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Abstract

Using a simple in vitro amyloidopathy CAD neuronal model, infrared (IR) 1068 nm light treatment (5 x 3 minutes)
was investigated as a novel neuroprotection strategy. Synthetic human β-amyloid(1-42) peptide was subjected to
aggregation in a test-tube, and shown to form fibrils of a range of sizes (individually ~10 μm), which compromised
the cellular nuclear integrity of CAD cells in culture, and elicited a dose-dependent neurotoxicity (β-amyloid(1-42)
peptide concentration range 0-25 μM) up to 73%, which was significantly suppressed (up to 24%; p<0.001) by prior
treatment with IR1068.
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Introduction
Infrared radiation (700-4000nm) has been reported to account for

up to 40% of the solar radiation which reaches the earth’s surface [1],
Near Infrared (NIR) light, typically defined as 600-1500 nm, has been
shown to have a wide range of biological actions and therapeutic
benefits, and a great deal of research has been undertaken to establish
the optimal parameters; whether they be wavelength, fluence, dosage
or light source (Laser or LEDs) [2,3]. Low-Intensity Light Therapy
(LILT), also known as photobiomodulation, has been reported to
modulate a considerable number of biological processes in a
significant number of studies. These include increasing wound healing
rates [4-7]; induction of cellular proliferation in multiple cell culture
systems; including osteoblasts [8-10], fibroblasts [11-13], muscle cells
and epithelial cells [14,15]; improving the healing time of Herpes
labialis infections [16]; increasing ATP synthesis and mitochondrial
respiration rates [17-21].

LILT has also been shown to promote cell survival and protect
against a number of insults in vitro, including UVA [22], potassium
cyanide [23], methanol-derived format [24], MPP+ (1-methyl-4-
phenylpyridium) and rotenone [25]. Neuronal culture provides a
unique method to study every facet of neural processing with high
reproducibility, in albeit a simplified system. The CAD (Cath.a-
differentiated) cell lines are catecholaminergic cells, derived from the
Cath.a cell line which was procured from a brain tumor that had
developed in a transgenic mouse model. CAD cells spontaneously lost

their original oncogene after committing to a neuronal phenotype.
The cell line expresses neurotransmitters, ion channels and neuron-
specific proteins including active tyrosine hydroxylase and
synaptophysin, all of which provide vital characteristics for the study
of neuronal systems in vitro [26,27].

Alzheimer’s disease is the leading cause of dementia in the world, it
is a progressive dementia characterized by the deposition of β-amyloid
(Aβ), found in large extracellular structures known as senile plaques
(SPs), which are thought to induce toxicity through affecting the
stability of the cell membrane therefore reducing synaptic
transmission [28] and impairing synaptic plasticity [29]. Recent
reports have suggested that Aβ oligomers, rather than insoluble fibrils,
are the more toxic structure and there is only a weak correlation
between quantity of plaques and neuronal loss [30-33]. Both structures
have been found to be toxic in vitro with differential effects on
neuronal viability, with oligomers as the more toxic species and
plaques acting as Aβ reservoirs which can be utilised by oligomers
[32-35]. The aim of this investigation was to produce an Alzheimer’s
disease model system in vitro with a range of Aβ structures. This
model was designed to provide a heterogenous Aβ-species system,
more realistic to the clinical situation than some methods currently in
use. This model was adopted to study Aβ toxicity on a neuronal cell
line and whether irradiation with IR1068 affected the level of this
toxicity.

The strong absorption of NIR at long wavelengths by water
generally limits the penetration of light into deep tissue. NIR at 1068
nm represents a peak in transmission through the water molecule and
therefore requires less energy to safely enter biological materials,
reducing thermal stress attributed to wavelengths 1300 nm and
beyond [2,22].

The present study aimed also to investigate whether IR1068 causes
proliferation as a secondary mechanism and whether treatment with
IR1068 is able to protect against Aβ insults.
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Materials and Methods

Cell maintenance
CAD (Cath.a – differentiated) Cells were maintained in Gibco®

DMEM/F12 + GlutaMAX® and 10% foetal calf serum (FCS) in 75 cm2

flasks until reaching 75% confluence, 3000 cells/mm2. At this point
they were passaged into 24 well plates, 450 µl per well.

Preparation of β-amyloid fibrils for use in Neuronal Cultures
Human β-amyloid(1-42) peptide was purchased from Ascent

Scientific, UK; upon arrival peptide was dissolved in DMSO to 1
mg/ml and stored at -80°C until use. Prior to use, the peptide was
diluted to 200 µM using sterile PBS. The peptide was then incubated
for 72 hours at 37°C, 5% CO2, without agitation. The peptide was then
diluted to the required concentration using DMEM/F12 plus
GlutaMAX® +10% FCS, inverted and gently added to neuronal
cultures. Control cultures were conducted using the same DMSO: PBS
ratio as for Aβ conditions, in DMEM/F12 plus GlutaMAX® +10% FCS.

Electron microscopy
Electron micrographs were obtained (Figure 1) to determine the

structure of the β-amyloid peptide following fibril formation as
described above. A sample of 200 μM β-amyloid(1-42) peptide was
imaged, prior to the use of the peptide in neuronal cultures. Samples
were negative stained with 2% uranyl acetate, in distilled water, onto
400 mesh formvar coated copper grids and air dried. Samples were
viewed using a Hitachi H7600 Transmission Electron Microscope. Dr
Christine Richardson conducted all electron microscopy in the
Histology laboratory within the University of Durham Imaging
facility.

Figure 1: Representative electron micrograph of β-amyloid(1-42)
fibrils/oligomers. Panels a and b show examples of fibrils, whereas c
demonstrates amorphous oligomeric structures, formed by the
method stated. Scale bar 100 nm.

Experimental Set-Up

CADs and Aβ
24 hours after cells were passed into 24 well plates they were

exposed to five sets of 3 minute IR1068 ± 10 or Sham treatments, 30
minutes apart, and cells were returned to the incubator. 24 hours after
this time, media was removed and replaced with DMEM/F12
+GlutaMAX® +10% FCS containing the desired concentration of β-
amyloid(1-42) peptide. Immediately after, cells were exposed to a
second set of five 3 minute IR1068 or Sham exposures and returned to
the incubator. 24 hours after the addition of β-amyloid(1-42), the cells
were again exposed to five sets of 3 minute IR1068 or Sham treatments
and again returned to the incubator. 24 hours after the third set of
IR1068 of Sham exposures a CytoTox 96 Non-radioactive assay was
performed on the cells.

Immunocytofluorescence with Ki67
CAD cells were passed into 24 well plates containing 13mm glass

cover slipped and coated with poly-d lysine. Cells were maintained for
72 hours in DMEM/F12 +GlutaMAX® +10% FCS. After this time the
media was changed and cells were exposed to five sets of three minute
IR1068 or sham exposures with 30 minutes between each treatment.
Following the final treatment, cultures were returned to the incubator
for four hours. After this time, the media was removed from the wells
and coverslips washed with PBS-T (PBS with 0.05% Tween-20) twice
for five minutes each. Cells were fixed in 4% paraformaldehyde for 15
minutes and then washed twice, as stated previously. Cultures were
then permeabilised using 0.5% Triton X-100 in PBS for 10 minutes
and washed once more. PBG (1% BSA (Fraction V, minimum 96%
lyophilized powder), 0.5% cold water fish skin gelatin in PBS, pH7.4)
was used to block the cells for 15 minutes, after which the primary
antibody was diluted in PBG; 1:400 anti-Ki67, and incubated with the
primary antibody for one hour at room temperature. Cells were then
washed three times using PBS-T and then incubated with the
secondary antibodies (1:100 anti-DAPI (4’,6-diamidino-2-
phenylindole) & 1:500 anti-rabbit Alexa fluor 488) for one hour.
Following five washes with PBS-T, coverslips were mounted onto glass
slides with Mowiol (Calbiochem, UK) and left to dry overnight at
room temperature in the dark, before storage at 4°C. Cells were
inspected using a Carl Zeiss Axioskop 2 microscope equipped for
epifluorescence. Images were captured using a Hamamatsu Orca 285
CCD camera controlled by Improvision Volocity software version 6.

CytoTox 96 non-radioactive assay (Promega, UK)
CytoTox 96 assay kit quantifies LDH (lactate dehydrogenase) levels

as a measure of cell lysis (necrosis). Media was removed from cells and
centrifuged at 13,000 rpm for two minutes. The supernatant
containing the LDH was retained and the pellet re suspended in PBS,
using the same volume removed from the cells, and placed back into
each well of the 24 well plates. The 24 well plates were then frozen for
two hours at -20°C to lyse all remaining cells. Cells were subsequently
thawed and centrifuged at 13,000 rpm for two minutes; again the
supernatant was retained as a measure of total LDH. Dilutions; 1:10
and 1:20, were made of each supernatant using PBS as the diluent with
DMEM+F12 plus 10% FCS to calibrate the assay. Neat, 1:10 and 1:20
dilutions were all completed in triplicate. 50 μl of substrate mix was
added to 50 μl of each dilution prior to incubation for 30 minutes at
room temperature in the dark. Following this, 50 μl of stop solution
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was added to each dilution and the absorbance measured at 490 nm on
a Mullikan Ascent Plate Reader, Version 2.6. LDH release was
normalized against the sum of total LDH absorbance, combining the
absorbance of positive control freeze-thawed cells and absorbance of
initial media containing LDH readings.

Statistics
Data were analysed using a Student’s two tailed T-test for

immunofluorescence analysis. Data were analysed using a 2-way
ANOVA analysis of variance, using a Bonferroni post-test. Data are
mean ± SEM, with a confidence interval of 95%. All analyses were
conducted using GraphPad Prism Version 5.0.

LED Arrays
1068 nm emitting LED arrays have a bandwidth of approximately

25nm, pulsed at 600 Hz, with a duty cycle of 300 microseconds,
5mW/cm2. Sham treatments were conducted using the same array but
with aluminium foil placed over the cells. LED arrays were supplied by
Virulite Distribution Ltd, UK and were validated by both Dr Gordon
Dougal (Virulite Distribution Ltd, UK) and the Durham Physics
Department (Dr Andrew Beeby).

Results

Amyloid appearance
Following staining of Aβ42 peptide, fibrils/oligomers were imaged.

Structures that had formed were heterogenous; there were large β-
pleated sheet structures, which spanned moderate areas of the formvar
grids. These sheet-like structures appeared to be comprised of multiple
smaller long fibrillar structures, which were measured to be
approximately 10 nm, as shown in figure 1. These appeared
throughout the samples and often appeared directly adjacent to large
β-pleated sheets, however it is unclear whether these structures
merged to form the beta-pleated sheet or whether the fibrils were
products of the large sheet of peptide.

CAD Cells, Aβ- induced toxicity and IR1068 protection
Exposure to IR1068 had no significant effect compared to sham

treated controls against cell death when cells were exposed to PBS, 0.5
μM or 1 μM Aβ42. However, there was a trend for a reduction in cell
death in the IR1068 treated condition, compared to sham treated
controls (n= 6, p<0.1) at 2.5 μM Aβ.

At 3.5 μM Aβ, treatment of CAD cells with IR1068 elicited a
statistically significant reduction in cell death (n= 6, *p<0.05), and this
was increased at 4.5 μM Aβ (n= 6, **p<0.01) and 5 μM Aβ (n=6,
***p<0.01) compared to sham treated controls.

Concentrations of Aβ at 10 μM and 25 μM were exceedingly toxic
to Sham treated cells, causing approximately 58% and 73% cell death,
respectively. However, despite the high concentrations of Aβ treated of
cells with IR1068 significantly reduced cell death to 44% and 60%,
respectively (n= 6, ***p<0.001, both concentrations).

Figure 2: CAD cell death following exposure to Aβ for 48 hours in
the absence or presence IR treatment. Shaded columns represent
cultures that were exposed to IR1068. Cell death was determined
using a CytoTox 96® Non-radioactive Assay. A 2-Way ANOVA of
variance was conducted, followed by a Bonferroni post-hoc test.
*p<0.5, **p<0.01, ***p<0.001 (n = 6 independent replicates).

IR1068 and proliferation assessment in CAD cells
Ki67 positive cells are a marker of cellular proliferation. IR1068-

treated neuronal cultures displayed no significant difference in the
proportional of cells that stained positive for Ki67 when compared to
sham-treated neuronal cultures (p= 0.83). Figure 3A shows illustrative
immune cytofluorescence images of sham and IR1068 treated CAD
cells and figure 3B shows statistical analysis of staining quantification.

Figure 3A: KI67 labelling of Sham- and IR1068-treated CAD Cells
A) Sham treated CAD cells B) Magnified image of cells highlighted
in the white box in figure A, arrows indicate Ki67 positive cells. C)
IR Treated CAD cells D) Magnified image of cells highlighted by
the white box in figure C. Figures A & C, scale bar 100μm. Figures
B & D, scale bar 20 μm. Arrows indicate Ki67 positively stained
cells.
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Figure 3B: Effect of IR1068 on proliferation. IR1068 exposure has
no apparent significant effect on cell proliferation, compared to
sham-treated cell cultures; Ki67 was used as a proliferation marker.
Values are given as a percentage of the total number of cells
counted. Data shown mean value ± SEM, n=6 replicate individual
cultures.

Discussion
There are a significant number of techniques which are in use to

form Aβ plaques from synthetic Aβ peptide. The advantage of
‘growing’ Aβ structures in vitro lies in the fact that conditions can be
tightly controlled and manipulated to create a particular structure or a
mixture of structures. However, there is not a ‘standard’ method for
the formation of Aβ oligomers or aggregates; this has resulted in the
ability of structures formed in different conditions to have
significantly different efficacies despite being formed from the same
starting peptide [30,31]. A number of methods are used for the
creation of toxic Aβ structures from synthetic peptides, with a wide
range of permutations exacted to push structure formation towards
fibrils or oligomers [35-41]. An aim for this investigation was to create
an Alzheimer’s disease model system in vitro, and to create a relatively
simple method through which a range of Aβ-derived structures could
be formed, which perhaps more closely represent what is present
clinically present in the Alzheimer’s disease brain than other
techniques published [33,35,37,38]. Fibrils formed through the
method described herein, were approximately 10 nm in diameter with
diffuse oligomeric-type structures forming alongside fibrils. In
concentrated solutions, fibrils were present as large pleated-sheet
structures, with individual fibrils observable in the sheets and
appearing to be joining or leaving the structures. Amorphous
oligomers were observable throughout the solution, often
concentrated around branches of the fibrillar structures (Shown in
figure 1, the same range as diameters previously reported in vitro
[34,37].

A secondary aim was to investigate whether this synthetic Aβ had
any effect on cell death, and if IR1068 exposure altered the degree of
Aβ-induced cell toxicity. Aβ deposition was clearly visible, adjacent to
damaged CAD cells with nuclei of a granular appearance. IR1068
exposure was found to consistently significantly reduce cell death
caused by Aβ, by up to 24%, over the range of Aβ concentrations (1-25
μM). The range of Aβ concentrations used would not necessarily be
found in vivo. However, the use of potentially unrealistic

concentrations in vitro is a necessary experimental limitation, as
synthetic Aβ peptides have been reported to be less neurotoxic than
cell-derived Aβ [32]. However, there is evidence to suggest cellular
concentrations of Aβ can reach micromolar levels in vesicular
compartments, so concentrations used in this investigation has
relevance [42].

LILT at various wavelengths has been previously shown to induce
proliferation in various cell types. As 1068 nm is in the middle of the
‘optical window’ of NIR, with little absorption by the water molecule
or major tissue chromophores, such as haemoglobin or melanin, it
requires less energy to penetrate biological matter and thus there is less
risk of thermal stress and tissue damage [2,3]. This investigation
provided preliminary evidence that IR1068 has no effect on cellular
proliferation in the CAD cell line and that active proliferation is
unlikely to be the cause of the apparent reduced cell death/improved
viability that has been observed following IR1068 exposure.

These data further support beneficial effects reported by our group
following LILT at 1068 nm, including improved working memory in
ageing mice [43], reduction of Aβ levels in an AD mouse model [44],
protection of primary cortical neurons from glutamate-induced
cytotoxity (unpublished data), enhanced cell viability following UVA
insult [22] and improved healing time associated with herpes labialis
infections [16]. The mechanism through which IR1068 elicits its
biological effects remains unclear. However, IR1068 has been shown to
upregulate iNOS (inducible nitric oxide synthase) levels in
conjunction with reduced apoptosis [22], with NO believed to act in
the prevention of caspase-3 activation [45-47], however this has not
been shown to prevent apoptosis in neuronal cell types [48]. Work
recently published in our laboratory [44] and on-going investigations
have consistently recorded up regulation of a number of heat shock
proteins (HSP) proteins including HSP105, HSP70, and HSP27 in a
number of mouse strains following exposure to IR1068. The reduction
in cell death reported here could be attributed to the up regulation of
these chaperones due to the significant number of roles in
maintenance of homeostasis; including preventing cell death through
both the intrinsic and extrinsic apoptosis pathways [49-52], as well as
reducing cellular stress through direction of aggregates towards
ubiquitin/proteasome machinery [49,53-55] or via direct refolding
[56-59], and have been reported to comprise up to 5% of the cellular
proteins [60]. Profound up regulation of HSPs persistently recorded in
mammalian tissue following IR1068 exposure may be due to a process
called ‘thermal relaxation’. A small amount of local thermal energy
may be emitted from the photo acceptors upon absorption of NIR.
This transient local energy (not affecting the entire cell) has been
shown to alter local biochemical activity, which could give rise to
secondary signalling processes which ultimately result in
neuroprotection in the face of insults [19, 61]. The induction of these
mechanisms, or a combination of these mechanisms, following IR1068
exposure are sufficient to explain the reduced cell death reported in
cultures exposed to IR1068, independent of proliferation.

Important investigations are underway in the laboratory to
characterize the panel of heat shock proteins expressed in the CAD cell
line as functionality differs significantly across the chaperone family.
1068 nm is not the first wavelength of NIR shown to be
neuroprotective, studies conducted at 633 nm [62], 670 nm
[23,25,63-65] and 830 nm [64] have all also proved to be
neuroprotective against a variety of insults. The results of this
investigation demonstrate that infrared light at the far end of the NIR
spectrum, IR1068, is able to protect against cell death following a series
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of exposures in a neuronal cell line, in the presence of the aggregate
believed to be a principal contributor to Alzheimer’s disease. This
study has provided a model system in which to further study the
pathogenic effects of Aβ and protective attributes of IR1068 in a
neuronal cell line.

The use of IR1068 as a treatment for Alzheimer’s disease is under
investigation, with recruitment of patients initiated in December 2010
(double-blind, placebo-controlled clinical trial). The results of these
trials will enable statistically valid conclusions to be drawn, regarding
the use of IR1068 as a treatment for neurodegenerative disease in a
clinical setting. Preliminary results from this investigation
demonstrate protective effects for IR1068 however significant work
remains to be conducted by the neuroscience community to model the
complex nature of Alzheimer’s disease accurately in vitro.
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