
Amidation and Structure Relaxation Abolish the Neurotoxicity of
the Prion Peptide PrP106–126 in Vivo and in Vitro*

Received for publication, January 6, 2005, and in revised form, April 7, 2005
Published, JBC Papers in Press, April 11, 2005, DOI 10.1074/jbc.M500210200

Ann-Louise Bergström‡§, Henriette Cordes‡, Nicole Zsurger¶, Peter M. H. Heegaard‡,
Henning Laursen!, and Joëlle Chabry¶
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One of the major pathological hallmarks of transmissi-
ble spongiform encephalopathies (TSEs) is the accumula-
tion of a pathogenic (scrapie) isoform (PrPSc) of the cel-
lular prion protein (PrPC) primarily in the central
nervous system. The synthetic prion peptide PrP106–126
shares many characteristics with PrPSc in that it shows
PrPC-dependent neurotoxicity both in vivo and in vitro.
Moreover, PrP106–126 in vitro neurotoxicity has been
closely associated with the ability to form fibrils. Here, we
studied the in vivo neurotoxicity of molecular variants of
PrP106–126 toward retinal neurons using electroretino-
graphic recordings in mice after intraocular injections of
the peptides. We found that amidation and structure re-
laxation of PrP106–126 significantly reduced the neuro-
toxicity in vivo. This was also found in vitro in primary
neuronal cultures from mouse and rat brain. Thioflavin T
binding studies showed that amidation and structure re-
laxation significantly reduced the ability of PrP106–126
to attain fibrillar structures in physiological salt solu-
tions. This study hence supports the assumption that the
neurotoxic potential of PrP106–126 is closely related to its
ability to attain secondary structure.

Prion diseases or transmissible spongiform encephalopathies
(TSEs)1 represent a group of fatal, neurodegenerative diseases
including e.g. Creutzfeldt-Jakob disease in humans, scrapie in
sheep and goats, chronic wasting disease in deer, and bovine
spongiform encephalopathy in cattle. The etiology of the dis-
eases can be sporadic, hereditary, or infective. According to the
“protein-only” hypothesis (1), the basic infectious mechanism is
thought to be a conformational change of the normal (cellular)
prion protein (PrPC) into the pathogenic (scrapie) PrPSc cata-
lyzed by PrPSc itself. Thus, presence of PrPC is a prerequisite
for prion infection (2).

PrPC is a glycosylphosphatidylinositol-anchored glycoprotein
constitutively expressed on the surface of primarily neuronal
cells. It consists of two structurally different parts, namely a

C-terminal, globular part mainly !-helical in nature and an
unstructured, N-terminal part (3, 4). Misfolding of PrPC into
PrPSc occurs post-translationally and results in increased
"-sheet content and a gain of protease resistance. The central
region of PrPC linking the unstructured N-terminal part with
the globular C-terminal domain is believed to play a pivotal
role in these conformational changes (5–8).

The pathological hallmarks of the TSEs, which are mainly
restricted to the central nervous system, include deposition of
PrPSc, vacuolization of gray matter, neuronal death, and neu-
roinflammation manifested as astrogliosis and activation of
microglia cells (9, 10). Normally, PrPSc deposition and neuro-
pathology are spatiotemporally correlated in vivo (11–13); how-
ever, examples of the uncoupling of these events have been
reported (14). The molecular mechanism of TSE-associated cell
death is poorly understood, although it seems that apoptosis is
involved (reviewed by Hetz et al. (15) and Liberski et al. (16)).
Up-regulation of pro-apoptotic markers has been found in post-
mortem brains from Creutzfeldt-Jakob disease patients (17)
and has additionally been found to precede the accumulation of
PrPSc in scrapie-infected mice (18). The exact nature of the
neurotoxic entity in the TSEs is still debated. Cytotoxicity of
purified PrPSc has been shown in PrPC-expressing neuroblas-
toma cells in vitro (15); however whether large aggregates or
smaller oligomers of PrPSc are toxic is unknown (19).

A synthetic peptide named PrP106–126 (numbering corre-
sponding to the human prion protein sequence) resides within
the central region of PrP near the N-terminal of the protease-
resistant part of PrPSc. PrP106–126 shares many properties
with PrPSc, as it readily forms amyloid fibrils with a high
"-sheet content (20), shows partial proteinase K resistance (20,
21), and is neurotoxic both in vivo (22, 23) and in vitro (23–28).
PrP106–126 contains the palindrome sequence AGAAAAGA,
which makes it highly amyloidogenic. In contrast to other syn-
thetic prion protein fragments that induce neuronal death in-
dependently of PrPC expression (23, 29), the neurotoxicity of
PrP106–126 depends on the expression of endogenous PrPC

(23), which makes PrP106–126 a relevant model for PrPSc

neurotoxicity. The in vivo neurotoxicity has been proposed to be
linked to its aggregate-forming behavior and ability to form
secondary structure in an aqueous environment (22). PrP106–
126 causes neuronal death via induction of apoptosis (15, 22,
23), and events such as mitochondrial disruption (30), oxidative
stress (31), and activation of caspases (15) have been found to
be involved in this process. Also, another prion-derived peptide,
PrP118–135, has been found to cause neuronal death via in-
duction of apoptosis (23). The toxicity of PrP118–135 is, how-
ever, independent of endogenous PrPC expression. The toxicity
of PrP106–126 has been found to be enhanced by activation of
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microglia cells (27) and astrocytes (25).
The neuroretina represents an easily accessible and fully

integrated part of the central nervous system. Normally, there
is a very low level of protease activity in the corpus vitreum of
young, healthy animals (32), and injections of peptides can be
made directly into the posterior chamber of the eye without
causing damage to the eye. The neuronal cells of the retina
express PrPC (33, 34) and are sensitive to PrP106–126 neuro-
toxicity, whereas the retinal neurons of PrP"/" mice are re-
sistant to this effect (23). Damage to retinal cells can be quan-
tified with electroretinographic recordings.

We recently showed that C-terminal amidation and struc-
ture relaxation of PrP106–126 significantly reduced the pep-
tide’s ability to form amyloid structure in water (35). Amida-
tion of the C terminus has also been indicated by others to
induce random coil structure in the peptide and to decrease its
propensity to form amyloid fibrils (28).

Here, we found that amidation and structure relaxation of the
PrP106–126 significantly reduced the peptide’s in vivo and in
vitro neurotoxicity and reduced its ability to form amyloid fibrils
in a physiological salt solution. This finding supports the view
that the fibril-forming capability of PrP106–126 is pivotal for its
PrPC-dependent neurotoxicity and increases the biological rele-
vance of this peptide as a model for PrPSc-induced pathology.

MATERIALS AND METHODS

Animals—Adult male C57 black wild-type mice aged 9–11 weeks,
were purchased from Centre d’élevage Janvier (Le Genest St Isle,
France) or from Harlan Scandinavia (Allerød, Denmark). PrP"/" mice
named Zurich I (36) were bred in the animal facilities at the Institute de
Pharmacologie Moléculaire et Cellulaire, CNRS. Wistar Hannover Ga-
las rat pups were purchased from Taconic M&B, Ry, Denmark.

Peptides—Peptides were synthesized by solid phase Fmoc (N-(9-
fluorenyl)methoxycarbonyl)-based synthesis using chlorotrityl resins
for peptide acids and resins with the modified Rink linker for peptide
amides (Novabiochem). After synthesis, cleavage by trifluoroacetic acid
was performed, and the liberated peptides were analyzed by reverse
phase (C5) high performance liquid chromatography-mass spectrome-
try (electrospray; Shimadzu LC20) and, if necessary, purified by pre-
parative reverse phase chromatography on Lichrosorp C18 (Merck).
The following peptides were used in this work: PrP106–126 (KT-
NMKHMAGAAAAGAVVGGLG, human PrP106–126, expected Mr #
1912.3); PrP106–126-amide (KTNMKHMAGAAAAGAVVGGLG-am-
ide, expected Mr # 1911.3); scrambled control (LVGAHAGKMGAN-
TAKAGAMVG, expected Mr # 1912.3); and RG2-amide (KTNMKHMA-
GAAAAGAVVGGLGRGGRGG-amide, expected Mr # 2722).

The RG2-amide sequence was designed based on the principles of
peptide structure relaxation as shown by Due Larsen and Holm (37).
The peptides were dissolved in sterile PBS to a concentration of 1 mM

and stored in aliquots at "20 °C until use. For intravitreal injections
and for use in the primary mouse embryonal cortical neurons, the
peptides were aged for 3 days at room temperature with slight agita-
tion. When non-aged peptides were used for injections, they were kept
on ice until use. For cellular experiments with rat cerebellar granular
neurons, the peptides were aged for 2 days 37 °C at 2 mM in PBS.

Thioflavin T (ThT) Assay for Amyloid Fibril Formation—A thioflavin
T assay was performed as described by LeVine (38). Peptides were
dissolved to 1 mM in sterile PBS and allowed to incubate at room
temperature with slight agitation in the presence of 20 #M thioflavin T
(1 mM stock solution in water; Sigma T3516), reading the fluorescence
each day at 485 nm using an excitation wavelength of 440 nm (with a
Spectra Flour Plus microplate fluorometer from Tecan). Readings were
normalized to the same gain setting to allow comparisons from sample
to sample. When comparing different plates, values were further cor-
rected for background (fluorescence of ThT in water).

Intravitreal Injections—Anesthesia was performed with intraperito-
neal injections of pentobarbital (50 mg/kg). Topical application of a local
anesthetic (Novesine®) was performed in both eyes. Injections of a 1-#l
solution were done unilaterally (in the left eye) with a 30-gauge needle
introduced into the posterior chamber on the upper pole of the eye
directed toward the center of the vitreous body. The injections were
performed slowly (over at least 60 s) to allow diffusion of the peptide
and to avoid any ocular hypertension and backflow. For electroretinog-
raphy (ERG) experiments 5–10 animals were used for each treatment

group, and for histological analyses 3–5 animals per group were used.
For histological analysis of eyes at 15 days post injection (dpi), 3 mice
with representative ERG values (close to the group mean) from each
treatment group were selected. For histological analyses of retinas at 4
dpi, the mice were not subjected to ERG before they were killed.

ERG Measurements and Statistical Evaluation of Effect—Full field
electroretinograms were prepared under dim red light on overnight
dark-adapted animals. Anesthesia was performed with a mixture of 2%
isoflurane (Forene®, Abbott Laboratories) and oxygen. The pupils of
anesthetized animals were dilated with Mydriaticum®. The animals
were kept on a heating mat during anesthesia. A ring-shaped recording
electrode was placed on the cornea of each eye, and a reference electrode
was placed behind each ear. Zero electrodes were placed on the hind
legs. Light stimulus (8 ms) was provided by a single flash (10 candelas/
s!m2) in front of the animal. The ERGs were recorded using Win7000b
(Metrovision, Pérenchies, France). The amplitude of the a-wave was
measured from the baseline to the bottom of the a-wave; the b-wave
amplitude was measured from the bottom of the a-wave to the peak of
the b-wave (Fig. 1). The averaged responses represent the mean of two
white flashes (8-ms duration) delivered 2 min apart. ERGs were re-
corded before and then 4, 7, and 14 days after intravitreal injections.
Only animals with approximately similar pre-injection values for the
left and right eye were selected for injections. To quantify the effect of
the injections, the non-injected eye was used as an internal control, and
the absolute values for the ERG a- and b-waves of the injected eye were
normalized to the non-injected control eye for each animal. Relative/
normalized values for the different peptide groups were compared with
the relative/normalized values for the group injected with the scram-
bled control peptide by using an unpaired t test.

Tissue Preparation—Mice used for ERG recordings were killed on
day 15 after injection, and other groups were killed on day 4 after
injection. All mice were killed by cervical dislocation. The eyes were
enucleated and fixed in ice-cold 4% paraformaldehyde for a minimum of
24 h and then cryoprotected overnight in PBS containing 20% sucrose.
The eyes were then embedded in TissueTek (Sakura) and frozen at
"80 °C. Cryosections (10 #m) throughout the whole eye were cut on a
cryostat. The sections were then dried for 1–2 h at 55 °C before they
were stored at "80 °C until further use.

TUNEL Test on Cryosections—A TUNEL test (Roche Applied Science
in situ cell death detection kit, POD) was performed on frozen sections
from animals 4 or 15 dpi according to the manufacturer’s instructions
with slight modifications. The sections were defrosted for 30 min at
room temperature and then washed 2$ 5 min in PBS. Blocking was
performed in methanol with 3% H2O2 for 30 min, after which the slides
were washed 2$ 5 min in PBS. Permeabilization was performed in 4 °C
double distilled water with 0.5% sodium citrate and 0.5% Triton X-100
followed by a short wash in PBS. A positive control was digested with
DNase for 20 min at 37 °C. A TUNEL mixture was then added to all
slides (except a negative control, which received only the label solution
from the TUNEL kit). Incubation with the TUNEL mixture was per-

FIG. 1. The electroretinogram. A typical light-induced electroreti-
nogram from a dark-adapted mouse is shown. The amplitude of the
a-wave (Ampa) is measured from the baseline to the bottom of the
a-wave, whereas the amplitude of the b-wave (Ampb) is measured from
the bottom of the a-wave to the peak of the b-wave. The latencies of the
a- and b-waves are measured as the time lag from the light flash until
the bottom/peak of the waves.
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formed in a humid atmosphere for 3 h at 37 °C. Washing was performed
3$ 5 min in PBS at 37 °C, and a converter solution from the TUNEL kit
was added to all slides. Incubation was performed for 30 min, and the
slides were then washed 3$ 5 min in PBS. DAB solution (one thawed
DAB tablet, Sigma catalog number D5905, was dissolved in 15 ml of
PBS; 12 #l of 30% H2O2 was added immediately before use) was added,
and development was performed for 6 min. The reaction was stopped in
distilled water. The slides were dehydrated through a graded series of
ethanols and mounted in xylol (Pertex). The slides were analyzed in a
light microscope and photographed with a Leica DC300 digital camera.

Primary Mouse Embryonal Cortical Neurons (ECNs) and Toxicity
Assay—Primary cortical neuronal cultures were prepared from wild
type C57 black embryos. Briefly, the embryos were dissected at embry-
onal day 13 or 14, and the brains were extracted and rinsed from
meninges in 37 °C warm Dulbecco’s PBS with 1% glucose. The PBS
solution was replaced by Neurobasal medium (Invitrogen) with the
addition of L-glutamine, 10% inactivated fetal calf serum, B27 supple-
ment, and penicillin/streptomycin. Gentle homogenization was per-
formed with a Pasteur pipette, after which the cells were washed once.
The cell concentration was adjusted to the appropriate concentration,
and plating of 5 $ 104 cells/well was performed on Nunc 96-well plates
precoated overnight with poly-D-lysine. Incubation was performed at
37 °C with 5% CO2 in a humidified incubator. After 30 min of incuba-
tion, the medium was changed. After 24 h of incubation, the medium
was replaced by serum-free Neurobasal medium with a B27 supple-
ment, L-glutamine, and penicillin/streptomycin. Peptides were added
after 3–5 days of maturation and incubated for 12, 24, and 48 h.
Viability was measured with an MTS assay (CellTiter96, AQueous One
solution cell proliferation assay; Promega). A492 nm was measured on a
spectrophotometer.

Primary Rat Cerebellar Granular Neurons (CGNs) and Toxicity As-
say—CGNs were isolated from 7–8 day-old Wistar Hannover Galas rat
pups (Taconic M&B) as described by Patel & Kingsbury (39) with some
modifications. Briefly, cerebellar granules were isolated from pups after
decapitation. The tissue was suspended in Krebs buffer and digested
with trypsin before single cell suspensions were made in Neurobasal A
medium supplemented with 10% fetal calf serum, 35 mM KCl, Glu-
taMAX-I supplement, penicillin/streptomycin, and 1 mM sodium pyru-
vate (Invitrogen). The cell concentration was adjusted to the appropri-
ate concentration, and plating of 8 $ 104 cells/well was performed on
96-well plates precoated with poly-D-lysine (BD Biosciences) and incu-
bated for 2 h at 37 °C and 5% CO2 in a humidified incubator. The
medium was changed to serum-free Neurobasal A with B27 (without
antioxidants) and the same supplements as above. On day 6 the me-
dium was replaced by fresh Neurobasal A (without phenol red) with the
addition of B27 (without antioxidants), the same supplements as above,
and peptides to a final concentration of 100 #M. Viability was measured
day 15 using the WST-1 assay as described in the manufacturer’s
manual (cell proliferation reagent WST-1; Roche Applied Science). The
cells were analyzed in light microscope and photographed with a Leica
DC300 digital camera after 9 days of treatment.

Caspase Induction—CGNs were isolated as described above and
incubated for 6 days before peptides were added in serum-free Neuro-
basal A medium (without antioxidants, supplemented with 15 mM KCl
and B27) in 96-well black microtiter plates (Optilux, BD Biosciences)
precoated with poly-D-lysine. After incubation for 3 days, the induction
of caspases was measured in a cell lysate described in the manufactur-
er’s manual (homogenous caspases assay, Roche Applied Science). This
assay measures mainly caspase-2, -3, and -7.

Immunocytochemistry on CGN—CGN cultures were grown at 37 °C
with 5% CO2 on eight-chamber Lab-Tek Permanox chamber slides
(Nalge Nunc) precoated with poly-D-lysine. The cells were fixed in 4%
paraformaldehyde in PBS, pH 7.4 (freshly prepared overnight with
stirring), for 1 h at room temperature and washed with washing buffer
(1% Triton X-100 in PBS, pH 7.4) 3$ 5 min with gentle agitation before
incubating overnight at 4 °C with 1 #g/ml of the mouse monoclonal
anti-PrP antibody SAF32 (Spi-Bio, Montigny le Bretonneaux, France)
or mouse IgG2b (catalog number X0944, DAKO) diluted in PBS, pH 7.4,
with 1.5% horse serum. After rinsing, the slides were incubated with
biotinylated anti-mouse immunoglobulin antibody diluted 1:200 in
PBS, pH 7.4, with 1.5% horse serum for 1 h at room temperature,
rinsed, and incubated with ABC reagent for 30 min (antibodies and
ABC-reagent Vectastain ABC kit from Vector Laboratories). After rins-
ing, slides were developed with a DAB solution (one thawed DAB tablet
from Sigma was diluted in 15 ml PBS; 12 #l of H2O2 was added
immediately before use) before rinsing in distilled water. Slides were
mounted with Aquamount mounting media (BDH Laboratories, Poole,
UK) under glass coverslips.

RESULTS

Amidation and Structure Relaxation of PrP106–126 Reduce
Its Tendency to Form Amyloid Fibrils in PBS—We analyzed
the fibrillation tendency (amyloidogenicity) of the peptides at 1
mM in PBS with the ThT assay where fluorescence was followed
for 7 days (Fig. 2). Fibrillation of PrP106–126 in PBS peaked
after 3 days of incubation, after which it started to decline. The
PrP106–126-amide and the RG2-amide showed much lower fi-
brillation tendency compared with PrP106–126, although they
both rose to levels significantly higher than the scrambled control
peptide. The fibrillation of the RG2-amide proceeded slower than
that of both PrP106–126 and PrP106–126-amide, peaking after
5 days of incubation as opposed to 3 days of incubation.

Fibrillar PrP106–126 Induces Long Term Changes in the
Retina—To test the peptide variants for their in vivo neurotox-
icity, we performed intravitreous injections of the 3-day-aged
peptides and performed ERG recordings at 4, 7, and 14 dpi. All
animals were injected in their left eye only (the right was left as
non-injected or PBS-injected controls). No difference was ob-
served between non-injected and PBS-injected eyes (data not
shown). Both eyes were measured by ERG, and for each animal
the absolute values of the ERG a- and b-waves, respectively, for
the injected eye were normalized to the control eye values (the
a-wave and b-wave amplitude values from the control eye was
set to 100%). This was done to avoid time-to-time variation in
the ERG due to its sensitivity to variable factors like anesthe-
sia, room temperature, circadian time, electrical noise, etc. All
ERG-wave values are therefore represented as a percentage of
control values. Because none of the tested peptides induced
significant changes in the latency of either the a-wave nor the
b-wave at any time point, this study focuses on the amplitude
of these waves only. All of the ERG results are represented in
Table I.

FIG. 2. Thioflavin T binding of pep-
tide variants. Thioflavin T binding of
the peptides dissolved in PBS (1 mM) was
analyzed by fluorescence measurements
daily for 7 days. Each data point repre-
sents the mean of duplicate or quadrupli-
cate determinations.

Amidation Abolishes the Neurotoxicity of PrP106–12623116

 at BIBLIO
 DE L'UNIV DE NICE on February 5, 2007 

www.jbc.org
Downloaded from

 



Injection of a 3-day-aged solution (1 mM) of the scrambled
control peptide did not induce a-wave or b-wave amplitude
values significantly different from those of the non-injected
control eyes at any of the time points tested. The ERG values
obtained with the other peptides were therefore tested statis-
tically against the values obtained with the scrambled control
peptide.

Injection of a 3-day-aged solution of the PrP106–126 peptide
resulted in relative b-wave values that were significantly re-
duced compared with the corresponding values from the scram-
bled control group at 4 dpi (17.96%, p # 0.006), 7 dpi (12.6%,
p # 0,02), and 14 dpi (20.22%, p # 0.0007). For the a-wave, the
values for the PrP106–126 (aged) group were significantly
lower than the scrambled control group only at 7 dpi (17.88%,
p # 0.027), although there was a tendency for the a-wave to be
reduced at 4 dpi (11.77%, p # 0.14) and 14 dpi (13.11%, p #
0.16). Injection of a fresh solution of PrP106–126 yielded a
significant reduction of the b-wave (15.87%, p # 0,046) and a
non-significant tendency of the a-wave to be reduced (15,79%,
p # 0,072) at 4 dpi, only. At 7 dpi there was no reduction of
either the a-wave or the b-wave with the freshly dissolved
peptide (data not shown). Injection of the aged PrP106–126
had no significant effect on ERG in PrP"/" mice (data not
shown).

Amidation Diminishes the in Vivo Neurotoxicity of PrP106–
126—To correlate fibrillation propensity with in vivo neurotox-
icity, we injected an amidated variant of the PrP106–126
(PrP106–126-amide). Injection of a 3-day-aged solution of this
peptide had no significant effect on either the b-wave or the
a-wave at any time point (Table I). A fresh solution of the
PrP106–126-amide had no significant effect on either the a-
wave or the b-wave at any time point (data not shown).

Structure Relaxation and Amidation Reduces the in Vivo
Neurotoxicity of PrP106–126—Injection of a 3-day-aged solu-
tion of the structure-relaxed and amidated variant of PrP106–
126 (RG2-amide) resulted in no significant reduction of the
b-wave at 4 or 7 dpi, but at 14 dpi there was a significant
reduction compared with the scrambled group (15.23%, p #
0.012), as shown in Table I. There was no significant reduction
of the a-wave at any time point with this peptide. A fresh
solution of the RG2-amide had no significant effect on either
the a-wave or the b-wave at any time point (data not shown).

Spatiotemporal Correlation of Apoptotic Cell Death and ERG
Effect—To correlate the effect observed on the electroretino-
grams to apoptotic cell death, we performed histological anal-
yses on retinal sections from injected eyes at 4 and 15 dpi. Four
days after injection of the aged PrP106–126, TUNEL-positive
nuclei were detected primarily in the retinal ganglion cell layer
(Fig. 3B). In the mice injected with the scrambled peptide, only
very sparsely distributed TUNEL-positive cells were detected
in the outer nuclear layer at 4 dpi (Fig. 3A). At day 15 after
injection with the aged PrP106–126, TUNEL-positive nuclei
were detected in all nuclear layers of the retina (Fig. 3F), and
a disruption of the ganglion cell layer could be identified (Fig.
3F). Injection of the scrambled control peptide yielded no de-

tectable TUNEL-positive nuclei at 15 dpi (Fig. 3E). Interest-
ingly, in mice injected with fresh solutions of the PrP106–126,
no TUNEL-positive nuclei were detected in the ganglion cell
layer at either 1 or 4 dpi, whereas a significant amount was
detected in the outer nuclear layer at both of these time points
(Fig. 4, E and F). The same pattern was observed at 1 dpi with
the aged PrP106–126 (Fig. 4G).

The PrP106–126-amide did not induce TUNEL-positive nu-
clei at 4 dpi (Fig. 3C), whereas at 15 dpi some weakly TUNEL-
positive nuclei could be detected in the ganglion cell layer (Fig.
3G). Injection of the RG2-amide resulted in some weakly
TUNEL-positive cells in the ganglion cell layer and the inner
nuclear layer at 4 dpi (Fig. 3D). This effect was even more
pronounced at 15 dpi (Fig. 3H).

Cytotoxicity in Primary Neurons Supports in Vivo Results—
The short term neurotoxicity of the PrP106–126 variants was
tested in primary murine ECNs. For this test the peptides were
aged under the same conditions as those used for intravitreal
injections (3 days at room temperature). The cells were incu-
bated with the different peptides at the concentrations 40, 80,
and 160 #M for 24 and 48 h. PrP106–126 had a time- and
concentration-dependent effect on cell viability (Fig. 5A),
whereas the PrP106–126-amide showed only a weak tendency
to be toxic after 48 h of treatment with 160 #M (Fig. 5B). The
RG2-amide and the scrambled control peptide showed no sig-
nificant toxicity in this system (Fig. 5, C and D, respectively).

The long term neurotoxic effect in vitro was tested in another
cellular system (rat CGNs). Immunocytochemistry on these
cells revealed that PrPC was expressed on both the soma and
the axons of the cells (Fig. 6E). In this setup, peptides were
added to the cells 6 days after plating and left to incubate for 9
days. Initial experiments showed that pre-aging the peptides
for 2 days in PBS actually reduced their toxicity in this system
compared with addition of freshly dissolved peptides (Table II).

FIG. 3. TUNEL test on retinal sections after intraocular injec-
tions of aged peptide solutions. Dark nuclei represent cells with
detectable DNA fragmentation. A, scrambled control peptide, 4 dpi. B,
PrP106–126, 4 dpi. C, PrP106–126-amide, 4 dpi. D, RG2-amide, 4 dpi.
E, scrambled control peptide, 15 dpi, shown with phase contrast. F,
PrP106–126, 15 dpi. G, PrP106–126-amide, 15 dpi. H, RG2-amide, 15
dpi. All photomicrographs are shown at 400$ magnification. GCL,
ganglion cell layer; INL, inner nuclear layer; IPL, inner plexiform layer;
ONL, outer nuclear layer; OPL, outer plexiform layer; PL, photorecep-
tor layer.

TABLE I
ERG responses after intraocular injections of peptides

Electroretinograms were recorded on overnight dark-adapted animals before (not shown) and then 4, 7, and 14 days after intraocular injections
of the peptide variants (aged for 3 days at room temperature). The a-wave and b-wave values are normalized to uninjected control eye values and
shown as mean percentage % S.E. of the respective groups (n # 5–10).

Peptide
4 dpi 7 dpi 14 dpi

a-wave b-wave a-wave b-wave a-wave b-wave

PrP106–126 (aged) 86.10 % 7.19 81.03 % 4.86 85.3 % 6.5 86.54 % 4.32 82.36 % 8.45 82.21 % 4.34
PrP106–126-amide (aged) 107.9 % 7.09 95.10 % 4.20 94.36 % 4.07 90.92 % 3.06 95.4 % 7.07 94.55 % 4.69
RG2-amide (aged) 100.8 % 1.85 92.18 % 5.76 96.11 % 5.12 98.51 % 8.62 89.28 % 5.82 87.19 % 5.72
Scrambled control (aged) 97.87 % 3.43 98.98 % 3.52 103.2 % 4.25 99.14 % 2.93 95.47 % 2.79 102.4 % 2.24
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Therefore, we decided to use freshly dissolved peptides, expect-
ing that the peptides would aggregate during the 9 days of
incubation with the cells. Incubation with 100 #M PrP106–126
resulted in a significant reduction in viability compared with
controls (56%). Cells treated with 100 #M PrP106–126-amide
form or the scrambled control peptide showed no significant
reduction in viability after 9 days of treatment (Table II).

Morphological Changes in CGNs Treated with PrP106–
126—Nine days of treatment with the PrP106–126 peptide
induced clear morphological changes in the CGNs (several
shrunken cells, Fig. 6A). Slight morphological changes could be
seen after 9 days of incubation with either the PrP106–126-
amide or the RG2-amide, as some sparsely distributed
shrunken cells could be observed (Fig. 6, B and C), although
neither of these peptides resulted in measurable reductions in
viability. No morphological changes could be observed in the
cells treated with the scrambled control peptide (Fig. 6D).

Caspase Induction in CGN—The ability of the peptides to
induce general caspase activity was tested in the CGN cultures.
Three days of incubation with PrP106–126 (100 #M) resulted in
an increased level of general caspase activity (&35%) compared
with control media levels (Fig. 7). The toxin camptothecin (a
DNA topoisomerase I inhibitor) induced a caspase activity level
that was &50% above that of the media control. Incubation
with the RG2-amide resulted in a &30% increase, whereas both
the PrP106–126-amide and the scrambled control peptide re-
sulted in levels of caspase activity close to the media control
levels. Only the PrP106–126 and the camptothecin-induced
caspase levels that were significantly increased compared with
that of the scrambled control peptide (unpaired t test).

DISCUSSION

Most of previous work with PrP106–126 utilized the unmod-
ified acid form of the peptide, i.e. the peptide with a free
C-terminal carboxylate group, although this is rarely indicated
precisely. As shown here and previously (28, 35), the amyloi-
dogenicity of the free PrP106–126 peptide differs greatly from
that of the PrP106–126-amide, and, as a whole, the amyloido-
genicity of PrP106–126 is very sensitive to minor molecular
modifications including oxidation, structure relaxation, and
stabilization (35). The delicate nature of PrP106–126 could
explain some of the contradictory findings reported on the
neurotoxicity of this peptide (40–42). We therefore wanted to
study the possible effects of a minor modification (C-terminal

amidation) on the toxicity of the PrP106–126 peptide. Amida-
tion is clearly biologically relevant considering the location of
PrP106–126 internally in the PrP polypeptide.

We found that the ability to form amyloid fibrils was closely
correlated with the neurotoxicity of PrP106–126, as amidation
reduced both the amyloidogenicity and neurotoxicity of the
peptide. Many other synthetic peptides similarly show fibrillo-
genic and neurotoxic properties, but PrP106–126 is unique in
that it requires the expression of endogenous PrPC to exert its
toxicity. This parallels the action of PrPSc (15, 43) and makes
PrP106–126 an excellent model for TSE pathogenesis. There
are several advantages of using PrP106–126 instead of PrPSc

itself. First, the biological effects of molecular modifications can
easily be studied, and, second, the PrPSc preparations are never
completely pure and contain other proteins, lipids, carbohy-
drates, nucleic acids, and traces of metals and detergents that
could interfere with the measurements (44).

Other PrP-derived peptides seem to exert their toxicity
through general cytotoxic mechanisms shared with other, non-
PrP-derived peptides such as A"1–42, !-synuclein, and the
islet amyloid polypeptide. Much evidence indicates that these
mechanisms involve perturbation of membrane integrity and
oxidative stress that do not rely on the presence of mature
fibrils but rather on the formation of soluble oligomers with
fusogenic properties (45). For instance, the PrP-derived pep-
tides PrP105–132 and PrP118–135 are able to insert into and
perturb the integrity of the cell membrane of both PrP-express-
ing and PrP"/" cells (23, 29). The toxicity of PrP105–132 and
PrP118–135 is thus independent of PrPC-expression and amy-
loid fibril formation. This may be relevant to the in vivo neu-
ropathogenic process involved in rare cases of TSEs such as
Gerstmann-Sträussler-Scheinker disease, but it cannot be
taken as a general mechanism.

The correlation between secondary structure and PrPC-de-
pendent toxicity of PrP106–126 indicates that a well defined
conformation of the peptide is a prerequisite for the interaction
with a specific cell component leading to toxicity. A probable
scenario is that this conformation is necessary for the peptide
to be able to form fibrils and that these fibrils or their precur-
sors are responsible for the neurotoxigenic binding to a specific
cellular receptor. Several other PrP-derived peptides are able
to form fibrils showing PrPC independent neurotoxicity (23, 29,
56), indicating that PrPC has no indispensable role in neuro-
toxicity caused by peptide fibrillation. It is therefore probable
that the specific PrPC-dependent neurotoxic effect of PrP106–
126 simply implicates PrPC itself as the cellular receptor and
relies on a complex being formed between adequately aggre-
gated PrP106–126 and PrPC. This would, in turn, depend on a
precisely defined conformation of PrP106–126.

The ThT binding studies discussed here showed that
PrP106–126 easily formed amyloid fibrils in PBS, peaking
after only a few days of aging. It is interesting that the fibril-
lation process proceeded much faster and reached much higher
levels in PBS than those found previously in pure water (35).
As expected, both the amidated and the RG2-amide variant of
PrP106–126 showed much less ability to form amyloid fibrils
than the acid variant; however, they both reached ThT binding
levels well above those of the scrambled control peptide. This
was not discernible in water, where both the PrP106–126-
amide and RG2-amide showed ThT fluorescence at the level of
the scrambled control peptide (35).

In accordance with previously reported findings (22, 23), we
found that the acid form of PrP106–126 was neurotoxic both in
vivo and in vitro. The magnitude of the reduction of the ERG
wave amplitudes we report here are smaller than those re-
ported previously. This could be explained by the differences in

FIG. 4. TUNEL test on retinal sections. A, positive control (DNase-
treated). B, negative control (no enzyme added to the TUNEL reaction)
shown with phase contrast. C, 1 dpi after intraocular injection of iso-
tonic saline. D, 4 dpi after injection of isotonic saline. E, 1 dpi after
injection of freshly dissolved PrP106–126. F, 4 dpi after intraocular
injection of freshly dissolved PrP106–126. G, 1 dpi after injection of
aged PrP106–126. H, 4 dpi after injection of aged PrP106–126. All
photomicrographs are shown at 400$ magnification. GCL, ganglion cell
layer; INL, inner nuclear layer; IPL, inner plexiform layer; ONL, outer
nuclear layer; OPL, outer plexiform layer; PL, photoreceptor layer.
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experimental and statistical methods. Previously, the effect of
the peptides was calculated by comparing the absolute ERG
values before and after injection in the same eye (22, 23). We
found that the response of the normal ERG tended to be sup-
pressed by repeated inductions of anesthesia, which could po-
tentially increase the observed effect. Furthermore, the ERG
was very sensitive to factors like circadian time, room temper-
ature, and electrical noise. To correct for such variations in the
absolute values of the ERG, we normalized the absolute values
of the injected eyes to the control eyes. As we found that
injections of isotonic saline, PBS, or the scrambled control
peptide had no effect on the ERG, we do not expect this to add
any bias to the experimental design.

The results in both cellular systems (CGNs and ECNs) support
the in vivo results, as the unmodified, acid form of PrP106–126
was found to show a time- and concentration-dependent toxicity.
We found the toxic effect to be significant and reproducible in
both a short term setup (24 and 48 h of treatment in the ECNs)
and a long term setup (9 days of treatment in the CGNs).

FIG. 6. Morphological changes in cerebellar granular cells af-
ter treatment with PrP106–126-acid peptides, and the expres-
sion of PrPC on CGN cultures. A–D, CGNs were incubated for 9 days
(from day 6 to day 15) with 100 #M of PrP106–126 (A), PrP106–126-
amide (B), PrP106–126-RG2-amide (C), or scrambled control peptide
(D). E and F, expression of PrPC on the CGN cultures. The CGN
cultures were immunostained with anti-PrP mAb SAF32 (E) or mouse
IgG2b control antibody (F). All photomicrographs are shown at 400$
magnification.

TABLE II
Effect of PrP peptides on CGN viability

CGNs were isolated from rat cerebellar granules and left to differen-
tiate for 6 days before the addition of PrP peptides (100 #M) or the
control compound camptothecin (20 #M). After long-term incubation (9
days), cell viability was measured using a WST-1 assay. Results are
given as the percentage of viability of media controls.

Compound Viability

%

Camptothecin 30 % 9
PrP106–126-acid 56 % 11
PrP106–126-acid (aged) 85 % 10
PrP106–126-amide '100 % 29
PrP106–126 RG2-amide '100 % 22
Scrambled peptide '100 % 13

FIG. 5. Viability of mouse embryonal cortical neurons after incubation with aged peptide solutions (absorbance at 492 nm after
2–4 h of incubation with MTS). The values are shown as the percentage of media control (mean % S.E.). The peptides were tested in three
different concentrations, 40, 80, and 160 #M and incubated for either 24 or 48 h. The values are obtained by three independent experiments.
Asterisks indicate values that are significantly different from those of the media control.
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Amidation of PrP106–126 diminished the neurotoxic effect
both in vivo and in vitro significantly. The PrP106–126-amide
did not induce significant ERG changes or apoptotic cell death
in the retina after intraocular injections. Likewise, there was
no effect on viability or apoptosis induction in neuronal cell
cultures. In contrast, Salmona et al. (28) showed that although
C-terminal amidation of PrP106–126 increases the random coil
structure and reduces its ability to induce astroglia prolifera-
tion, it did not interfere with the peptide’s neurotoxic potential
toward rat cortical neurons. This discrepancy could be ex-
plained by the fact that Salmona et al. added the peptides to the
embryonal rat cortical neurons 1 day after plating and then
treated the neurons for 7 days. We added the peptides several
days after plating in both cellular systems (3–4 days for the
ECN and 6 days for the CGN), and it is thus possible that the
less matured neuronal cultures in the experiments of Salmona
et al. were more sensitive to peptide toxicity and hence showed
increased susceptibility to the amidated PrP106–126 than our
cultures. This view is furthermore supported by the fact that
Salmona et al. reported larger effects on viability with the
PrP106–126 (acid variant) peptide than we did.

With regard to the structure-relaxed and amidated RG2-
peptide (with the addition of large basic groups C-terminally),
it showed a level of toxicity more or less on the same level as
that of the PrP106–126-amide. However, there was a slight
reduction of the ERG b-wave at 14 dpi in vivo (and some
TUNEL-positive cells in the retina at 15 dpi). In the ECN
cultures we could not detect significant cell death after 24 or
48 h of treatment with the RG2-amide peptide. In the CGN
cultures, however, although we did not detect significant cell
death after 9 days of treatment with the RG2-amide, we did see
slight morphological changes that could not be seen with
either the PrP106–126-amide or the scrambled control pep-
tide. We observed a moderate increase in the general caspase
activity in the CGN cultures 3 days after the addition of the
RG2-amide, but this was also observed with the scrambled
control peptide. Caspase activation may, however, not always
indicate cell death, as there are several examples of uncou-
pling, especially of caspase-3 activity and apoptotic cell death
(46, 47).

The effect of the structure relaxation due to the addition of
the RG2 group could not be fully evaluated, as the amidated
variant of the RG2-peptide was used here. To investigate this
effect, the acid variant of the RG2 peptide should be used. We
recently published a report demonstrating that the RG2 acid
variant shows significantly reduced ability to form amyloid
fibrils in water as assayed by ThT binding (35). We are cur-

rently performing toxicity experiments with the RG2 acid var-
iant to clarify if this reduced tendency to form amyloid fibrils
correlates with reduced neurotoxicity.

The effect of the aged PrP106–126 variant on the ERG was
found to last for at least 14 days, suggesting that the observed
neuronal death is not reversible. A TUNEL test performed on
eyes at 15 dpi showed apoptotic nuclei in all cell layers of the
retina, whereas at 4 dpi TUNEL-positive cells were mostly
restricted to the ganglion cell layer (Fig. 4, B and F). Interest-
ingly, we observed that TUNEL-positive nuclei were restricted
to the outer nuclear layer in mice killed at 1 dpi or 4 dpi after
injection of a fresh solution of PrP106–126 (Fig. 4, C and D).
The same was observed 1 dpi after injection of the aged
PrP106–126 (Fig. 4G). As the outer nuclear layer mostly con-
sists of photoreceptors, this finding could indicate that photo-
receptors are more susceptible to prion peptide toxicity than
the other cell types of the retina (e.g. bipolar and ganglion
cells). In hamsters infected with experimental scrapie, photo-
receptor degeneration is the earliest and most profound retino-
pathological finding (48–50). Similarly, in mice infected with
the 79A strain of scrapie, apoptosis and degeneration of the
outer nuclear layer were observed at the onset of clinical dis-
ease (33). Other strains of scrapie in mice likewise induce
retinopathy, with the most prominent pathological changes
localized to the photoreceptors (51, 52).

Labeling of PrP mRNA in C57/BL6-mice was found in all cell
types of the retina, although most intensively in the photore-
ceptor layer (33). In concordance with this finding, Chishti et
al. (34) found that expression of hamster PrPC in the retina of
hamster and transgenic mice was most pronounced in the
photoreceptor layer. It is possible that the high expression of
PrPC on the photoreceptor cells renders them more vulnerable
to prion peptide and PrPSc toxicity. Accumulation of PrPSc in
the retina seems mainly to be located in the plexiform layers (in
humans with Creutzfeldt-Jakob disease (53) and scrapie-in-
fected hamsters (54)), reflecting a synaptic accumulation. We
similarly performed immunohistochemistry and a paraffin-em-
bedded tissue blot on retinas from 263K-infected hamsters and
found the accumulation to be particularly prominent in the
plexiform layers.2

ThT binding indicates formation of amyloid fibrils (38), rep-
resenting the end point of a multistep fibril formation pathway.
Here, we found a correlation between ThT binding and toxicity,
but this does not preclude the possibility that toxicity derives
from peptide-aggregate intermediates formed on the pathway
to ThT binding fibrils, e.g. protofibrils, as suggested by several
other studies (55). It is conceivable that the molecular variants
with reduced ThT binding studied here will also have a reduced
ability to form protofibrils equivalent to the reduction in fibril
formation. There is, however, some controversy regarding
whether PrP106–126 binds directly to PrPC or not; Gu et al.
(57) reported a direct interaction, whereas Fioriti et al. (58)
found that PrP106–126 exerted its effect without interacting
directly with PrPC. A precisely defined conformation and a
direct interaction with PrPC are both hallmarks of PrPSc neu-
rotoxicity (15, 43).

In conclusion, we found that the PrPC-dependent neurotox-
icity of the PrP106–126 peptide was closely related to its ability
to form fibrillar structures in aqueous solution, as structural
changes interfering with this ability abolished the neurotoxic-
ity of the peptide. This was found to be significant both in vivo
and in two different primary neuronal systems. We are cur-
rently investigating how other small molecular changes, simi-
larly shown to interfere with the fibrillation process (e.g. oxi-

2 A.-L. Bergström, H. Laursen, and P. Lind, unpublished results.

FIG. 7. Induction of caspase activity in CGN. The CGN cultures
were incubated for 3 days with of peptides (100 #M) or camptothecin (20
#M). The general caspase activity is given as a percentage of media
control (mean % S.E.). Asterisks indicate values that are significantly
different from those of the scrambled control peptide.
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dation), will affect the PrPC-dependent neurotoxicity of the
PrP106–126 peptide.
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