that exposure to a single subcytotoxic 
· dosage of A13 did not invoke permanent damage . 
. One potential contributing factor for restoration of 

· _normal signaling is the internalization of A13 by 
neurons and/or glia in these cultures as described 
previously [17]. 

A13 can ~e detected years prior to any overt 
· inipairment of cognitive performance [3]. Under such 

conditions, individuals harboring aberrant A13 accu-
. ·.· ·. mulation will likely continue their prior day-to-day 

activities. Some occupations demand full time working 
with · printers . or copiers. Engineered lianomateri­
itls are usually incorporated in toners but emitted 

: nanoparticles have a complex chemistry reflecting 
· .both toner and paper [10]. Recent research on pho­

. · . iocopiers and printers has highlighted these devices 
· as nano-enabled products and potential source of 
indoor air pollutants, with release of nanoparticles of 

. cotnplex chemistry-containing both organic and inor­
ganic phases. Previously, systemic oxidative stress 
and upper airway inflammation in healthy individu­
als was reported in healthy individuals following a 

. single day exposure in a photocopy center environ­
. ment [18]; Nanoparticles emitted by copiers induce 
lung injury and inflammation in mice [12]. Extensive 

. . .· physicochemical and morphological characterization 
of emitted nanoparticles has shown the particles to be 

· a mix of various metal/metal oxides [1 O]. The poten­
. · tial synergism in reactive oxygen species generation 

between organic and inorganic constituents of com­
plex mixtures is well documented and likely at play 
with copier emitted nanoparticles. 
·. The· impact of nanoparticles plus A13 on signal­

ing may be minor enough to remain undetected but 
could nevertheless compromise and/or delay decision­
making under critical/stressful conditions. Notably, 
humans are exposed to nanoparticles comprised of 
silver copper and/or aluminum at a number of manufac­
turing sites. Such nanoparticles induced developmental 

. and age-related sensory, motor, and cognitive compro­
mises in rodent studies; of interest will be to examine 

· the impact of such additional environmental nanopar­
ticles on A13 toxicity. 
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