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Aminopyridazines inhibit�-amyloid-induced glial activation
and neuronal damage in vivo
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Abstract

The critical role of chronic inflammation in disease progression continues to be increasingly appreciated across multiple disease areas,
especially in neurodegenerative disorders such as Alzheimer’s disease. We report that late intervention with a recently discovered aminopy-
ridazine suppressor of glial activation, developed to inhibit both oxidative and inflammatory cytokine pathways, attenuates human amyloid
beta (A�)-induced glial activation in a murine model. Peripheral administration of the aminopyridazine MW01-070C, beginning 3 weeks
after the start of intracerebroventricular infusion of human A�1-42, decreased the number of activated astrocytes and microglia and the lev-
els of proinflammatory cytokines interleukin-1�, tumor necrosis factor-� and S100B in the hippocampus. Inhibition of neuroinflammation
correlated with a decreased neuron loss, restoration towards control levels of synaptic dysfunction biomarkers in the hippocampus, and
diminished amyloid plaque deposition. The results from this in vivo chemical biology approach provide a proof of concept that targeting
of key glia inflammatory cytokine pathways can suppress A�-induced neuroinflammation in vivo, with resultant attenuation of neuronal
damage.
© 2004 Elsevier Inc. All rights reserved.
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1. Introduction

The contribution of the inflammatory component of di-
verse disorders to disease progression has led to novel at-
tempts aimed at discovering ways to attenuate inflammation
therapeutically[21]. Key among these attempts are efforts to
modulate the neuroinflammation that is a characteristic fea-
ture of both acute and chronic CNS disorders[1,18,22]. Neu-
roinflammation is a process that results primarily from an
abnormally high or chronic activation of glia (microglia and
astrocytes). This overactive state of glia results in increased
levels of inflammatory and oxidative stress molecules, which
can lead to neuron damage or death. Neuronal damage/death
can also induce glial activation, facilitating the propaga-
tion of a localized, detrimental cycle of neuroinflamma-
tion [8]. Accumulating evidence[1,6,9,13] suggests that
targeting this glia–neuron cycle might be a therapeutic ap-
proach to Alzheimer’s disease (AD) progression. However,
progress in the pursuit of neuroinflammation as a therapeu-
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tic target in AD requires proof of concept that selective
suppressors of glial activation can selectively modulate neu-
ropathogenic aspects of the neuroinflammatory cycle, with-
out impeding beneficial glial responses, in a robust animal
model of AD-relevant neuroinflammation. In general, vali-
dation in an AD animal has been difficult due to the variabil-
ity of neuroinflammation and the lack of frank neuronal loss
in the animal models, and the few compounds tested to date
were not developed with glia as the primary discovery target.

MW01-070C is an aminopyridazine derivative discov-
ered in unbiased cell-based screens for new synthetic com-
pounds that suppress selective glial activation responses
via mechanisms distinct from anti-inflammatories devel-
oped for peripheral tissue targets, such as NSAIDs and
COX-2 inhibitors. Aminopyridazines with activities simi-
lar to MW01-070C have the potential to fulfill the unmet
need for modulation of AD-relevant neuroinflammation.
The discovery rationale was to find safe compounds ca-
pable of suppressing pathways that are quantitatively im-
portant in proinflammatory and oxidative stress responses
of activated glia, versus a primary focus on suppression of
peripheral tissue responses. The initial screen with a high
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throughput, cell-based assay included comparison to extant
anti-inflammatory drugs in order to find new synthetic com-
pounds with significantly better, concentration-dependent
activity for inhibition of activated glia responses[16,17,35].
A secondary cell-based screen was employed to retain
only those compounds that worked via mechanisms dis-
tinct from currently available NSAIDs that target COX-2
or p38 MAPK, and to find compounds that would not sup-
press potential anti-inflammatory responses of glia, such as
increased ApoE production in response to A�1-42 stim-
ulation. This cell-based, hierarchical approach held the
potential of finding safe compounds that would effectively
suppress disease-relevant endpoints in glia, but would not
suppress the immune response in peripheral tissues, which
are needed for responses to infections. MW01-070C fulfills
the above criteria based on cell-based activity analyses and
initial toxicology studies[17,35]. However, MW01-070C
has not been validated in vivo using an animal model of
AD-relevant neuroinflammation.

We report here that peripheral administration of MW01-
070C, beginning 3 weeks after start of intracerebroventricu-
lar infusion of human A�1-42 into mouse brain, attenuates
the resultant neuroinflammation and neuronal loss. We
used a rapid and reproducible in vivo assay for human
A�-induced neuroinflammation in mice, based on the previ-
ously described rat model of Frautschy et al.[6,7]. The in-
fusion of human A�1-42 increased the number of activated
astrocytes and microglia and the levels of interleukin-1�
(IL-1�), tumor necrosis factor-� (TNF�) and S100B in the
hippocampus. In addition, the mice showed a decreased
neuronal count and a decrease in markers of synaptic func-
tion in the hippocampus. These changes were attenuated by
therapy with MW01-070C, administered intraperitoneally
and initiated 3 weeks after the start of human A� infusion.
The results demonstrate the therapeutic potential of target-
ing of glial inflammatory pathways with aminopyridazines.

2. Methods

2.1. Aβ infusion into the CNS and treatment with inhibitor
by intraperitoneal injection

The study design and treatment paradigm for infusion of
human A�1-42 into the mouse was adapted from a rat model
of human A� infusion [6,7]. Briefly, C57/Bl6 mice weigh-
ing ∼25 g were anesthetized with vaporized halothane, and
a micro-osmotic pump (Alzet #1002) was attached to a
cannula (Plastics One) stereotaxically implanted into the
right lateral cerebral ventricle (at coordinates−1.0 mm
mediolateral and−0.5 mm anterioposterior from Bregma;
−1.5 mm dorsal-ventral from skull). Pumps contained ei-
ther oligomeric[4] A�1-42 (45�g; American Peptide) in
vehicle (4 mM Hepes+ 250�g/ml human high-density
lipoprotein, HDL) or vehicle alone. HDL, which normally
carries A� in plasma, was used in the pump to reduce A�

aggregation and act as an A� chaperone for better neuropil
delivery [6,7]. Pumps were partially coated with paraffin to
reduce the infusion rate to∼3�l per day (67 ng/h A�1-42;
37 ng/h HDL) for 28 days.

At post-operative day 21 and continuing for 14 days
thereafter, mice were injected once a day with an intraperi-
toneal injection of either MW01-070C (2.5 mg/kg per day)
or solvent control (10% DMSO in saline). The dose of
MW01-070C represents a maximal dose for this experimen-
tal paradigm based on results that showed suppression of
IL-1� levels to that of control (vehicle), and a correspond-
ing intermediate level of suppression with one-half the
dose of MW01-070C. In some experiments, a structurally
similar pyridazine-based compound, MW01-026Z, was in-
jected intraperitoneally at 2.5 mg/kg exactly as described
for MW01-070C. At post-operative day 60, mice were anes-
thetized with pentobarbital (50 mg/kg) and perfused with a
Hepes buffer containing a protease inhibitor cocktail. The
brains were then removed and longitudinally bisected. The
right half of the brain was fixed in paraformaldehyde and
embedded in paraffin for histological examination, while
the hippocampus was isolated from the left hemisphere and
snap frozen for biochemical evaluation.

MW01-070C, 11-(5,6-dihydro-3-iminobenzo[h]cinnolin-
2(3H)-yl)-1-(4-pyrimidin-2-yl-piperazin-1-yl)undecanami-
de, was synthesized and characterized as previously de-
scribed[17]. MW01-026Z, 11-(5,6-dihydro-3-iminobenzo-
[h]cinnolin-2(3H)-yl)-N-(6-phenylpyridazin-3-yl)undecana-
mide, is a structural analog of MW01-070C and was syn-
thesized and characterized as previously described[33].

2.2. Biochemical analysis of inflammatory and neural
markers in the hippocampus

Hippocampal soluble extracts were prepared by dounce
and sonication in Hepes buffer containing a protease in-
hibitor cocktail, followed by centrifugation. Levels of
the pro-inflammatory cytokines IL-1� and TNF� in su-
pernatants were determined with duplicate measurements
by a Biosource International ELISA according to the
manufacturer’s instructions. S100B levels in supernatants
were measured in triplicate by a europium-based ELISA
essentially as previously described[32]. Synaptophysin
levels were quantified in duplicate with a capture ELISA
following the procedure previously described by Schlaf
et al. [27] with the following exceptions. The SY38
monoclonal synaptophysin antibody (Chemicon Interna-
tional) was used to coat plates at the concentration of
1.75�g/ml, while a rabbit polyclonal synaptophysin an-
tibody (0.35�g/ml, Calbiochem) and a horseradish root
peroxidase (HRP)-conjugated goat anti-rabbit IgG antibody
(1:10,000, Jackson Immunolabs) were used for detection
with a tetramethylbenzidine (TMB) development system
(Sigma). Due to the lack of purified synaptophysin, a
cortico-hippocampal homogenate was prepared in the same
manner as the hippocampal soluble extracts to serve as a
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standard. Western blots of hippocampal supernatants (10�g
supernatant protein loaded per lane) were done with anti-
bodies to PSD-95 (1:100,000 dilution; Upstate Biotechnol-
ogy) and COX-2 (1:2000 dilution, Santa Cruz). Antibodies
against�-actin (1:500,000 dilution, Sigma) were used to
confirm equal protein loading among the samples. Densit-
ometry was done with ImageQuant software (Molecular
Dynamics).

2.3. Histology

Immunohistochemical detection of activated astrocytes
and microglia was performed on 10�m sections with
anti-GFAP (1:1500 dilution; Sigma) and anti-F4/80 (1:100
dilution; Serotek) antibodies, respectively, using the mouse
on mouse or Vectastain Universal Elite ABC immunode-
tection kits (Vector/Novocastra) and development with
diaminobenzidine (DAB) substrate. A� immunohistochem-
istry was done with DAE (rabbit anti-human A� antibody;
[13]; kindly provided by Greg Cole, UCLA) using the
Vectastain Rabbit Elite ABC kit (Vector/Novocastra) and
development with TrueBlue Substrate (KPL). Staining of
brain architecture and neurons was carried out with 0.2%
cresyl violet acetate solution. Cell counts, plaque counts,
and A� load were determined by two blinded observers and
subsequently analyzed as follows. For microglia and astro-

Fig. 1. MW01-070C suppresses astrocyte and microglial activation. (A–D) Activated astrocytes were detected by GFAP immunoreactivity, and the number
of GFAP-positive astrocytes in the hippocampus were measured. Representative micrographs of vehicle-infused mice (A), A�-infused mice injected with
solvent (B), and A�-infused mice injected with MW01-070C (C) are shown. Bar (A–C)= 50�m. Quantitation of GFAP-positive astrocytes from all
mice (n = 5–8 mice per group) is shown (D). (E–H) Activated microglia were detected by F4/80 immunoreactivity, and the number of F4/80-positive
microglia in the hippocampus were measured. Representative micrographs of vehicle-infused mice (E), A�-infused mice injected with solvent (F), and
A�-infused mice injected with MW01-070C (G) are shown. Bar (E–G)= 25�m. Quantitation of F4/80-positive microglia from all mice (n = 5 mice per
group) is shown (H). Significantly different (∗P < 0.05).

cyte analysis, all DAB-stained cell bodies were manually
counted in the hippocampus (excluding the fimbria) of three
F4/80 and GFAP labeled sections positioned at−1.8,−2.1,
and−2.3 mm from Bregma. For plaque counts and A� load
analysis, images of five equally spaced DAE labeled sec-
tions from approximately−1.4 mm through−2.4 mm from
Bregma were digitally obtained and examined using Image
J software. Plaque number was determined by manually
counting the number of plaques on each section, and the
average number of plaques per section was then calculated.
Plaque area was determined by outlining the boundaries of
all plaques on each section and obtaining the summed area
with Image J software (NIH public domain software). The
plaque area was then divided by the area of the section to
determine percent amyloid staining on each section, and
then the average percent amyloid staining per section was
calculated. CA1 neuron counts were obtained by digitally
acquiring images (200× magnification) of the CA1 neuron
layer immediately superior to the dentate gyrus of multi-
ple cresyl violet stained sections spaced 50�m apart from
−1.2�m through−2.4 mm from Bregma (20–25 sections
per animal). Blinded observers then differentiated neurons
from glia by cellular morphology and size and counted
only neurons with nuclei present in the section. In all stud-
ies, concordance between observers was within 5% or the
section was removed from analysis.
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2.4. Statistical analysis

Experimental and control groups were compared by
ANOVA with SNK post hoc analysis (significant atP <

0.05).

3. Results

3.1. In vivo glial activation by human Aβ and suppression
by aminopyridazine treatment

Intracerebroventricular infusion of mice with human
A�1-42 for 28 days and analysis of hippocampal tissue
harvested at day 60 showed, by several biochemical and
histological endpoints, robust neuroinflammation. This neu-
roinflammation was suppressed by late stage intervention
with MW01-070C at a remote site (intraperitoneal injection)
starting at day 21. Activation of astrocytes and microglia
in the hippocampus is seen by glial fibrillary acidic pro-
tein (GFAP) and F4/80 immunohistochemistry, respectively
(Fig. 1). There were significantly greater numbers of GFAP-
positive astrocytes in the hippocampus of mice infused
with A� versus those infused with vehicle, and peripheral
administration of MW01-070C attenuated this astrocyte ac-
tivation (Fig. 1A–D). There was a similar suppressive effect
of inhibitor treatment on microglial activation (Fig. 1E–H).
Administration of MW01-070C alone did not result in any
detectable glial activation (data not shown).

3.2. Selective suppression of neuroinflammatory mediators
by aminopyridazine treatment 3 weeks after initiation of
Aβ infusion

The A�-induced activation of astrocytes and microglia de-
tected by immunohistochemical analysis of mouse brain sec-
tions was reflected in increased production of AD-relevant
pro-inflammatory cytokines measured by quantitative im-
munochemical endpoints (Fig. 2). Initiation of MW01-070C
treatment 21 days after the start of A� infusion into the
brain, using administration of MW01-070C outside the CNS
(intraperitoneal injection), resulted in a significant and se-
lective reduction of pro-inflammatory cytokine levels in the
hippocampus (Fig. 2). For example, we found that mice in-
fused with A�1-42 showed increases in IL-1� levels, which
were attenuated by administration of MW01-070C (Fig. 2A).
Similarly, the levels of the pro-inflammatory cytokine TNF�
were significantly upregulated in the hippocampus of A�-
infused animals (Fig. 2B), while peripheral administration
of MW01-070C suppressed the A�-induced TNF� to lev-
els statistically indistinguishable from those mice receiving
vehicle infusion (Fig. 2B). We also found that the levels
of the pro-inflammatory cytokine S100B in the hippocam-
pus were significantly higher in mice receiving human A�
infusion (Fig. 2C), with intraperitoneal administration of
MW01-070C subsequent to the initiation of increased A�
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Fig. 2. MW01-070C selectively suppresses neuroinflammatory responses.
The levels of the pro-inflammatory cytokines IL-1� (A), TNF� (B),
S100B (C), and COX-2 (D) were measured in hippocampal extracts
from vehicle-infused mice, A�-infused mice injected with solvent, and
A�-infused mice injected with MW01-070C (n = 5–8 mice per group).
A� induced a significant increase in all four cytokines. MW01-070C
treatment resulted in significant suppression of the increase in IL-1�,
TNF�, S100B, but not COX-2. Significantly different (∗P < 0.05).

in the brain resulting in a significant reduction of S100B
levels in the hippocampus (Fig. 2C). The therapeutic effects
of peripherally administered MW01-070C on AD-relevant
neuroinflammatory markers in the hippocampus were com-
plemented by the observation of in vivo selectivity in phar-
macological action. Specifically, the A�-induced increase
in COX-2 levels in the hippocampus was not blocked by
MW01-070C treatment (Fig. 2D). This selective in vivo ef-
fect of MW01-070C is consistent with its lack of effect on
COX-2 levels in cultured cells [17].

3.3. Attenuation of neuronal loss by in vivo treatment with
a selective suppressor of glial activation

An important disease-relevant endpoint to monitor is
whether the in vivo suppression of neuroinflammation by a
selective inhibitor of glial activation results in significant at-
tenuation of neuronal function or loss. Therefore, we exam-
ined neuron-related endpoints in the mouse hippocampus.
First, we examined neuron number by cresyl violet staining
of serial sections throughout the hippocampus. We found
that neuron number in the CA1 region of the hippocampus
was significantly decreased in A�-infused mice (Fig. 3A).
However, A�-infused mice treated intraperitoneally with
MW01-070C were indistinguishable from control animals
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Fig. 3. MW01-070C blocks neuronal damage and death. Hippocampal sections or extracts from vehicle-infused mice, A�-infused mice injected with
solvent, and A�-infused mice injected with MW01-070C (n = 5–8 mice per group) were evaluated for neuron damage/death by determination of the
number of hippocampal CA1 neurons (A), levels of synaptophysin by ELISA (B), and levels of the post-synaptic density protein PSD-95 by Western
blots (C). Significantly different (∗P < 0.05).

in CA1 neuron number (Fig. 3A). These histological results
were corroborated by biochemical measurements of two dif-
ferent neuronal markers. Determination of the levels of the
presynaptic protein synaptophysin by ELISA showed that
A� infusion led to a significant reduction in synaptophysin,
and the decrease in synaptophysin levels was prevented
by MW01-070C administration (Fig. 3B). The effect seen

Fig. 4. MW01-070C reduces amyloid plaque deposition. Hippocampal sections from vehicle-infused mice, A�-infused mice injected with solvent, and
A�-infused mice injected with MW01-070C were double-labeled as described in Section 2 with anti-human A�1-42 antibody to stain amyloid plaques
(blue) and with anti-F4/80 antibody to stain activated microglia (brown). Representative micrographs of hippocampus from A�-infused mice injected
with solvent (A), and A�-infused mice injected with MW01-070C (B) are shown. Bar = 10 �m. Quantitation of amyloid burden from all mice (n = 5–8
mice per group) was done as described in Section 2 by determination of the number of amyloid plaques (C) and the area occupied by amyloid plaques
(D). Significantly different (∗P < 0.05).

with the pre-synaptic marker protein was also seen with
a post-synaptic marker. Specifically, Western blot analysis
of post-synaptic density protein-95 kDa (PSD-95) showed
significant reduction in A�-infused mice (Fig. 3C). PSD-95
is a major post-synaptic component of excitatory glutamin-
ergic synapses that are reduced in brain injuries that result
in spatial memory deficits [15]. In contrast, A�-infused



1288 J.M. Craft et al. / Neurobiology of Aging 25 (2004) 1283–1292

mice treated with MW01-070C showed PSD-95 levels
similar to vehicle-infused animals (Fig. 3C). The results us-
ing multiple endpoints of hippocampal neuronal status are
consistent with each other and demonstrate in this mouse
model that human A� infusion results in neuronal loss and
intraperitoneal treatment with MW01-070C provides neuro-
protection. This in vivo protection against neuronal damage
afforded by MW01-070C treatment is consistent with its
established activity as a selective inhibitor of neurotoxic
glial products [17].

3.4. Effects of inhibiting glial activation in vivo
on Aβ plaques

In addition to the direct detrimental effects of activated
glial products on neurons, certain glial products can influ-
ence A� structure, function, and synthesis [1]. This provides
an additional, indirect mechanism whereby suppression of
glial activation could potentially attenuate A� plaque growth

S100BIL-1β 

0

0.5

1

1.5

2

2.5

3

IL
-1

β 
(p

g
/m

l/
µg

)

Vehicle 
infused

Aβ−  
infused

Aβ−  infused +

MW01-026Z

S
1
0

0
B

 (
n

g
/m

l)

0

10

20

30

40

Vehicle 
infused

Aβ−  
infused MW01-026Z

Aβ−  infused +

0

25

50

75

100

%
 S

ta
n

d
a
rd

 h
o

m
o

g
e
n

a
te *

Vehicle 
infused

Aβ−  
infused

Aβ−  infused +

MW01-026Z

0

50

100

150

N
e
u

ro
n

 n
u

m
b

e
r

Vehicle 
infused

Aβ−  
infused

Aβ−  infused +

MW01-026Z

%
 C

o
n

tr
o

l

0

50

100

150

200

250

*

Vehicle 
infused

Aβ−  
infused

CA1 Neurons Synaptophysin PSD-95

Aβ−  infused +

MW01-026Z

(A) (B)

(C) (D) (E)

Fig. 5. MW01-026Z, a structural analog of MW01-070C that does not possess in vitro glial inhibitory activity but does provide neuroprotection in an
acute brain injury model, does not inhibit neuroinflammation but protects neurons following A� infusion. Measurement of the pro-inflammatory cytokines
IL-1� (A) and S100B (B) reveal no attenuation of A�-induced glial activation. MW01-026Z partially protected neurons as determined by neuron counts
in the CA1 layer of hippocampus (C), and significantly ameliorated the A�-induced reduction in the presynaptic marker synaptophysin as measured by
ELISA (D). Interestingly, MW01-026Z treatment led to increased levels of the post-synaptic maker PSD-95 by ∼2-fold over vehicle-infused animals (E).
Significantly different (∗P < 0.05).

or toxic A� aggregate formation. As an initial step in ad-
dressing this more indirect neuroprotective consequence of
MW01-070C suppression of glial activation, we examined
the amyloid plaques in our mouse model. Staining of hip-
pocampal sections with an antibody that recognizes human
A� (but not the endogenous mouse A�) demonstrated dif-
fuse amyloid plaque deposits in the hippocampus (Fig. 4A).
In the A�-infused mice injected with MW01-070C, the
amyloid plaques were smaller and less abundant (Fig. 4B).
Quantitation of the numbers of plaques (Fig. 4C) and the
area of the hippocampus occupied by amyloid plaques
(Fig. 4D) documented a significant reduction in amyloid
plaque deposition as a result of MW01-070C treatment.

3.5. A CNS active structural analog of MW01-070C does
not suppress neuroinflammation

MW01-026Z is an aminopyridazine analog of MW01-
070C that does not have the glial suppression activity of
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MW01-070C, but is able to inhibit brain injury and neu-
ronal loss in a rodent stroke model in which MW01-070C
lacks activity [33]. Therefore, MW01-026Z is a structural
analog of MW01-070C that has demonstrated CNS pene-
trance but does not suppress glial activation in cell culture.
When MW01-026Z was administered using the same treat-
ment paradigm as that used for MW01-070C, MW01-026Z
failed to suppress glial activation in vivo. For example, the
A�-induced increases in hippocampal IL-1� (Fig. 5A) and
S100B (Fig. 5B) were not blocked by MW01-026Z. In ad-
dition, the A� increase in the number of activated astrocytes
and microglia in the hippocampus was not significantly in-
hibited by MW01-026Z treatment, as measured by immuno-
histochemical analysis of GFAP-positive astrocytes and
F4/80-positive microglia. The number of GFAP-positive as-
trocytes in vehicle-infused mice, A�-infused mice, and A�-
infused mice injected with MW01-026Z were, respectively,
7.56±0.96, 36.29±8.41, and 25.21±2.39 (mean±S.E.M.).
The number of F4/80-positive microglia in vehicle-infused
mice, A�-infused mice, and A�-infused mice injected with
MW01-026Z were, respectively, 3.33 ± 0.94, 42.97 ± 7.43,
and 25.73 ± 4.55 (mean ± S.E.M.). There was a trend
toward a suppression of amyloid plaque deposition with
MW01-026Z treatment, but the results did not reach sta-
tistical significance (mean (%) area staining ± S.E.M. in
vehicle-infused mice was 0.004 ± 0.004; in A�-infused
mice,1.31 ± 0.37; and in A�-infused mice injected with
MW01-026Z,0.78 ± 0.19). Interestingly, administration of
this neuronal apoptosis inhibitor MW01-026Z did sup-
press the A�-induced neuronal damage. For example, the
A�-induced reduction in CA1 neuron number was par-
tially prevented by MW01-026Z administration (Fig. 5C).
MW01-026Z also significantly prevented the A�-induced
decrease in synaptophysin levels (Fig. 5D). Unexpectedly,
MW01-026Z treatment not only prevented the A�-induced
decrease in PSD-95 levels but also led to a significantly
higher level of PSD-95 in the hippocampus when compared
to vehicle-infused animals (Fig. 5E). These serendipitous
findings have not been pursued further as part of this inves-
tigation on neuroinflammation. Regardless, the results with
MW01-026Z and MW01-070C treatments demonstrate that
the in vivo suppression of neuroinflammation in the mouse
model reflects well the in vitro glial suppression activity
of aminopyridazines, and is not a generalized effect of
treatment with a CNS active aminopyridazine compound.

4. Discussion

The results summarized here have three key aspects.
First, they provide a precedent for AD drug discovery by
demonstrating that de novo inhibitor development targeting
selective glia activation pathways can yield bioavailable
compounds that function in vivo as anti-neuroinflammatory
and neuroprotective compounds. Second, the results in-
dicate that proinflammatory cytokines might be useful

biomarkers for monitoring A�-induced neuroinflammation
and response to therapeutic intervention. Third, an animal
model that exhibits A�-induced neuroinflammation and
neuronal loss is described, and this model responds to ther-
apeutic intervention targeted to glial activation pathways or
neuronal death pathways.

The urgent need for novel therapeutic strategies in the
treatment of AD is apparent with the realization that the
only currently approved therapies for AD are palliative in
nature. Major efforts have gone into testing drugs approved
for other disease applications as potential therapies for AD
progression. Success to date has been limited and, in some
cases, there are legitimate concerns over safety in chronic
use [2,10,11,23]. There is no a priori reason to expect that a
drug approved by the FDA will work in another disease area
unless there is a common mechanism of disease involved.
In addition, an FDA approved drug is not necessarily safer
than a new drug developed explicitly for the target disease,
as relative toxicity or therapeutic index is always a consider-
ation in use. However, these more straightforward tests must
be pursued because AD is a disease with major unmet needs
and increasing impact. Clearly, multiple and complementary
approaches must be tried in parallel. We chose to take a high
risk approach that lacked precedent, but was based on the
established drug discovery paradigm of biological screen-
ing using disease-relevant endpoints, followed by analysis
of biological novelty and potential for safety. We focused on
glial activation and used in-parallel synthetic chemistry and
hierarchal cell-based screens of disease-relevant endpoints.
We also biased the process towards effective inhibitors that
worked via mechanisms distinct from drugs that work on
peripheral tissue inflammation. Eukaryotic cells can use di-
verse signal transduction pathways to modulate a redun-
dant biological endpoint, with tissue context reflecting which
pathway is quantitatively dominant. For example, iNOS and
IL-1� are produced by a variety of cell types, but the rela-
tive importance of a given pathway to these same endpoints
can vary among tissues. This might be the explanation for
inhibition by MW01-070C of endotoxin-induced glial pro-
duction of IL-1�, with no discernible effect over the same
concentration range of MW01-070C on endotoxin-induced
production of IL-1� by peripheral blood monocytes. Much
remains to be done in terms of elucidating the mechanisms
of action of MW01-070C and newer analogs that are cur-
rently under development. However, the results presented
here and previously [17,35] validate the potential utility of
the glia-focused approach in AD drug discovery.

We chose the aminopyridazine chemotype as our scaffold
based on its prior use in development of clinically effective
and safe drugs for chronic use [14,36]. The results presented
here and previously [17,34,35] identify aminopyridazines
as a new chemotype for neuroinflammation drug discovery,
and partially validate proinflammatory cytokines and iNOS
as key glial activation pathways that are amenable to thera-
peutic intervention with aminopyridazines. Further, the suc-
cessful intervention with an aminopyridazine 3 weeks after
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the start of A�-infusion argues in favor of pursuing these
pathways and this small molecule class if late stage inter-
vention in neuroinflammation is the goal. The attenuation
of neuronal loss by an aminopyridazine developed for inhi-
bition of glia activation, and by a structural analog devel-
oped for inhibition of neuronal apoptosis, is indicative of the
potential for targeting either glia or neuronal responses for
protection from human A�-induced pathology. Potentially,
such targeted compounds may be useful reagents for in vivo
chemical biology studies that seek to quantify the relative
importance of a given pathway versus another to a common
pathology endpoint.

The extent of in vivo glial activation by A� and its
suppression by the aminopyridazine were assessed by quan-
titative analysis of hippocampal cytokine levels, including
a cytokine readily measured in human CSF. This raises
the possibility of identifying clinical biomarkers that are
indicators of both neuroinflammation and response to ther-
apeutic intervention. S100B is a pro-inflammatory cytokine
that is increased in brain parenchyma and CSF of AD pa-
tients, raising the potential that this cytokine contributes
to the neuroinflammation cycle or might be a biomarker
for disease progression [20,24,25,31]. Recent research also
showed that S100B levels in CSF can be used as an indicator
of clinical outcome (for references, see [29,32]). Biological
endpoints that can be readily transferred from preclinical
studies with animals to clinical investigations are critical to
translation of promising preclinical findings to new thera-
peutic approaches to CNS disorders [3,28,30]. Therefore, an
important future goal is to validate the potential to monitor
increases of S100B levels with AD disease progression and
decreases in S100B levels with pharmacologic interven-
tion. Relatedly, the finding that aminopyridazine treatment
blocks hippocampal CA1 neuron loss suggests the need to
investigate volume changes using MRI analysis. An inher-
ent advantage of the in vivo chemical biology approach is
the ability to move immediately to other animal species that
are more experimentally tractable to explore such possibil-
ities. The suppression by MW01-070C of the human A�-
induced increase in proinflammatory cytokines is especially
interesting from a clinical and mechanistic perspective. For
example, IL-1� is a glia-derived cytokine found at increased
levels in AD pathology [5]. In addition, IL-1� increases
production of the amyloid precursor protein [26], further
enhances astrocyte activation [19], and brings about in-
creased tau phosphorylation [12]. The suppression of IL-1�
suggests one key pathway through which aminopyridazines
could exert a therapeutic effect with later interventions.

Suppression of neuroinflammation by MW01-070C cor-
related with a reduction in neuron loss, synaptic damage,
and amyloid plaque deposition in the hippocampus. The
mechanism by which MW01-070C treatment leads to neu-
roprotection is not known. All available data is consistent
with neuronal protection being an indirect effect of sup-
pressing glial inflammation, thereby disrupting the neu-
roinflammatory cycle. However, other interpretations are

possible. It is possible, for example, that the compound acts
directly on neurons, although we have no evidence to date
to support this possibility and MW01-070C has not exhib-
ited in vivo neuroprotective effects in assays requiring a
direct neuronal effect. For example, in a hypoxia-ischemia
rodent model of neuronal injury where aminopyridazine
inhibitors of neuronal apoptosis confer protection [33] but
anti-neuroinflammatory compounds do not, MW01-070C is
not effective. In addition, in preliminary experiments with
neuronal cell cultures, we have not seen any direct protective
effects of the compound. The most likely mechanism based
on the developmental history of MW01-070C and biological
data is that the neuroprotective effect of suppressing neu-
roinflammation results from a combination of diminishing
the direct neurotoxic effects of glial products as well as de-
creasing downstream neurotoxic effects of A� aggregates on
neurons. The interesting results with alteration of amyloid
plaque deposition with therapeutic intervention are consis-
tent with the latter possibility, and not unexpected. For exam-
ple, a number of glial proteins co-deposit with and influence
A� deposition [1]. It is reasonable to speculate that MW01-
070C might alter A� deposition or aggregation via suppres-
sion of such glial proteins. It is also theoretically possible
that MW01-070C might inhibit aggregation or deposition
through direct effects on the A� peptide, but no data to date
are consistent with this possibility and preliminary in vitro
experiments did not reveal obvious effects of MW01-070C
on A� aggregation. Certainly, the effects of MW01-070C
are independent of A� processing as human A� is infused,
not APP.

An attractive feature of the mouse assay described here
is that it exhibits features reminiscent of the human dis-
ease, and it has potential to facilitate future investigations of
mechanism and combinations of disease-relevant processes.
Especially important is the robust neuroinflammation and
significant neuron damage and loss, a feature not generally
seen routinely in transgenic mouse models. The model de-
scribed here does not show neurofibrillary pathology, but
intracerebroventricular infusion of human A�1-42 into one
of the tau-transgenic mouse models would potentially allow
the analysis of animals that have both the A� and tau-related
pathologies. Animal models used for research focused on
discovery of new therapeutic approaches must allow iden-
tification of potential therapeutic interventions, but do not
need to recapitulate all aspects of the human disease in or-
der to be useful. However, the controlled incorporation of
additional disease parameters is especially attractive as it
may reveal compounds with dual functions that are desired
therapeutically, but can be readily missed in the highly fo-
cused assays done in contemporary drug discovery where
single targets or selected endpoints are used in early stage
discovery efforts. In the post-genomic sequence era, iden-
tification of discrete molecular targets can be done rapidly
by the use of affinity based and proteomics methods after
the discovery of a small molecule therapeutic by unbiased
approaches. The robustness, speed, and adaptability of the
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mouse assay described here will facilitate in vivo chemical
biology investigations using compounds discovered by both
unbiased and biased discovery efforts. As is common in an-
imal studies, there is some variability between experiments
in the degree of some endpoints, especially potentially indi-
rect and downstream events such as neuronal loss. Within a
single experiment, however, there is little inter-animal vari-
ability and significant results can be obtained with only 5–8
mice per group. Overall, the mouse brain infusion model is
particularly amenable to drug discovery efforts because of
the high penetrance of the pathological endpoints (>90% of
the mice develop pathology), experimental control over A�
administration with partial uncoupling of A� plaque depo-
sition from APP processing (human A� was infused, not
APP), the potential for facile use with diverse transgenic an-
imals, and the short time period needed for development of
disease-relevant pathology.

In summary, we have shown that a bioavailable inhibitor
of glial activation with a novel action different from, and
glial inhibitory activity more potent than, currently available
NSAIDs can modulate neuroinflammation and plaque depo-
sition in an AD-relevant mouse model of neuroinflamma-
tion. An accumulating body of evidence is consistent with
the in vivo suppression of neuroinflammation resulting in
attenuation of neuronal damage or loss. Taken in its entirety,
the data indicate that targeting neuroinflammation pathways
with aminopyridazines might provide unique and effective
suppression of AD pathogenic mechanisms, thereby modu-
lating disease progression.
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