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Glia as a Therapeutic Target: Selective Suppression
of Human Amyloid-�-Induced Upregulation of
Brain Proinflammatory Cytokine Production
Attenuates Neurodegeneration

Hantamalala Ralay Ranaivo, Jeffrey M. Craft, Wenhui Hu, Ling Guo, Laura K. Wing, Linda J. Van Eldik, and
D. Martin Watterson
Center for Drug Discovery and Chemical Biology, Chicago, Illinois 60611

A corollary of the neuroinflammation hypothesis is that selective suppression of neurotoxic products produced by excessive glial acti-
vation will result in neuroprotection. We report here that daily oral administration to mice of the brain-penetrant compound 4,6-
diphenyl-3-(4-(pyrimidin-2-yl)piperazin-1-yl)pyridazine (MW01-5-188WH), a selective inhibitor of proinflammatory cytokine produc-
tion by activated glia, suppressed the human amyloid-� (A�) 1-42-induced upregulation of interleukin-1�, tumor necrosis factor-�, and
S100B in the hippocampus. Suppression of neuroinflammation was accompanied by restoration of hippocampal synaptic dysfunction
markers synaptophysin and postsynaptic density-95 back toward control levels. Consistent with the neuropathophysiological improve-
ments, MW01-5-188WH therapy attenuated deficits in Y maze behavior, a hippocampal-linked task. Oral MW01-5-188WH therapy begun
3 weeks after initiation of intracerebroventricular infusion of human A� decreased the numbers of activated astrocytes and microglia and
the cytokine levels in the hippocampus without modifying amyloid plaque burden or altering peripheral tissue cytokine upregulation in
response to an in vivo inflammatory challenge. The results provide a novel integrative chemical biology proof in support of the neuroin-
flammation hypothesis of disease progression, demonstrate that neurodegeneration can be attenuated independently of plaque modu-
lation by targeting innate brain proinflammatory cytokine responses, and indicate the feasibility of developing efficacious, safe, and
selective therapies for neurodegenerative disorders by targeting key glial activation pathways.
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Introduction
Alzheimer’s disease (AD) and related neurodegenerative disor-
ders represent a major cause of disability and death, with an
unmet need for therapies that alter disease progression. Clinical
and preclinical studies revealed a previously underappreciated
role of excessive glial activation, or neuroinflammation, in the
pathophysiology of these progressive neurodegenerative disor-
ders (Griffin et al., 1989, 1998; Wright, 2002; Craft et al.,
2005a,b,c; Miller, 2005; Tuppo and Arias, 2005; Weydt and
Moller, 2005) and raised the hypothesis that targeting of neuroin-
flammation might be a therapeutic approach to altering disease
progression (Frautschy et al., 2001; Jantzen et al., 2002; Yan et al.,
2003; Craft et al., 2004a,b, 2005c,d). However, most investiga-
tions testing this hypothesis used drugs approved for other clin-

ical indications or developed using approaches that did not have
suppression of glia activation as the primary focus, yielding
mixed results (Aisen et al., 2003; Breitner, 2003; Cole et al., 2004;
Reines et al., 2004). It is becoming more generally appreciated
that a drug targeting peripheral inflammation may not be the
most appropriate therapeutic for neuroinflammation and that a
new paradigm starting with a focus on selective modulation of
activated glia mechanisms relevant to disease is needed. However,
it is not clear if selective targeting of proinflammatory glia re-
sponses is a possibility.

The lack of a precedent in neurosciences reflects the difficulty
in meeting a perhaps insurmountable set of demands. For exam-
ple, analysis of previous failures in CNS drug development iden-
tifies several key criteria that should be addressed in preclinical
investigations. First, rapid blood– brain barrier penetration of
compounds is necessary to attain a pharmacologically relevant
drug concentration within a useful time window. Lack of brain
penetration is a major point of failure for compounds identified
by activity in ex vivo studies (Pardridge, 2005). Second, oral ad-
ministration of chronically administered drugs is desirable for
improved patient compliance, so oral bioavailability should be
high (Wilkinson, 2001). Third, efficacy with compound admin-
istered at a dose of �5 mg/kg body weight is ideal (Galli and
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Faller, 2003). Appropriate pharmacokinetics and dosing portend
well for efficacy without idiopathic toxic effects (e.g., liver in-
jury). Fourth, minimal suppression of peripheral inflammatory
responses at a drug dose that produces CNS therapeutic effects is
desirable but has not been achieved by current anti-inflammatory
drugs. A de novo focus on suppression of selective, disease-linked
glia responses and the availability of animal models that exhibit
disease-relevant pathophysiology allow for the possible discovery
and use of such novel bioavailable compounds.

To address this unmet scientific and medical need, we devel-
oped a unique, orally bioavailable and brain-penetrant com-
pound [4,6-diphenyl-3-(4-(pyrimidin-2-yl)piperazin-1-yl)pyrida-
zine (MW01-5-188WH)] that is an inhibitor of glial activation.
We show here that chronic treatment of mice with MW01-5-
188WH suppresses proinflammatory cytokine responses linked
to AD-related pathophysiology, with resultant protection against
hippocampus synaptic dysfunction and hippocampal-dependent
behavioral deficits. These integrative chemical biology results add
a causal link to the increasing evidence that couples increased
proinflammatory cytokine production with neurodegenerative
pathophysiology, and demonstrate the feasibility of developing
new therapies for AD by targeting glia activation pathways.

Materials and Methods
MW01-5-188WH. The compound MW01-5-188WH was synthesized in
the production of a proprietary small molecule library designed by chem-
ical diversification of an inactive pyridazine fragment (Hu et al., 2005;
Wing et al., 2006). MW01-5-188WH was initially selected based on end-
points in a hierarchal, cell-based screen (Mirzoeva et al., 1999, 2002; Hu
et al., 2005) that identifies concentration-dependent, selective inhibitors
of activated glia. Specifically, MW01-5-188WH was made by first synthe-
sizing 3-chloro-4,6-diphenylpyridazine, starting with commercially
available 4-oxo-2,4-diphenylbutanoic acid and then using a previously
described multistep synthesis (Sircar, 1983; Coudert et al., 1988). The
resultant, purified product of the multistep synthesis was reacted with
commercially available 2-(piperazin-1-yl)pyrimidine in 1-BuOH at
130°C to give the novel 4,6-diphenyl-3-(4-(pyrimidin-2-yl)piperazin-1-
yl)pyridazine. The solvent was removed by evaporation under vacuum,
the residue was suspended in water, collected by filtration, washed with
water, and dried over a filter funnel to give a light pink solid. The isolated
yield was 81.1%. Homogeneity was �95%, as judged by HPLC, and the
experimentally determined mass of 395.1973, detected by high-
resolution mass spectrometry, was in good agreement with the computed
expected mass of 395.1979 (M�H �). Structure was confirmed by 1H
NMR (CDCl3): 8.356 (d, J � 4.5, 2H), 8.011(d, J � 7.5, 2H), 7.692 (d, J �
9.5, 1H), 7.468 (t, J � 6.0, 2H), 7.417 (d, J � 7.5, 1H), 7.047 (d, J � 9.5,
1H), 6.546 (t, J � 4.5, 1H), 4.013 (t, J � 5.0, 4H), 3.826 (t, J � 5.0, 4H).

Cell culture assays. Cell-based assays of the concentration-dependent
activity of MW01-5-188WH were done as described previously (Mirzo-
eva et al., 2002; Hu et al., 2005). BV-2 mouse microglial cells (1.25 � 10 4

cells per well in a 48-well plate) were cultured for 1 d in �MEM media
containing 10% fetal bovine serum and then treated in serum-free media
for 16 h with either control buffer or the standard glial-activating stim-
ulus lipopolysaccharide (LPS; from Salmonella typhimurium; 100 ng/ml
final concentration) in the presence of diluent or MW01-5-188WH.
Stock solutions (20 mM) of MW01-5-188WH are prepared in DMSO.
Solutions for cell treatments are prepared by dilution of stock solutions
into serum-free media immediately before adding to the cells. Control
wells contain the same final concentration of DMSO as the compound-
containing wells, and we have determined previously that this concen-
tration of DMSO is not toxic to the cells (Mirzoeva et al., 1999). The
accumulation of nitrite, the stable metabolite of nitric oxide (NO), was
measured in BV-2-conditioned media by the Griess assay as described
previously (Mirzoeva et al., 1999, 2002; Hu et al., 2005). Levels of
interleukin-1� (IL-1�) in cell lysates and tumor necrosis factor-�
(TNF-�) in conditioned media were measured by ELISA (Biosource In-
ternational, Camarillo, CA) as per the manufacturer’s instructions. Cell

lysates were analyzed by Western blots as described previously (Mirzoeva
et al., 2002) to determine the levels of inducible nitric oxide synthase
(iNOS), cyclooxygenase-2 (COX-2), and apolipoprotein E (apoE). For
apoE measurements, rat primary mixed glia were prepared and stimu-
lated with human oligomeric amyloid-� 1-42 (A�1-42; 10 �M) as de-
scribed previously (Mirzoeva et al., 2002). Antibodies and dilutions used
for Western blots were anti-COX-2 (1:1000; Santa Cruz Biotechnology,
Santa Cruz, CA), anti-iNOS (1:1000; Transduction Laboratories, Lexing-
ton, KY), and anti-apoE (1:1000). Antibody against �-actin (1:500,000
dilution; Sigma, St. Louis, MO) was used to confirm equal protein load-
ing among the samples.

In vitro stability, oral bioavailability, and brain uptake. The stability of
MW01-5-188WH (1 �M) in a standard incubation with rat liver micro-
somes (BD Biosciences, Bedford, MA) and an NADPH-regenerating sys-
tem was done at 37°C for 30 and 120 min. Reactions were stopped by
acetonitrile, and the reaction mixture was centrifuged at 16,000 � g for
10 min. Ten microliters of the supernatant were analyzed by calibrated
HPLC to quantify the percentage of the initial amount of MW01-5-
188WH remaining after the incubation. The HPLC system (Dionex,
Sunnyvale, CA) includes a Dionex P680 pump, a Phenomenex (Tor-
rance, CA) Luna C18 column (250 � 2.0 mm; 5 �m) with a guard
column, and a Dionex UVD340U ultraviolet detector. The mobile phase
consisted of 0.1% formic acid as reagent A and 0.08% formic acid/water
in 80% acetonitrile as reagent B at a flow rate of 0.2 ml per minute. The
gradient consisted of the following linear and isocratic gradient elution
changes in reagent B: isocratic at 60% from 0 to 5 min, 60 –90% from 5 to
39 min, isocratic at 90% until 44 min. Peak quantification was done
based on absorption measured at 260 nm relative to a standard curve
obtained by using serial dilutions of MW01-5-188WH.

To estimate oral bioavailability (concentration of compound in the
blood as a function of time after oral administration) and to gain insight
into potential brain uptake, MW01-5-188WH (2.5 mg/kg) was adminis-
tered to mice by oral gavage in a 0.5% (w/v) carboxymethylcellulose
suspension. At 5, 15, 60, and 120 min after compound administration,
the animals were anesthetized with pentobarbital (50 mg/kg). Blood was
harvested by intracardiac puncture, collected in heparinized tubes, and
plasma obtained by centrifugation. Mice were perfused with PBS. Brain
homogenates were centrifuged at 12,000 � g for 10 min and the super-
natant acidified by diluting 1:3 with 0.1% formic acid (Fluka, Sigma-
Aldrich, St. Louis, MO). Solid phase extraction followed by HPLC anal-
ysis was used to quantify the amount of compound in brain supernatants.
Briefly, cartridges (Sep-Pak C18; Waters Associates, Milford, MA) were
conditioned with 1 ml of acetonitrile (HPLC grade; EMD Biosciences,
San Diego, CA) and equilibrated with 1 ml of water. A structural analog
of MW01-5-188WH was used as an internal standard. The acidified brain
supernatant was added to the cartridge followed by a 1 ml wash with 30%
acetonitrile. MW01-5-188WH was eluted from the cartridge using 80%
acetonitrile. The eluate was evaporated to dryness, reconstituted in
0.08% formic acid/water in 80% acetonitrile, and analyzed by HPLC
using the following gradient in reagent B: 0 – 60% from 2 to 5 min,
isocratic at 65% until 7 min, 65– 80% from 7 to 12 min, isocratic at 80%
until 15 min, 89 –100% from 15 to 18 min, and isocratic at 100% until 23
min. Plasma samples were deproteinized in 0.1 M perchloric acid and
centrifuged at 12,000 � g for 10 min. The supernatant was neutralized
with 1 M NaOH, then extracted with dichloromethane, and the layers
separated at 3000 � g for 5 min. The organic phases from three successive
extractions were pooled and then evaporated to dryness under reduced
pressure. The dried residue was reconstituted in 50 �l of reagent B, and
10 �l of the reconstituted material was analyzed by HPLC using the
gradient described above for brain supernatants.

Suppression of CNS versus peripheral inflammation. Mice were admin-
istered by oral gavage MW01-5-188WH (2.5 mg/kg) or diluent (10%
DMSO) in a 0.5% (w/v) carboxymethylcellulose suspension once daily
for 2 weeks. After the last administration, mice were injected intraperi-
toneally with 10 mg/kg LPS. Control mice were injected with saline. Six
hours after the LPS challenge, mice were anesthetized with pentobarbital
(50 mg/kg), and blood was drawn by intracardiac puncture, allowed to
clot, and centrifuged for serum preparation. Mice were perfused with a
HEPES buffer (10 mM, pH 7.2) containing a protease inhibitor mixture
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(1 �g/ml leupeptin, 1 �M dithithreitol, 2 mM

sodium vanadate, 1 �M phenylmethylsulpho-
nylfluoride), and brains were removed and
weighed. Brain homogenates were prepared by
dounce and sonication in the HEPES buffer
containing a protease inhibitor mixture. Levels
of IL-1� and TNF-� in brain supernatants and
serum were measured using a multiplex assay
per the manufacturer’s instructions (Meso-
Scale Discovery, Gaithersburg, MD).

Liver toxicity after chronic in vivo administra-
tion of MW01-5-188WH. Mice were adminis-
tered by oral gavage either MW01-5-188WH
(2.5 mg/kg) or diluent (10% DMSO) in a 0.5%
(w/v) carboxymethylcellulose suspension once
daily for 2 weeks. Mice were anesthetized and
killed as described above. Livers were removed,
fixed in 4% (v/v) paraformaldehyde, and
paraffin-embedded for histology. To assess his-
tological toxicity, 4 �m liver sections were
stained with hematoxylin and eosin. Two inde-
pendent observers blinded to the treatment
groups performed microscopic assessment of
the tissue for injury.

In vivo efficacy studies in mice. The study de-
sign and treatment paradigm for intracerebro-
ventricular (ICV) infusion of human oligo-
meric A�1-42 into the mouse were as described
previously (Craft et al., 2004b), except that
compound administration was by mouth. Fe-
male C57BL/6 mice (Harlan Sprague Dawley,
Indianapolis, IN) weighing 20 –25 g (3– 4
months of age) were housed in a pathogen-free
facility under an approximate 12 h light/dark
cycle and had access ad libitum to food and wa-
ter. All animal procedures were approved by the
Northwestern Animal Care and Use Committee.

Mice were administered by oral gavage either MW01-5-188WH (2.5
mg/kg) or solvent control (10% DMSO) in a 0.5% (w/v) carboxymeth-
ylcellulose suspension. Once daily treatment began at day 21 after start of
A� ICV infusion and continued for 14 d. Beginning at day 50 after start of
A� ICV infusion, the Y maze test of spontaneous alternation was used to
evaluate hippocampus-dependent spatial learning as described previ-
ously (Craft et al., 2004a). Briefly, each mouse was placed in the start arm
and then released to choose one of the two other arms. The mouse was
blocked from exiting the chosen arm for 30 s, then placed back in the start
arm and released again to choose one of the two other arms. If the second
choice was different from the first one, the mouse is scored as alternating.
Mice were tested for 10 d with one trial per day, and a mean percentage of
alternation was calculated for each mouse. At day 60 after start of A� ICV
infusion, mice were anesthetized with pentobarbital (50 mg/kg) and per-
fused with a HEPES buffer (10 mM, pH 7.2) containing a protease inhib-
itor mixture (1 �g/ml leupeptin, 1 �M dithiothreitol, 2 mM sodium or-
thovanadate, 1 �M phenylmethylsulphonylfluoride). The brain was
removed and longitudinally bisected as described previously (Craft et al.,
2004b). The right half of the brain was fixed in 4% (v/v) paraformalde-
hyde and paraffin-embedded for histology. The hippocampus was dis-
sected from the left half of the brain and snap-frozen for subsequent
biochemical evaluation. Hippocampal extract supernatants were pre-
pared by dounce and sonication in the HEPES buffer containing a pro-
tease inhibitor mixture, followed by centrifugation as described (Craft et
al., 2004b).

Levels of IL-1� and TNF-� in hippocampal supernatants were mea-
sured by ELISA (Biosource International) per the manufacturer’s in-
structions. S100B levels in hippocampal supernatants were measured by
a europium-based ELISA essentially as described previously (Van Eldik
and Griffin, 1994). Synaptophysin levels in hippocampal supernatants
were quantified by ELISA following the procedure described previously
(Craft et al., 2004b). Postsynaptic density-95 (PSD-95) levels were deter-

mined by Western blots using anti-PSD-95 antibodies (1:100,000 dilu-
tion; Upstate Biotechnology, Charlottesville, VA) as described previously
(Craft et al., 2004b).

Immunohistochemical detection of activated astrocytes and microglia
was performed on 10 �m sections as described previously (Craft et al.,
2004b, 2005a,b), with anti-GFAP (1:1500; Sigma) and anti-F4/80 (1:100;
Serotek, Raleigh, NC) antibodies, respectively, using the mouse on
mouse or Vectastain Universal Elite ABC immunodetection kits (Vector
Laboratories, Burlingame, CA) and development with diaminobenzi-
dine (DAB) substrate. Cell bodies were counted manually in the hip-
pocampus of three GFAP- and F4/80-labeled sections positioned at �1.8,
�2.1, and �2.3 mm from bregma. A� immunohistochemistry was done
with a rabbit anti-human A� antibody as described previously (Craft et
al., 2004b). Cell counts and amyloid plaque counts were determined by
two blinded observers, and amyloid plaque area was determined as de-
scribed previously (Craft et al., 2004b). Peroxynitrite-mediated neuronal
damage was measured with an anti-nitrotyrosine antibody (1:125;
Chemicon, Temecula, CA), using the Vectastain Rabbit Elite ABC kit.
For nitrotyrosine cell counts, all DAB-stained cell bodies in the neuronal
layers of the hippocampus and subiculum were counted on three sections
approximately adjacent to those used for F4/80 and GFAP analysis, as
described previously (Craft et al., 2004b).

Statistical analyses. Experimental and control groups were compared
using one-way ANOVA with Newman–Keuls post hoc analysis using a
statistical software package (GraphPad Prism, version 4.00; GraphPad
Software, San Diego CA). Statistical significance was assumed when p �
0.05.

Results
Selective, concentration-dependent suppression of increased
cytokine production by activated glial cell cultures
Compound MW01-5-188WH (Fig. 1A) shows concentration-
dependent suppression of glia activation endpoints relevant to

Figure 1. Ex vivo inhibition of proinflammatory cytokine production by MW01-5-188WH and stability after incubation with rat
liver microsomes. A, Structure of MW01-5-188WH. Concentration-dependent inhibition by MW01-5-188WH of LPS-induced
increases of IL-1� (B) and TNF-� (C) levels in the BV-2 microglial cell line is shown. D, LPS-stimulated accumulation of the NO
metabolite nitrite was not inhibited by MW01-5-188WH at concentrations up to 33 �M. MW01-5-188WH (188) does not suppress
LPS-induced production of iNOS (E) or COX-2 (F ) in activated BV-2 cells. The compound also does not block A�-induced apoE
upregulation (G) in activated rat primary glia cultures. Cultures were treated with control buffer (C) or activated in the absence (A)
or presence (A�188) of 7.5 �M MW01-5-188WH, then analyzed by Western blots. H, Amount of remaining MW01-5-188WH (1
�M) after 30 and 120 min incubation with rat liver microsomes. MW01-5-188WH is stable at 30 min but is able to be metabolized
by 120 min. Error bars represent SEM.
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AD pathology. MW01-5-188WH inhibited, in a concentration-
dependent manner, the increased production of the proinflam-
matory cytokines IL-1� (Fig. 1B) and TNF-� (Fig. 1C) induced
by LPS treatment of the microglia-like BV-2 cell line. In contrast,
MW01-5-188WH did not block the increased NO production, as
measured by the accumulation of its stable metabolite nitrite
(Fig. 1D), over the same concentration range that inhibited the
increased proinflammatory cytokine production or at higher
concentrations (up to 33 �M). Consistent with this lack of effect
on NO production, MW01-5-188WH did not inhibit the upregu-
lation of iNOS in LPS-activated glia (Fig. 1E). These results re-
vealed that MW01-5-188WH might be a valuable and novel in-
tegrative chemical biology tool for the in vivo dissection of
proinflammatory cytokine contribution to in vivo pathophysiol-
ogy in the absence of perturbing oxidative stress-related path-
ways involving upregulation of iNOS.

As secondary screens for selectivity, we investigated the effects
of MW01-5-188WH on COX-2 and apoE production by acti-
vated glia. We wanted to avoid compounds that blocked COX-2
production, because the induction of COX-2 is linked to periph-
eral tissue inflammatory response pathways, which we sought to
avoid in our search for compounds with a bias toward suppres-
sion of glia activation pathways over pathways that predominate
in peripheral tissue activation responses. In addition, some com-
pounds that inhibit COX-2 production or activity have exhibited
side effects in human trials. Similarly, apoE has divergent effects
on the susceptibility to A�-induced pathophysiology and can
modulate A� aggregation and deposition into amyloid plaques
(Poirier et al., 1995; Manelli et al., 2004). As shown in Figure 1F,
MW01-5-188WH did not inhibit the LPS-induced upregulation
of COX-2 levels in BV-2 cells. Similarly, MW01-5-188WH did
not block the A�-induced increase in apoE levels in rat primary
glial cultures (Fig. 1G). Overall, the ex vivo results show that
MW01-5-188WH is a novel, selective suppressor of activated glia
responses, especially key proinflammatory cytokines that have
been linked to AD pathology.

Stability of MW01-5-188WH in liver microsome incubations
A critical issue that prevents the transition of many neuroscience
studies from ex vivo to in vivo is the need for bioavailable reagents.
Although small molecules are preferred to macromolecules for in
vivo studies, many small molecule compounds are, like macro-
molecules, too labile for in vivo use. Small molecules are espe-
cially subject to modification or degradation by liver enzymes,
often referred to as susceptibility to first pass metabolism. There-
fore, we analyzed the stability of MW01-5-188WH in a standard
liver microsome incubation assay as a prelude to determination
of the utility of the compound for in vivo chemical biology inves-
tigations. As shown in Figure 1H, the majority of MW01-5-
188WH remains after 30 min of incubation, a time course over
which a useful compound would have reached a peak concentra-
tion in blood and brain. The lower concentration of MW01-5-
188WH after 120 min is indicative of its ability to be metabolized,
an important feature that facilitates the use of daily administra-
tion regimens over the extended time courses required for in vivo
investigations, especially in AD-relevant chronic injury and treat-
ment models.

Oral bioavailability and brain uptake of MW01-5-188WH
Integrative chemical biology tools for neurosciences and CNS-
targeted drugs must exhibit appropriate bioavailability and brain
uptake or penetration of the blood– brain barrier. Daily oral ad-
ministration is the preferred method of administration for

longer-term and time-delimited in vivo studies using animal
models and is the preferred mode in drug development for a
variety of reasons, including better patient compliance. In this
regard, it is critical to demonstrate bioavailability and appropri-
ate rates of initial brain uptake for an inhibitor, to fully interpret
the outcomes from in vivo studies. Therefore, we determined the
rate of MW01-5-188WH concentration change in the blood after
oral administration (oral bioavailability) and its rate of change in
the brain. Using the protocols described in Materials and Meth-
ods for the quantitative analysis of MW01-5-188WH extracted
from biological samples, we examined the rates of appearance in
blood and brain after a low-dose oral administration (2.5 mg/kg)
to mice. The appearance of MW01-5-188WH in the blood (Fig.
2A) is readily detected within the earliest possible time point, 5
min, with a peak concentration being reached within 15 min and
bulk clearance happening within 120 min after oral administra-
tion. This demonstrates that MW01-5-188WH has good oral bio-
availability properties. A similar pattern of time-dependent
change in concentration is seen for the brain (Fig. 2B), indicative
of MW01-5-188WH initial brain uptake reflecting that of the
blood. However, the MW01-5-188WH peak brain/blood con-
centration ratio is �3.3, comparable with those of CNS drugs in
clinical use. For example, the brain/blood ratio for minaprine, a
6-phenylaminopyridazine CNS drug, is �2 (Caccia et al., 1985).
These results demonstrate that MW01-5-188WH fulfills criteria
that typically exclude many compounds that are active in cell
culture from being used for in vivo investigations and indicate its
potential to work in vivo after oral administration and within the
experimental constraints imposed by the human A� ICV infu-
sion model. Additional pharmacokinetic analyses of MW01-5-
188WH were not required for the subsequent experiments re-
ported below and are not reported here.

MW01-5-188WH dosing is selective for CNS inflammation
Our de novo focus on suppression of selected glia activation path-
ways and the excellent brain uptake properties of orally adminis-
tered MW01-5-188WH raised the possibility that the compound
might exhibit selectivity for CNS proinflammatory cytokine sup-
pression versus suppression of proinflammatory cytokine pro-
duction by peripheral tissues. To examine this possibility,
MW01-5-188WH was administered daily at a standard therapeu-
tic dose (2.5 mg/kg) by oral gavage for 2 weeks, and then mice
were challenged with an intraperitoneal injection of bacterial
LPS. Six hours after the LPS challenge, the serum and brain levels
of IL-1� and TNF-� were measured. As anticipated, the LPS
challenge induced an increase in the levels of IL-1� and TNF-� in
the serum (Fig. 2C,D) and brain (Fig. 2E,F), compared with
control mice injected with saline. The interesting finding was that
treatment with MW01-5-188WH for 2 weeks suppressed the
LPS-induced upregulation of IL-1� and TNF-� production in
the brain (Fig. 2E,F) but did not suppress the serum response
(Fig. 2C,D). The suppression of brain cytokine responses by
MW01-5-188WH is consistent with its ability to suppress proin-
flammatory cytokine production by activated glia and its oral
bioavailability and brain uptake properties shown above.

MW01-5-188WH does not exhibit tissue toxicity
Liver toxicity is an especially important initial consideration for
orally administered compounds, because the liver is critical to in
vivo drug metabolism, and to overall metabolism and homeosta-
sis of an animal. Liver injury is also a component of idiopathic
tissue injury seen in certain chronically administered drugs.
Therefore, it was important to know whether chronic adminis-
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tration of MW01-5-188WH at potential therapeutic doses might
alter animal metabolism and response to stress unexpectedly via
liver injury. However, histological assessment of liver tissue
showed that oral administration of MW01-5-188WH at 2.5
mg/kg daily for 2 weeks did not induce any indices of hepatotoxic
tissue injury compared with mice treated with the diluent (Fig.
2G,H).

Suppression of A�-induced proinflammatory cytokine
production in vivo
The preceding ex vivo and in vivo analyses of MW01-5-188WH
demonstrate its novel nature and potential for in vivo testing of
hypotheses, including causal linkage of increased proinflamma-
tory cytokine levels to neuropathology outcomes and the poten-
tial for targeting glia in the development of new therapies. An
essential aspect of testing these hypotheses is showing that a se-
lective suppressor of increased proinflammatory cytokine pro-
duction by activated glia can selectively attenuate proinflamma-
tory cytokine production and neurophysiological injury
endpoints induced by a disease-relevant stimulus in vivo. There-
fore, MW01-5-188WH was tested for efficacy in a mouse assay of
human A�-induced neuroinflammation with neurodegenera-
tion outcomes, including synaptic dysfunction, neuronal death,
and hippocampus-dependent behavioral deficits (Craft et al.,
2004a,b, 2005a,b,d). This model has high phenotypic penetrance
of pathophysiology endpoints and uses infusion of human A�,
not amyloid precursor protein (APP). Therefore, the contribu-
tion of APP processing to biological outcomes is minimized.

The infusion of A� induced an increase in the levels of the
proinflammatory cytokines IL-1�, TNF-�, and S100B (Fig.
3A–C) in the hippocampus and activation of glia, as seen by an
increase in the number of GFAP-positive astrocytes and F4/80-
positive microglia (Fig. 3D,E). Daily oral administration of
MW01-5-188WH at a low dose (2.5 mg/kg) once daily for 2
weeks, beginning 21 d after initiation of the ICV infusion of hu-
man A�, effectively suppressed A�-induced glial activation and
the increased production of proinflammatory cytokines in the
hippocampus. This is evidenced by inhibition of the increased
levels of IL-1� (Fig. 3A), TNF-� (Fig. 3B), and S100B (Fig. 3C) in
the hippocampus, as well as suppression of the number of acti-
vated GFAP-positive astrocytes (Fig. 3D) and F4/80-positive mi-
croglia (Fig. 3E). The inhibition of increased IL-1� and TNF-�
production in the hippocampus is consistent with the inhibition
of these same endpoints in activated glia cultures in the initial
cell-based screens that identified MW01-5-188WH as a poten-
tially useful reagent (Fig. 1A,B). Under the same in vivo experi-
mental conditions, MW01-5-188WH did not produce a detect-
able effect on the A�-induced increase in nitrotyrosine-positive
neurons (Fig. 3F). These in vivo findings are also consistent with
the cell-based assays (Fig. 1C,D) that showed no inhibition of
iNOS induction or NO accumulation over the same concentra-
tions of MW01-5-188WH that inhibited cytokine upregulation.
MW01-5-188WH treatment had no effect on the amyloid plaque
number (Fig. 3G) or amyloid load (Fig. 3H), consistent with no
effect on apoE production by activated glia in the cell-based
screen (Fig. 1F).

Attenuation of synaptic dysfunction and behavioral deficits
The symptomatic manifestation of human A�-induced brain in-
jury in AD is usually related to effects on hippocampal-
dependent functions. Therefore, it was of paramount importance
to test the hypothesis that MW01-5-188WH suppression of glial
activation and increased cytokine production could be accompa-

Figure 2. MW01-5-188WH is readily detected in the plasma and the brain after a single oral
dose administration and does not suppress peripheral tissue inflammatory responses or cause
liver injury after chronic oral administration. C57BL/6 mice were administered MW01-5-188WH
(2.5 mg/kg) by oral gavage, blood and brain processed at different times after administration,
and compound levels in plasma and brain determined as described in Materials and Methods.
MW01-5-188WH rapidly appears in plasma (A) and brain (B), reaches a peak at 15 min, and
then slowly declines to basal levels by 120 min. Data are the mean � SEM from three to six mice
at each time point. MW01-5-188WH does not inhibit increased production of IL-1� (C) and
TNF-� (D) in the serum but does suppress the cytokine response in the brains from the same
mice (E, F ). Mice (n � 3– 6 per group) were administered by oral gavage either diluent or
MW01-5-188WH (2.5 mg/kg) once daily for 2 weeks and then challenged with LPS (10 mg/kg,
i.p.) for 6 h. Control mice were injected with saline. IL-1� and TNF-� levels in the serum and in
brain supernatants were determined. Data represent mean�SEM. ***p�0.001, significantly
different from diluent. Daily oral administration of diluent (G) or MW01-5-188WH (H ) (2.5
mg/kg) does not result in any histological liver toxicity. Representative liver sections from mice
treated as in C–F were stained with hematoxylin and eosin. Scale bar, 125 �m. 188,
MW01-5-188WH.
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nied by improvement in hippocampal-associated functioning. As
shown in Figure 4, the in vivo inhibition of cytokine production
by MW01-5-188WH was accompanied by significant suppres-
sion of synaptic dysfunction endpoints. Specifically, oral admin-
istration of MW01-5-188WH prevented the human A�-induced
decrease in the presynaptic protein synaptophysin (Fig. 4A) and
the postsynaptic protein PSD-95 (Fig. 4B). These proteins are
biochemical markers of synaptic integrity, so restoration toward
normal quantifies the ability of therapeutic intervention with a
glial inhibitor to alleviate hippocampal injury. Consistent with

the biochemical endpoint results from
hippocampus homogenates, MW01-5-
188WH also attenuated animal deficits in
the Y maze (Fig. 4C), a hippocampal-
dependent behavioral task. Because cogni-
tive function test results are an established
measure of clinical AD onset and progres-
sion, the linkage of MW01-5-188WH
therapeutic intervention to improvement
of a hippocampus-dependent behavioral
task is especially interesting.

Discussion
We report here several precedents and key
observations. First, the in vivo results pro-
vide support for the neuroinflammation
hypothesis of pathophysiology progres-
sion by using a novel integrative chemical
biology approach that can be readily ex-
tended to diverse species, including pri-
mates. Much of the previous experimental
evidence in support of the neuroinflam-
matory hypothesis has come either from
cell culture studies using intervention ap-
proaches that are not readily transferable
to in vivo studies across multiple species,
from correlative clinical pathology out-
comes analyses, or from in vivo studies us-
ing extant anti-inflammatory drugs that
alter amyloid precursor protein processing
or suppress peripheral tissue inflamma-
tion. Second, one outcome of this study is
the first orally bioavailable lead compound
amenable to medicinal chemistry refine-
ment that has a selective effect on hip-
pocampal proinflammatory cytokine
production and related neuropathophysi-
ologies without suppressing peripheral in-
flammatory responses over the same dose
and time window. Third, the results dem-
onstrate that one can alter disease-relevant
pathophysiology endpoints with selective
inhibition of proinflammatory cytokine
production independent of direct modu-
lation of oxidative stress pathways or
effects on amyloid plaques. Overall, the re-
sults provide a precedent for neurophysi-
ology, inflammation biology, and drug
discovery, demonstrating effective alter-
ation of clinically relevant endpoints using
anti-proinflammatory cytokine therapy
that fulfills key criteria for future clinical
investigations.

An advantage of an integrative chemi-
cal biology approach with small molecules to test hypotheses
about brain function and pathophysiology is the power for using
these bioavailable tools to probe in vivo function across animal
species. In addition, they offer a starting point for future pro-
teomic analyses that can identify molecular differences between
brain and peripheral tissues in regulating the same biological
endpoint, proinflammatory cytokine upregulation. Integrative
chemical biology cannot be done in the absence of the required
bioavailable compound. MW01-5-188WH is a pyridazine deriv-

Figure 3. Oral administration of MW01-5-188WH suppresses human A�-induced upregulation of proinflammatory cytokine
production in mouse hippocampus without detectable effect on the profile of nitrotyrosine-labeled neurons or on amyloid plaque
deposition. A schematic of the experimental paradigm is shown. Mice were subjected to vehicle infusion (Control) or human
oligomeric A�1-42 infusion (No treatment) for 4 weeks. At 3 weeks after the start of infusion and continuing once daily for 2 weeks
thereafter, mice were administered by oral gavage either 2.5 mg/kg MW01-5-188WH (188-treated) or diluent (No treatment).
MW01-5-188WH treatment resulted in significant suppression of the A�-induced increase in IL-1� (A), TNF-� (B), and S100B (C)
levels in hippocampal supernatants (n � 10 mice per group). MW01-5-188WH treatment also decreased the number of GFAP-
positive activated astrocytes (D) and F4/80-positive microglia (E) in hippocampus. F, MW01-5-188WH treatment did not alter the
profile of nitrotyrosine-stained neurons, an indicator of oxidative stress-linked injury. Representative micrographs are shown for
hippocampus sections stained for nitrotyrosine-positive neurons from vehicle-infused mice, A�-infused mice orally administered
diluent (No treatment), and A�-infused mice orally administered MW01-5-188WH (188-treated) for 2 weeks. Scale bar, 25 �m.
The number of amyloid plaques (G) or the area occupied by plaques (H ) is not altered by MW01-5-188WH therapy. Data are
mean � SEM of n � 5 mice per group. Significantly different from A� infused: *p � 0.05, **p � 0.01, ***p � 0.001.
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ative, a heteroaromatic chemical ring with
multiple positions amenable to diversifi-
cation using standard chemistries.
Chemical diversification of pyridazines
can result in divergent pharmacological ef-
fects (Wermuth, 1998), the definition of a
privileged molecule in medicinal chemis-
try (Evans et al., 1988). Therefore, the
combination of a neuropharmacology-
focused synthetic design strategy based on
diversification of a privileged structure for
library construction (Wing et al., 2005), in
conjunction with a glia-focused, hierar-
chal biology screen for function, allowed
the successful discovery of this promising
and novel compound that meets critical
criteria for in vivo investigational use in
systems biology and for future drug
development.

The late stage in vivo results obtained
with MW01-5-188WH are internally con-
sistent with the early stage cell culture re-
sults and are congruent with relevant clin-
ical findings. For example, treatment with
MW01-5-188WH suppressed upregula-
tion of proinflammatory cytokine produc-
tion in the hippocampus and did not
significantly decrease the number of
nitrotyrosine-labeled neurons, consistent
with the glial cell culture data. MW01-5-188WH also did not
modify the amyloid plaque burden, documenting that the pro-
tective effects are not directly related to a decrease in plaques and
consistent with the lack of effects in glial cell culture on apoE
production, a molecule known to alter plaque dynamics and
composition. It should be noted that the in vivo model minimizes
the influence of APP processing because A�1-42 is infused, not
APP. However, similar reductions in proinflammatory cytokine
production are seen in a transgenic mouse expressing mutant
human APP (data not shown). Whether MW01-5-188WH has an
effect on soluble A� levels was not the goal of this study and
remains to be determined. Our data are consistent with clinical
findings that cognitively intact individuals can have considerable
amyloid deposits and that relevant clinicopathological endpoints
in the human disease do not correlate directly or solely with the
pattern of amyloid plaque deposition (Crystal et al., 1988; Davis
et al., 1999; Guillozet et al., 2003). Age-onset AD has many con-
tributing and susceptibility factors, which will probably require
the use of pharmaceutical combinations for therapy, dependent
on patient history. The development of glia activation suppres-
sors selective for different neurotoxic products is needed as part
of this armamentarium. Our results show that inhibitors of
proinflammatory cytokine upregulation in activated glia should
be one of the multiple therapies considered in attempts to alter
disease progression.

A key result is that MW01-5-188WH inhibits the proinflam-
matory response in the brain but not in the serum. This impor-
tant finding using a common inflammatory stimulus (LPS) and
the same molecular endpoints (IL-1� and TNF-�) in serum or
brain from the same mouse demonstrates the selective nature of
MW01-5-188WH for CNS inflammation compared with periph-
eral inflammation. MW01-5-188WH appears to inhibit cytokine
response pathways that are quantitatively more important in
CNS than in the periphery, thereby providing insight into tissue

selectivity of responses. Based on precedents in biological regula-
tory pathways, these differences are probably not an all-or-none
difference in the existence of a particular pathway but may be the
outcome of a combinatorial array of pathways converging on the
cytokine production, reflective of the cell context within a given
tissue and the nature of the activating stimulus. These are points
for consideration in future research now that the results with
MW01-5-188WH have revealed the existence of these in vivo
differences. Regardless of the details of pharmacological action,
our results provide a precedent that CNS inflammation can be
selectively targeted without necessarily resulting in a concomi-
tant suppression of peripheral inflammation, an important con-
sideration in chronic anti-inflammatory treatment of elderly
individuals.

Our results showing that S100B levels are increased in the
hippocampus of A�-infused mice and are restored back toward
basal levels with MW01-5-188WH administration are especially
interesting. There is compelling evidence that increases in S100B
levels in human CSF and serum correlate with the severity of
brain damage and may have predictive value for adverse clinical
outcomes (Van Eldik and Wainwright, 2003). Furthermore, the
levels of S100B are elevated in pathologically relevant brain re-
gions from AD patients (Van Eldik and Griffin, 1994), S100B
levels in CSF are increased in the earlier stages of AD (Peskind et
al., 2001), and transgenic mice overproducing brain S100B are
more susceptible to human A�-induced injury (Craft et al.,
2005b). An increase in S100B levels in A�-injured hippocampus
and a reduction back toward control in animals treated with
MW01-5-188WH raise the logical possibility that S100B levels
might be a translatable endpoint. Increased CSF concentration of
S100B is a clinical endpoint for human brain injury, so its inclu-
sion in the array of surrogate biochemical endpoints to comple-
ment cognitive function tests might allow the monitoring of re-
sponse to therapy as well as the extent or progression of injury.

Figure 4. Oral administration of MW01-5-188WH attenuates hippocampal synaptic dysfunction and hippocampus-linked
behavioral deficits. A schematic of the experimental paradigm is shown. Mice were treated as in Figure 3. MW01-5-188WH
administration significantly attenuated A�-induced loss of synaptophysin and PSD-95 and the behavioral deficit in the Y maze.
Levels of the presynaptic protein synaptophysin (A) and the postsynaptic protein PSD-95 (B) were measured in hippocampal
supernatants from vehicle-infused mice (Control), A�-infused mice administered diluent (No treatment), and A�-infused mice
administered MW01-5-188WH (188-treated) at 2.5 mg/kg by oral gavage once daily for 2 weeks. C, Spontaneous alternation of
mice in the Y maze, a hippocampus-dependent spatial learning task, was measured for 10 d during the seventh and eighth week
after the start of A� infusion. Data are mean � SEM of n � 5–10 mice per group. Significantly different from A� infused: *p �
0.05, **p � 0.01, ***p � 0.001.
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Failure in preclinical studies to identify endpoints that have po-
tential for transfer to the clinic is a major contributor to failure in
translational studies, so our results also provide a starting point
for translational research with a higher potential for success.

Rapid blood– brain barrier penetration is necessary to attain a
pharmacologically relevant concentration of drug within a useful
time window for in vivo investigations and is a critical pharma-
cokinetic issue in the development of new CNS therapeutics. Our
results show that MW01-5-188WH rapidly appears in the mouse
brain after oral administration, with a brain/blood ratio compa-
rable with established CNS-targeted drugs (Caccia et al., 1985),
and clears from the brain and blood within 2 h after administra-
tion. These preliminary insights into pharmacokinetics highlight
the bioavailability and brain penetrance of MW01-5-188WH.
This favorable bioavailability profile, along with the in vivo effi-
cacy at a low therapeutic dose (2.5 mg/kg body weight) and the
absence of liver histological toxicity after chronic administration,
make MW01-5-188WH an attractive candidate for future medic-
inal chemistry refinement. Good brain uptake properties of a
compound such as MW01-5-188WH will facilitate medicinal
chemistry refinement in late stage drug development, because
synthesis of analogs can be focused on improvement in therapeu-
tic effect, formulation properties, or stability instead of improve-
ment in blood– brain barrier penetration. Medicinal chemistry
refinement during drug development often increases the molec-
ular weight of a compound by �100 atomic mass units, and many
compounds detected by activity screens have molecular weights
already near the maximal desired molecular weight of 500. In this
regard, MW01-5-188WH is also advantageous as a foundation
for future refinement, because it has efficacy and good brain up-
take in a compound with a molecular weight �400.

In summary, our results provide an experimental precedent
for neurophysiology, cytokine biology, and drug discovery. The
most clinically relevant outcome is efficacy in attenuation of
neurodegeneration-relevant pathophysiology after oral adminis-
tration of a selective anti-neuroinflammatory agent. Therapeutic
intervention with the orally bioavailable glia inhibitor resulted in
the in vivo suppression of glia activation markers and inhibition
of the overproduction of proinflammatory cytokines IL-1�,
TNF-�, and S100B in the hippocampus. The effects on proin-
flammatory cytokine production provide a link to AD pathology
and a prevailing hypothesis of AD progression. Suppression of
proinflammatory cytokine production by MW01-5-188WH led
to neuroprotection as evidenced by reduced synaptic damage and
attenuation of behavioral deficits reflective of hippocampal in-
jury, consistent with the clinical progression of AD symptoms.
Overall, the results provide strong evidence that attempts to de-
velop CNS-selective anti-neuroinflammatory compounds that
attenuate neurodegeneration are feasible, and support the con-
cept of glia as a therapeutic target for AD and related neurode-
generative disorders.
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