3712 - The Journal of Neuroscience, April 4, 2007 - 27(14):3712-3721

Neurobiology of Disease

Pyrrolidine Dithiocarbamate Activates Akt and Improves
Spatial Learning in APP/PS1 Mice without Affecting
B-Amyloid Burden

Tarja M. Malm,' Henna livonen,' Gundars Goldsteins,' Velta Keksa-Goldsteine,' Toni Ahtoniemi,' Katja Kanninen,'
Antero Salminen,>* Seppo Auriola,’ Thomas Van Groen,> Heikki Tanila,* and Jari Koistinaho'

'A. I Virtanen Institute for Molecular Sciences and Departments of 2Neuroscience and Neurology and *Pharmaceutical Chemistry, University of Kuopio,
and Departments of Neurology and Oncology, Kuopio University Hospital, FIN-70211 Kuopio, Finland

Pyrrolidine dithiocarbamate (PDTC) is a clinically tolerated inhibitor of nuclear factor-«B (NF-«B), antioxidant and antiinflammatory
agent, which provides protection in brain ischemia models. In neonatal hypoxia-ischemia model, PDTC activates Akt and reduces
activation of glycogen synthase kinase 33 (GSK-33). Because chronic inflammation, oxidative stress, and increased GSK-33 activity are
features of Alzheimer’s disease (AD) pathology, we tested whether PDTC reduces brain pathology and improves cognitive function in a
transgenic animal model of AD. A 7 month oral treatment with PDTC prevented the decline in cognition in AD mice without altering
B-amyloid burden or gliosis. Moreover, marked oxidative stress and activation of NF-«B were not part of the brain pathology. Instead, the
phosphorylated form of GSK-33 was decreased in the AD mouse brain, and PDTC treatment increased the phosphorylation of Akt and
GSK-3p. Also, PDTC treatment increased the copper concentration in the brain. In addition, PDTC rescued cultured hippocampal
neurons from the toxicity of oligomeric AB and reduced tau phosphorylation in the hippocampus of AD mice. Finally, astrocytic
glutamate transporter GLT-1, known to be regulated by Akt pathway, was decreased in the transgenic AD mice but upregulated back to the
wild-type levels by PDTC treatment. Thus, PDTC may improve spatial learning in AD by interfering with Akt-GSK pathway both in
neurons and astrocytes. Because PDTC is capable of transferring external Cu?" into a cell, and, in turn, Cu®" is able to activate Akt, we

hypothesize that PDTC provides the beneficial effect in transgenic AD mice through Cu®"-activated Akt pathway.
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Introduction

There is compelling evidence that aggregation of amyloid-3 (A3)
peptides AB;_,, and AB;_,, is a key mediator of the pathogenesis
of Alzheimer’s disease (AD), a dementing neurodegenerative dis-
ease. AP peptides are directly neurotoxic by mechanisms involv-
ing oxidative stress, mitochondrial dysfunction, apoptosis, and
hyperphosphorylation of tau, a microtubule-associated protein
that becomes dysfunctional with hyperphosphorylation, causing
thereby neurofibrillary tangle formation and abnormal neuronal
functions (Behl et al., 1994; Goodman and Mattson, 1994; Bus-
ciglioetal., 1995; Meda et al., 1995; Anderson et al., 1996; London
etal., 1996; Estus et al., 1997). A also disturbs normal synaptic
functions (Davies and Maloney, 1976; Beach et al., 2000) and
increases brain susceptibility to injury (Nakagawa et al., 1999,
2000; Lauderback et al., 2001; Koistinaho et al., 2002). In addition
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to its direct harmful effect on neurons, aggregated A activates
microglia and astrocytes (Akiyama et al., 2000) to secrete proin-
flammatory molecules, reactive oxygen species, and other neuro-
toxins, causing indirect neurotoxicity. Moreover, expression of
glutamate transporter 1 (GLT-1), an astrocytic glutamate trans-
porter maintaining glutamate at nontoxic concentrations, is de-
creased in the AD brain and in AB-treated astrocytes (Harris et
al., 1996; Masliah et al., 1996, 2000; Liang et al., 2002). There are
several hypotheses for the molecular mechanisms for these
pathogenic cascades triggered by AB in neurons and glia, includ-
ing the pathway mediated by glycogen synthase kinase 33 (GSK-
3B) (Grimes and Jope, 2001). GSK-3f3 can be dephosphorylated
and activated by A in vitro, and its levels are increased in AD
brain (Takashima et al., 1996; Pei et al., 1997, 1999; Hye et al.,
2005). Activation of GSK-3f3 can lead to apoptotic neuronal
death, contribute to hyperphoshorylation of tau, and result in
energy depletion with stress conditions. GSK-33 may also inhibit
the expression of transcription factors that support cell survival
(Grimes and Jope, 2001).

Dithiocarbamates are metal chelating compounds reported to
be potent antioxidants and inhibitors of nuclear factor-«B (NF-
kB), a transcription factor regulating expression of proinflamma-
tory and proapoptotic genes (Schreck et al., 1992; Liu et al., 1999;
Hayakawa et al., 2003). Dithiocarbamates have previously been
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used in the treatment of metal poisoning and fungal infections in
humans, and their derivatives have been considered for use in
treatment of patients with AIDS (Reisinger et al., 1990). Pyrroli-
dine dithiocarbamate (PDTC) is also protective in animal models
of stroke, neonatal asphyxia, and spinal cord trauma (La Rosa et
al., 2004; Nurmi et al., 2004, 2006) possibly because of its antiin-
flammatory or antioxidant properties. However, PDTC treat-
ment activates Akt, inhibits GSK-33, and reduces apoptosis in a
neonatal asphyxia model (Nurmi et al., 2006).

Here, we report that oral PDTC treatment improves spatial
learning of APP/PS1 transgenic mice without altering A burden
or glial activation. Whereas the brain pathology of APP/PS1 mice
does not involve detectable increase in NF-kB activation or
marked oxidative stress, we found that the active form of GSK-33
is increased in APP/PS1 transgenic mice and that PDTC activates
Akt and downregulates the GSK-3 pathway.

Materials and Methods

Animals. The APdE9 transgenic mice used in this study were generated by
coinjection of chimeric mouse/human APP695 harboring the Swedish
mutation and human PS1-dE9 vectors, both controlled by their own
mouse prion protein promoter element (Jankowsky et al., 2004). The
double transgenic mice were backcrossed to C57BL/6] strain for six gen-
erations to create APdE9 transgenic (APP/PSI, tg) mice in C57BL/6]
background. Wild-type (wt) siblings were used as controls.

PDTC treatment. Tg and their wt controls (n = 20) were treated with
PDTC (20 mg/kg per day) in drinking water for 7 months, starting at the
age of 9 months. The individual water consumption of the mice was
assessed before starting the drug treatment and assumed to be constant
throughout the experiment. The control groups received normal drink-
ing water. No differences in body weights between PDTC- and H,O-
treated mice were recorded. The mice were killed at the age of 16 months.
In addition, separate groups of tg mice (n = 4—6) were given PDTC or
normal drinking water for 4 months and analyzed by immunohisto-
chemistry at the age of 9.5 months.

Morris water maze. The effect of PDTC treatment on spatial learning
and memory was assessed by Morris water maze at the age of 16 months.
A black plastic pool with a diameter of 120 cm was used containing a
submerged escape platform (black square; 14 X 14 cm) 1.0 cm below the
water surface. The temperature of the water was kept constant through-
out the experiment (20 * 0.5°C), and a 10 min recovery period was
allowed between the training trials.

The mice were first trained for 2 d to find the submerged platform with
the help of an alley (I m X 14 cm X 25 cm) leading to the platform. The
task acquisition consisted of 4 consecutive days of testing, with five trials
per day. If the mouse failed to find the escape platform within the max-
imum time (60 s), the animal was placed on the platform for 10 s by the
experimenter. The platform location was kept constant, and the starting
position varied between four constant locations at the pool rim. Mice
were placed in the water with their nose pointing toward the wall at one
of the starting points in a random manner. On the last trial of the fifth
day, the platform was removed, and the mice were allowed to swim for
60 s to determine their search bias. Timing of the latency to find the
submerged platform was started and ended by the experimenter. A com-
puter connected to an image analyzer (HVS Image, Hampton, UK) mon-
itored the swim path. Swimming speed was measured by dividing the
path length by the time to find the platform. Only mice with a swimming
speed >8 cm/s in all trials were included in the analysis to discard occa-
sional floating mice. Search bias during the probe trial was measured by
calculating the time the mice spent in the platform quadrant. The behav-
ioral data were analyzed by using repeated-measures ANOVA (ANO-
VA,,,), and differences were accepted as significant at p < 0.05.

Electrophoretic mobility shift assay. Electrophoretic mobility shift assay
(EMSA) was performed as described previously in detail (Helenius et al.,
1996). Nuclear proteins were isolated from fresh frozen cortical samples
according to a modified protocol of Dignam et al. (1983). Double-
stranded consensus and mutated oligonucleotides for NF-«B and activa-
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tor protein 1 (AP-1) binding sites were from Santa Cruz Biotechnology
(Santa Cruz, CA). Probes were labeled with T4 polynucleotide kinase
(Promega, Madison, WI) and unspecific binding was blocked by 2 ug of
poly(dI-dC):polyl(dI-dC) (Roche Applied Science, Basel, Switzerland)
in an assay volume of 20 ul. The binding assays were performed as
described previously (Helenius et al., 1996). In supershift assays, the
specific antibodies (Santa Cruz Biotechnology) to p50 (sc-1192X), p65
(sc-372X), and YY1 (sc-281X) were added for 1 h after the binding reac-
tion. Bound and free probes were separated in a native 4% polyacryl-
amide gel, and radioactive bands were visualized with STORM 860 im-
ager (GE Healthcare, Little Chalfont, Buckinghamshire, UK). Pixel
volumes of specific bands were calculated with ImageQuaNT software
(GE Healthcare). The EMSA data were analyzed by using ANOVA in
SPSS software and statistical significance was assumed if p < 0.05. N =
8-10 per group.

Immunohistochemistry. The pentobarbital-anesthetized mice were
transcardially perfused with heparinized saline. The brains were dis-
sected out and the left hemisphere was further dissected into hippocam-
pal and cortical samples and snap frozen in liquid nitrogen. The right
hemisphere was immersion-fixed with 4% paraformaldehyde for 21 h
and cryoprotected in 30% sucrose in phosphate buffer for 48 h. The
hemibrains were frozen on liquid nitrogen and cut in 20-pum-thick
cryosections.

Activation and proliferation of microglia and astrocytes were assessed
using immunostaining for CD45 and CD11b (1:500 dilution; Serotec,
Oxford, UK), and glial fibrillary acidic protein (GFAP) (1:500 dilution;
DakoCytomation, Glostrup, Denmark). Phospho-tau was analyzed us-
ing AT8 (Innogenetics, Gent, Belgium; 1:100 dilution) and AT100 (In-
nogenetics; 1:100 dilution) antibodies. Primary antibody binding was
detected using either biotinylated secondary antibodies (1:200 dilution;
Vector Laboratories, Burlingame, CA), avidin—biotin complex (Vec-
tastain Elite kit; Vector Laboratories), and by reacting NiDAB (nickel
diaminobenzidine) with H,O, or by using Alexa Fluor 568-conjugated
secondary antibody (1:200 dilution; Invitrogen, Eugene, OR). Human
AB was detected with pan-Af antibody (1:200 dilution; BioSource, Niv-
elles, Belgium) followed with Alexa Fluor 568-conjugated secondary an-
tibody (1:200 dilution; Invitrogen). The compact, fibrillar form of A
was assessed by incubating the sections with 1% thioflavin in distilled
H,O for 20 min, followed by a quick rinse with water and dehydration
through ascending series of alcohol before dipping in xylene and
coverslipping.

Frontal cortical area from four to six sections in 200 wm intervals
through the hippocampi was evaluated per animal. For quantification of
immunoreactive areas, the sections were imaged with an Olympus AX70
microscope (Olympus, Melville, NY) with an attached digital camera
(Color View 12 or F-View; Soft Imaging System, Munster, Germany)
running an Analysis Software (Soft Imaging System). All immunoreac-
tive areas were quantified using ImagePro Plus software (Media Cyber-
netics, Silver Spring, MD). Data are expressed by area of hippocampi
occupied by immunoreactivity and represented as the mean = SEM. The
data were analyzed using Student’s ¢ test, ANOVA, or a nonparametric
test when appropriate in SPSS software, and statistical significance was
assumed if p < 0.05.

AB,_49 and AB,_,, ELISAs. The levels of AB,_,, and AB,_,, were
analyzed by ELISA from freshly frozen hippocampal samples. For the
analysis of soluble fraction of A species, the brain samples were homog-
enized in 7X volume of 20 mm Tris, pH 8.5, containing complete inhib-
itory mixture (Roche Diagnostics, Mannheim, Germany). Samples were
centrifuged for 1 h at 23,000 rpm at 4°C. Supernatant was taken for
analysis of soluble fraction of A3 species. To analyze insoluble fraction of
AP, the remaining pellet was resolved in guanidine buffer (5.0 M guani-
dine-HCl/50 mm Tris-HCI, pH 8.0). The levels of AB40 and AB42 were
quantified using Signal Select Beta Amyloid ELISA kits (BioSource) ac-
cording to the manufacturer’s protocol. The level of total AB,_,, and
AB,_4, was standardized to brain tissue weight and expressed as nano-
grams of A per gram (brain tissue). The data were analyzed using Stu-
dent’s t test in SPSS software, and statistical significance was assumed if
p < 0.05.

Measurement of copper concentration and markers of oxidative stress.
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al., 2002) before running in SDS-PAGE with
Mini Protean II to separate proteins for blotting
them onto Hybond-P (APBiotech, Leicester,
UK) polyvinylidene difluoride (PVDF) mem-
branes and staining with anti-DNP (2,4-
dinitrophenol) primary antibody (DakoCyto-
mation) (Korolainen et al., 2002). The data
were analyzed using Student’s f test or ANOVA
when appropriate in SPSS software, and statis-
tical significance was assumed if p < 0.05.

Western blotting. The phosphorylation state of GSK-33 and Akt was
detected by Western blotting using the following antibodies: anti-
phospho-Akt (pAkt-Ser473), anti-Akt, anti-phospho-GSK-38 (pGSK-
3B-Ser9), and anti-GSK-38, all from Cell Signaling (Beverly, MA).
GLT-1 antibody (Calbiochem, La Jolla, CA) was used to detect the pos-
sible upregulation of GLT-1 transporter. Briefly, the freshly frozen hip-
pocampal brain samples were homogenized in 50 mwm Tris, pH 7.4, 150
muM NaCl, 1 mm EGTA, 1 mm EDTA, 1% NP-40, 1 mM Na;NO,, and 20
mM NaF containing complete protease inhibitor mixture (Roche Diag-
nostics). The samples were centrifuged for 20 min at 13,000 rpm, and the
supernatant was mixed with standard Laemmli buffer and separated in
10% SDS-PAGE on Mini-Protean III electrophoresis device (Bio-Rad,
Hercules, CA). After electrophoresis, proteins were transferred to a
PVDF membrane (GE Healthcare) with a Mini-Protean II blotting cell
(Bio-Rad) according to the manufacturer’s instructions, and immuno-
stained with the primary antibodies. This was followed by incubation
with HRP-conjugated secondary antibodies and detection using ECL
Plus kit (GE Healthcare). The bands were visualized using STORM 860
imager (GE Healthcare) and quantified with ImageQuant software (GE
Healthcare). As a loading control, the membranes were blotted against
actin (Sigma) and visualized by using Cy5-conjugated secondary anti-
body. The data were analyzed using Student’s ¢ test in SPSS software, and
statistical significance was assumed if p < 0.05.

Hippocampal neuronal cultures and exposures to AP. Primary neuronal
hippocampal cultures were made by dissecting hippocampi from embry-
onic day 18 mouse fetal brains. The cultures were prepared as described
previously (Brewer et al., 1993). After dissociation, the cells were sus-
pended in DMEM/10% fetal bovine serum with penicillin—streptomycin
(Invitrogen) and plated on a poly-ornithine-precoated (0.5 ng/ul;
Sigma) 48-well culture plates. A total of 150,000 cells was plated per well,
and the medium was changed to serum-free Neurobasal culture medium
supplemented with 2% B27, 500 um glutamine, 25 um glutamate, and
penicillin-streptomycin (Invitrogen). To obtain ~90% pure neuronal
culture, cells were treated with AraC (Sigma) at days 2—4 to prevent
proliferation of other cell types. Three days later, one-third of the me-
dium was changed.

performed for 16-month-old transgenic APP/PSI mice and their wt controls after 7 months of PDTC treatment. Sixteen-month-old
APP/PS1 mice were significantly slower in finding the platform when compared with wt controls as shown in A (ANOVA with
repeated measures; F; o = 7.0; p = 0.01). B, C, In wt mice, PDTC had no effect (B), whereas in transgenic mice, PDTC
significantly improved the ability to locate the platform (C) (ANOVA, . F; 37, = 6.6; p = 0.015). D, In the probe trial on day 4,
PDTC did not affect the search bias of wt mice, whereas it significantly increased the time spent in the former platform quadrant
of tg mice. Two tg mice were excluded as statistical outliers, one in the control and one in the PDTC group. **Significantly different
from the wt control ( p = 0.01; Dunnett's post hoc test). The final numbers of the animals per each group were as follows: wt, 17;
wt PDTC, 19; tg, 15; and tg PDTC, 13. Error bars indicate SEM.

APB,_,, was purchased from American Peptide (Sunnyvale, CA) and
dissolved to a concentration of 1 mg/ml in sterile water. To obtain fibril-
lar AB preparation (fAB,_,,), the dissolved peptide was incubated at
37°C for 7 d. For A oligomer-rich preparation (0Af3,_,,), the dissolved
peptide was used immediately. Neurons were cotreated with freshly pre-
pared 0AB,_,, or fAB,_,, at a concentration of 10 um and PDTC at a
concentration of 1 um for 24 h.

The form of A preparations was analyzed by running 0.5 ug of cross-
linked [adapted from Levine (1995)] samples on a 18% multiphasic
buffer system SDS-PAGE gel as described previously (Wiltfang et al.,
1997). After the run, the separated proteins were transferred onto PVDF
membrane (GE Healthcare). AB was detected using an antibody recog-
nizing human AB (clone 6E10; 1:3000 dilution; Signet, Dedham, MA)
followed by secondary HRP-labeled anti-mouse antibody (GE Health-
care; 1:5000 dilution). The detection was done by ECL Plus kit (GE
Healthcare), and the membranes were scanned on STORM 860 imager
(GE Healthcare). Neurons exposed to AB,_,, and PDTC (n = 3—4 per
group) were stained with Hoechst 33342, and viable neurons were
counted under fluorescent microscope based on the absence of con-
densed chromatin.

Results

PDTC treatment markedly attenuates cognitive deficits of
transgenic APP/PS1 mice

We first investigated whether a long-term, oral PDTC treatment
reduces spatial learning deficits in transgenic APP/PS1 mice. The
treatment was started at the age of 9 months when the first AB
deposits had already developed. Tests for acquisition and a probe
trial were performed after 7 months of treatment.

The ability of the mice to learn and process spatial informa-
tion was tested by the Morris water maze. At the age of 16 months,
tg mice demonstrated increased latency to locate the hidden plat-
form (ANOVA with repeated measures; F(, 45, = 7.0; p = 0.01)
compared with wt mice (Fig. 1 A). Because the effect of PDTC was
dependent on the genotype (interaction nearly significant; p =
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Figure 2.  DNA binding activity of NF-xB was not altered in APP/PST mice nor affected by

PDTC treatment. A, B, Quantitative analysis (4) and a typical autoradiograph (B) of electro-
phoretic mobility shift assay of the DNA binding activity of NF-«B in wt and APP/PST transgenic
mouse brain. The assay did not reveal any alterations in the DNA binding activity of NF-«B in
APP/PS1 mice compared with their water-treated controls. PDTC treatment did not have any
effect onthe DNA binding activities (n = 8 —10 per group). Error bars indicate SEM. Cshows the
specificity of the NF-xB complex formation (arrowhead) in control mice. The lanes are as fol-
lows: (1) normal assay, (2) 100X unlabeled competitor (cold consensus probe), (3) labeled
mutated NF-B binding probe, (4) consensus probe without protein, (5) supershift assay with
specificanti-p50, (6) supershift assay with anti-p65, and (7) supershift assay with anti-YY1. The
arrowheads show the specific NF-«B complex, the arrow shows the supershifted complex, and
the asterisk shows the unspecific complex. The specific NF-«B complex contains both p50 and
p65 proteins.

0.055), wt and tg mice were evaluated separately. In wt mice,
PDTC treatment had no effect (Fig. 1 B); however, PDTC signif-
icantly improved learning of tg mice (ANOVA, ; F(, 5, = 6.6;
p = 0.015) as depicted in Figure 1C. The swimming speed did not
differ between the groups (ANOVA, 5 F(; s5) = 2.0; p = 0.12).

The last trial of day 4 was the probe trial. The platform was
removed to test the tendency of an animal to search the platform
from its previous correct location during a 60 s probe trial. Again,
the ANOVA revealed impaired spatial memory of tg mice com-
pared with their wt controls (F; 5 = 7.5; p = 0.008). Similarly to
the acquisition phase, the effect of PDTC was dependent on the
genotype (genotype by drug interaction, p = 0.009). No PDTC
effect was observed in wt mice (t;,) = 0.9; p = 0.38), whereas it
significantly enhanced search bias in tg mice (f,q) = 3.3; p =
0.003) (Fig. 1D).

NF-kB and AP-1 DNA binding activities are not changed in
APP/PS1 mice and not affected by PDTC treatment

Because PDTC is known to be able to inhibit NF-«B, we run
EMSA to detect the effect of PDTC on DNA binding activity of
NEF-«B in APP/PS1 tg and wt mice. EMSA revealed no differences
in the DNA binding activity of NF-«B (Fig. 2) or AP-1 (data not
shown) between untreated tg mice and their wt controls. PDTC
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Figure 3.  PDTC treatment had no effect on the brain A3 burden. The effect of PDTC treat-

ment on the brain A$3 burden was analyzed immunohistochemically by detecting diffuse A3
deposition using pan-A 3 antibody staining and compact fibrillar plaques using thioflavin stain-
ing. The 16-month-old APP/PS1 mice exhibited extensive deposition of A3 in the cortex de-
tected by pan-A3 antibody (A); however, quantification revealed that PDTC treatment had no
effect either on the pan-A3 immunoreactive areas (B, €) or thioflavin-stained area (D). Error
bars indicate SEM.

Table 1. Effect of PDTC on the brain Af3 levels as analyzed by ELISA
APP/PS| untreated APP/PSI PDTC

207.28 = 144.22 236.64 = 154.72
16,318 = 3754.70 13,588.75 = 1859.30
85.67 = 32.16 111.76 = 15.98
7235 £ 2359.26 7001.5 = 2211.15

AB;_4; soluble
AB;_4,insoluble
AB4_4soluble
AB;_4insoluble

treatment did not significantly alter DNA binding activities of
NE-kB or AP-1 in either wt or tg mice.

PDTC treatment has no effect on brain A burden, gliosis, or
markers of oxidative stress in APP/PS1 mice

Antioxidants and antiinflammatories have been reported to re-
duce AB deposits or inhibit AB,_,, production (Cole et al., 2004;
Lim et al., 2005; Townsend et al., 2005). We analyzed the brain
AP burden by both immunohistochemistry and AB ELISA from
the cortex and hippocampus. PDTC treatment did not decrease
the cortical area covered by pan-Af immunoreactivity or the
thioflavin-positive plaque load (Fig. 3). Also, PDTC had no effect
on the hippocampal soluble or insoluble AB,_,, or AB;_,, levels
as analyzed by ELISA (Table 1).

To investigate whether PDTC treatment has antiinflamma-
tory effects by reducing gliosis in APP/PS1 mice, we assessed
astrogliosis and microgliosis using GFAP as an astrocytic marker
and CD45 and CDI11b as microglia markers, respectively. All
markers showed a clear increase of gliosis in untreated APP/PS1
mouse brain when compared with untreated wt controls (Fig. 4).
However, PDTC treatment did not significantly alter GFAP,
CD11b, or CD45 immunoreactivity in APP/PS1 mice or in wt
controls as shown in Figure 4. Investigation of GFAP and CD45
immunoreactivities at 4 months of the PDTC treatment con-
firmed that no significant reductions in these general inflamma-
tory markers (percentage of immunoreactive area: GFAP, tg un-
treated, 2.16 = 0.40%, and tg PDTC treated, 1.94 * 0.12%, p >
0.05, Student’s t test; CD45, tg untreated, 4.12 = 0.71%, and tg
PDTC treated, 3.67 * 0.44%, p > 0.05, Student’s f test; N = 4—6
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per group) were evident even at an earlier
time point and before the observed
changes in cognitive functions.

Oxidative stress is implicated in AD pa-
thology, and several AD models display al-
terations in markers of oxidative stress,
such as GSH, SOD1, and carbonylated
proteins (Cole et al., 2004). However, we
did not detect changes in these markers in
APP/PS1 mice when compared with wt
control mice, or with PDTC treatment
(data not shown), suggesting that brain
pathology in APP/PS1 mice does not in-
volve marked oxidative damage.

Inactive pGSK-33-Ser9 is decreased in
APP/PS1 mouse brain and PDTC
treatment increases pGSK-33-Ser9 and
active pAkt-Ser473
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active Akt in the mouse brains. Increased
phosphorylation of Ser9 in GSK-3f re-
flects decreased activity of GSK-383,
whereas phosphorylation of Akt in Ser473
reflects increased activity of Akt. Quantifi-
cation of Western blots revealed that the
amount of pGSK-383-Ser9 (Fig. 5A) but
not pAkt-Ser473 (Fig. 6A) was signifi-
cantly decreased in untreated APP/PS1
mice in the brain samples when compared
with untreated wt animals. However,
PDTC treatment significantly increased
pAkt-Ser473 in APP/PS1 mice (by 60%;
p < 0.01) (Fig. 6B) but not in wt mice
(data not shown). In addition, pGSK-33-
Ser9 levels in APP/PS1 mouse brain were
significantly increased after PDTC treat-
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ment (Fig. 5B). These results indicate that
the level of the active GSK-3f3 is increased
in APP/PS1 mouse brains and that PDTC
treatment increases the activity of protec-
tive Akt pathway. The increased levels of
PGSK-3B-Ser9 and pAkt-Ser473 were not
attributable to an increase in total GSK-33
or total Akt, because the amount of total
GSK-3p and total Akt was unchanged by PDTC treatment (Figs.
5, 6, respectively).

Figure4.

PDTC treatment reduces phosphorylated tau in the
hippocampus of APP/PS1 mice

Because tau is a direct and relevant target of GSK-3f3 in AD, we
determined the effect of PDTC on tau phosphorylation by using
AT8 antibody, which detects the tau phosphorylated at Ser202, a
target of many tau kinases including GSK-33; and AT100 anti-
body, which detects epitopes phospho-Ser212, a target of many
tau kinases including GSK-3B, and phospho-Thr214. ATS8
stained strongly some short neurites that were associated with
putative A deposits in APP/PS1 mice (Fig. 7A-D). PDTC treat-
ment had no clear effect on these AT8-immunoreactive, presum-
ably dystrophic neurites. AT8 immunoreactivity was also ob-

APP/PS1 mice exhibited markedly elevated gliosis which was not altered by PDTC treatment. Immunohistochemistry
revealed significant gliosis as analyzed by microglial markers (D11h, (D45, and an astrocytic marker GFAP. A, D, and G show (D45,
(D11b, and GFAP staining in frontal cortical area in wt mice, respectively. APP/PS1 mice had significant increased intensity of
staining in all markers as shown in B, E, and H. PDTC treatment did not alter any of the glial markers analyzed (C, F, I). The
high-power insets show typical morphology of stained glial cells. The quantification of each of the staining is shown in graphs J-L.
Error bars indicate SEM. *p << 0.05; **p << 0.01.

served in region-specific neuronal cell bodies, especially in the
CA3 pyramidal cells (Fig. 7E-H), in which quantification re-
vealed that cytosolic AT8 immunoreactivity was 66% greater in
untreated APP/PS1 mice (8.3 = 1.9% area covered by immuno-
reactivity) than in untreated wt mice (5.0 = 1.0%). PDTC treat-
ment had no effect on the AT8 immunoreactivity of these cells in
wt mice, but significantly decreased the AT8 immunoreactivity in
APP/PS1 mice by 80% (to 1.7 = 0.4%; p < 0.01). AT100 antibody
stained neuronal cell bodies in the cortex and CA3 neurons, as
well as dystrophic neurites around the plaques. Quantitative
analysis of AT100 immunostaining in the CA3 pyramidal cells
showed a trend but not a statistically significant reduction in
PDTC-treated versus untreated in APP/PS1 mice (percentage of
immunoreactive area: 2.56 * 0.48 and 3.87 * 1.58% in PDTC-
treated and untreated tg mice, respectively; N = 5 per group; p =
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Figure 5.  PDTC treatment increased phosphorylation of GSK-33-Ser9. An illustration of

typical immunoblots with antibodies against pGSK-33-Ser9 and total GSK-33 and their sub-
sequent quantification showed that the level of pGSK-3 3-Ser9 was decreased in APP/PS1 mice
compared with wt mice (A) and that PDTC treatment significantly increased the levels of pGSK-
33-Ser9 in APP/PS1 mouse brain (B). The differences in the level of pGSK-33-Ser9 were not
attributable to changes in total pGSK-3 3, because the amount of total GSK-3 3 remained un-
changed. Membranes were blotted against actin as a loading control. Error bars indicate SEM.
*p < 0.05.
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Figure 6.  PDTC treatment increased phosphorylation of pAkt-Ser473. A, APP/PST mice had

similar levels of pAkt-Ser473 compared with untreated wt mice. B, However, PDTC treatment
significantly increased the levels of pAkt-Ser473. This increase was independent of the amount
of total Akt, which remained unchanged in all animals. The membranes were blotted against
actin as a loading control. Error bars indicate SEM. *p << 0.05.

0.07, Student’s ¢ test), possibly because only one epitope of the
AT100 antibody may be a target of GSK-33. Overall, these results
suggest, although do not prove, that the PDTC-induced increase
in the active Akt and reduction in the active GSK-33 may occur at
least partially in neurons.

PDTC treatment upregulates the reduced GLT-1 levels in
APP/PS1 mouse brain

Because defects in uptake of glutamate through glial glutamate
transporter GLT-1 have been reported in AD and in AB-treated
cultured astrocytes (Harris et al., 1996; Masliah et al., 2000; Liang
et al., 2002) and the expression of GLT-1 is regulated by Akt
pathway (Li et al., 2006), we determined the changes in GLT-1 in
our experimental settings by Western blotting. The cortical
GLT-1 levels were 18% lower in untreated APP/PS1 mice com-
pared with untreated wt mice (Fig. 8A). PDTC treatment in-
creased GLT-1 levels by 24% ( p < 0.05) in APP/PS1 mice (Fig.
8 B) but had no effect on GLT-1 in wt mice (data not shown).
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These results suggest that PDTC treatment increases the amount
of active Akt in astrocytes and thereby increases GLT-1 levels.

PDTC increases brain copper concentration in APP/PS1 mice
Because Cu®™ has been reported to activate Akt (Ostrakhovitch
etal,, 2002), and PDTC is a metal chelator capable of transferring
external Cu’" into a cell (Verhaegh etal., 1997), we measured the
brain copper concentrations from the cortical samples by atomic
absorption spectrophotometer. Whereas no difference in the
copper concentration between the untreated APP/PS1 and wt
mice was observed, PDTC treatment increased copper concen-
tration in APP/PS1 by 26% ( p < 0.05) (Fig. 9).

PDTC protects hippocampal neurons against oligomer-rich
AP but not fibrillar A3
To test whether PDTC protects directly neurons against AB;_,,-
induced injury and whether PDTC has differential effect on neu-
rotoxicity induced by A oligomers and fibrillar A, we run cell
culture experiments on primary hippocampal neurons. The neu-
ronal purity of these cultures is 94%. Western blot analysis re-
vealed that the 0A3;_,, preparation contained monomeric, var-
ious forms of oligomeric and small amount of high-molecular-
weight forms of A that moved very little on the gel. Fibrillization
of AB (fAB,_,,) resulted in high-molecular-weight aggregates
that did not move on gel at all (Fig. 10A).

0AB;_4, caused ~40% cell death after 24 h exposure (Fig.
10B). Cotreatment of neurons with 1 um PDTC significantly,
although not completely, protected the cells against A toxicity.
0AB,_,, was significantly more toxic compared with fAB,_,,,
which caused only ~20% neuron death. PDTC failed to prevent
any toxicity caused by fibrillar AB. PDTC alone did affect the
neuronal viability.

Discussion

Our results showed that PDTC, a clinically tolerated dithiocar-
bamate capable of crossing the blood—brain barrier (Frank et al.,
1995; Nurmi, 2004), markedly prevented or cured the cognitive
deficits in aged APP/PS1 tg mice. This beneficial effect of PDTC
was seen when the treatment was started after the first AB depos-
its had already developed. Because brain A burden and gliosis
were unaltered by the treatment and the cell culture experiments
showed that PDTC provides protection against oligomer-rich
AB,_4, preparation but not fibrillar AB,_,, preparation, it is
likely that the effect of PDTC was based on prevention of the A3
oligomer-mediated neuronal dysfunction, which involves activa-
tion of GSK-3p. Considering that antiinflammatories and anti-
oxidants typically reduce both the AB burden and gliosis in ani-
mal models of AD (Jantzen et al., 2002; Cole et al., 2004; Lim et al.,
2005; Townsend and Pratico, 2005), and that NF-«B activity and
markers of oxidative stress were not induced in our APP/PS1
mice at the age 16 months, it is very likely that the beneficial effect
of PDTC is only marginally if at all based on its potential antioxi-
dative and antiinflammatory effects. Instead, in agreement with
previous studies on human AD and AD mouse models, we found
that the inactive form of GSK-38 was decreased in APP/PS1
mouse brain and that PDTC treatment increased the active form
of Akt and upregulated the inactive pGSK-33-Ser9. Although the
methodology we used to determine the GSK-3f3 activation has
certain limitations, it is conceivable that the improved spatial
learning can be attributed to the PDTC-induced activation of Akt
pathway (Pei et al., 1997, 1999). This suggestion is in line with the
previous studies showing (1) that spatial learning deficits are reg-
ulated by conditionally overexpressed GSK-38 in the mouse
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brain (Hernandez et al., 2002; Engel et al.,
2006), (2) that mutant presenilins can ac-
tivate GSK-33 (Weihl et al., 1999), (3) that
activation of Akt pathway is necessary for
the expression of long-term potentiation
(Sanna et al., 2002; Karpova et al., 2006),
and (4) that inhibitors of Akt pathway im-
pair long-term consolidation and recogni-
tion memory in rats (Horwood et al.,
2006). Moreover, cerebrolysin (a mixture
of peptides and amino acids obtained from
porcine brain tissue), PPARy (peroxisome
proliferator-activated receptor-y) ago-
nists, and the AB antibodies that amelio-
rate behavioral deficits in transgenic AD
mice or AD have also potential to decrease
GSK-3 activation (Inestrosa et al., 2005;
Watson et al., 2005; Ma et al., 2006; Rock-
enstein et al., 2006; Sastre et al., 2006).

In agreement with the hypothesis that
Akt pathway is induced by PDTC treat-
ment, we observed decreased immunore-
activity for phosphorylated tau in the CA3
pyramidal neurons and overall increase in GLT-1, a major astro-
cytic glutamate transporter that has previously been reported to
be reduced in AD models (Harris et al., 1996; Masliah et al., 2000;
Liang et al., 2002). Although GSK-38 is responsible for phos-
phorylating Ser202 (Mandelkow et al., 1992; Ishiguro et al.,
1993), the major site for abnormal phosphorylation of tau result-
ing in formation of paired helical filaments (PHFs) in AD (Ikura
etal., 1998), it is uncertain whether the PDTC-induced reduction
we observed in Ser202 phosphorylation (AT8 immunoreactivity)
contributes to the improved cognitive functions, because PHFs
cannot be found in transgenic APP or APP/PS1 mice and we
could not detect reduction in AT8-immunoreactive dystrophic
neurites around AB deposits. We also observed a tendency for
decreased tau phosphorylation in PDTC-treated APP/PS1 mice
by using AT100 antibody, which detects phosphorylation of
Ser212 (a target of several kinases, including GSK-38) and
Thr214, supporting the notion that PDTC affects GSK-3 activ-
ity in neurons of APP/PS1 mice. Similarly, although Akt pathway
is known to control the expression of GLT-1 (Li et al., 2006),
which is necessary for normal LTP and maintaining glutamate at
nontoxic concentration (Hatten et al., 1991; Sanna et al., 2002), it
is uncertain whether the increased GLT-1 levels we observed after
PDTC treatment in APP/PS1 mice is sufficient or needed for the
recovery of cognitive functions. Nevertheless, our findings per-
fectly support the hypothesis that PDTC treatment activated
Akt—GSK-3f3 pathway both in neurons and astrocytes with func-
tional consequences that have relevance in AD pathology. Fur-
thermore, although not relevant for cognitive functions in this
AD mouse model, these effects of PDTC are potentially beneficial
in human AD, in which PHFs correlate with cognitive deficits
(Giannakopoulos et al., 2003).

Several studies have linked copper ions with AD. Serum Cu*™"
levels in AD patients are increased (Squitti et al., 2002), senile
plaques in AD brain are enriched with copper ions (Lovell et al.,
1998), Cu*" may increase 3-sheet formation of AB (Miura et al.,
2004), and Cu”" enhances A neurotoxicity in some cell culture
studies (Huang et al., 1999; Opazo et al., 2002). Moreover, some
copper chelators, such as clioquinol, partially dissemble A de-
posits in transgenic AD models (Cherny et al., 2001; Lee et al.,
2004). However, APP and A3 overproduction enables intracellu-

Figure 7.
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PDTC treatment reduced the amount of phosphorylated tau in the hippocampus CA3 region of APP/PS1 mice.
Photomicrographs showing AT8 immunoreactivity in the cortex (4—D) and CA3 pyramical cells (E-H ) of wt and APP/PST mouse
brains. A, AT8 immunoreactivity was observed surrounding putative A{3 deposits in the cortical areas of APP/PS1 mice, presum-
ably reflecting dystrophic neurites. B-D, This staining was not clearly altered by PDTC treatment (B) and was absent in wt mice (C,
D). E-H, High-power insets show AT8 immunoreactivity observed in the hippocampal CA3 region (arrow) pyramidal cells (arrow-
heads), in which APP/PST mice (E) exhibited more staining compared with wt mice (G). PDTC treatment did not alter the AT8
staining in wt mice (G, H); however, it decreased AT8 immunoreactivity in hippocampal CA3 region (F). The quantitative data are
shown in Results. Scale bar, 50 wm.
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Figure8. PDTCtreatmentincreased the levels of astrocytic GLT-1. APP/PS1 mice exhibited a

significant decrease in the level of astrocytic receptor GLT-1 (A). PDTC treatment significantly
increased the levels of GLT-1, bringing it back to normal as depicted in B. The membranes were
blotted against actin as a loading control. Error bars indicate SEM. *p << 0.05.
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Figure 9.  PDTC treatment increased the cortical copper concentration. Untreated APP/PS1
and wt mice exhibited a similar amount of copper in the cortex as measured by atomic absorp-
tion spectophotometer. Long-term PDTC treatment significantly increased the copper concen-
tration in APP/PS1 mice. Error bars indicate SEM. *p << 0.05.
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viability. Error bars indicate SEM. *p << 0.01.

lar copper to be transported out of the cell, leading to cellular
copper insufficiency, and under certain conditions, Af—copper
complexes are neuroprotective (Maynard et al., 2002; Bayer et al.,
2003; Phinney et al., 2003). Moreover, copper deficiency may
lead to reduced activity of Cu,Zn-SOD1 (Bayer et al., 2003), a
major cytoplasmic antioxidant, and thereby alter endogenous
antioxidant defense system, including possible SOD1-induced
activation of Akt (Noshita et al., 2003). Overall, copper ho-
meostasis may be disturbed in AD, and the functions of Cu?"in
AD pathogenesis appear to be complicated. Whereas the brain
copper concentrations in APP/PS1 and wt mice were statistically
the same in our study, PDTC treatment significantly increased
copper levels in APP/PS1 mouse brains. PDTCisa Cu®" chelator
capable of transferring external Cu’" into a cell (Verhaegh et al.,
1997), suggesting that PDTC-increased concentration of copper
may be attributable to increased intracellular Cu®". PDTC treat-
ment could thus alter the ratio of extracellular and intracellular
copper, and compensate the AB-induced reduction in intracellu-
lar Cu?". Because Cu?" can also activate Akt (Ostrakhovitch et
al., 2002), we hypothesize that PDTC-induced increase in intra-
cellular Cu** triggers Akt phosphorylation, leading to decreased
activity of GSK-3f3, reduced tau phosphorylation, increased
GLT-1 expression, and activation of cell survival supporting
functions of Akt pathway. This hypothesis does not exclude the
possibility that other copper-dependent functions may also con-
tribute to the improved cognitive functions in PDTC-treated
APP/PS1 mice. An interesting finding is that AB peptides may
bind copper (Curtain et al., 2001; Zou et al., 2002), thereby pos-
sibly causing some pathological effects. Whether PDTC binds
and prevents metal binding of AB peptides is not known.

Itis unclear why PDTC treatment caused changes in Akt path-
way in APP/PS1 but not in wt mice. Several changes in cellular
functions are triggered by mutant PS1 and APP that may alter the
response of neurons and astrocytes to PDTC, including mutant
PS1 and intracellular AB themselves, which are able to inhibit
activation of Akt pathway (Baki et al., 2004; Magrane et al., 2005).
In addition, inflammatory mediators induced in APP/PS1 mouse
brain may regulate Akt (Grzelkowska-Kowalczyk and Wieteska-
Skrzeczynska, 2006). It may be possible that APP/PS1 pathology
results in compensatory promotion of Akt pathway to maintain it

PDTC protected primary hippocampal neurons against oligomer-rich A3 induced toxicity. 4, Freshly dissolved A3
preparation contained mostly oligomers, ranging from monomeric AB to high-molecular-weight forms. Fibrillization of A3
resulted predominantly in high-molecular-weight aggregates that did not penetrate into the SDS-PAGE gel used in the current
study. B, Exposure of primary hippocampal neurons to the freshly dissolved, oligomer-rich A{3 preparation caused ~40% cell
death as analyzed by the appearance of condensed chromatin. The cell death was significantly diminished by cotreatment with 1
fum PDTC. Fibrillar AB was also toxic causing ~20% cell death, although the effect was significantly smaller compared with
oligomer-rich preparation. PDTC failed to protect the neurons against fibrillar A3 toxicity. PDTC alone did not affect the cell

the low doses used in the present study,
may affect only disturbed cellular func-
tions and cause relatively few adverse ef-
fects. In agreement with this idea, we did
not observe any side effects or changes in
the body weight in our PDTC-treated
mice. Because diothiocarbamates are rela-
tively well tolerated in humans, and PDTC
has several potentially beneficial effects on
neurodegeneration processes, our obser-
vation of improved cognitive function in a relevant animal model
of AD warrants additional studies on PDTC and its analogs to-
ward clinical trials.
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