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Beta-Amyloid (Aβ)-induced neuroinflammation is one of the 
key events in the development of neurodegenerative disease. 
We previously reported that KHG21834, a benzothiazole de-
rivative, attenuates Aβ-induced degeneration of cortical and 
mesencephalic neurons in vitro. In the present work, we show 
that KHG21834 reduces Aβ-mediated neuroinflammation in 
brain. In vivo intracerebroventricular infusion of KHG21834 
leads to decreases in the numbers of activated astrocytes and 
microglia and level of proinflammatory cytokines such as inter-
leukin-1β and tumor necrosis factor-α induced by Aβ in the 
hippocampus. This suppression of neuroinflammation is asso-
ciated with decreased neuron loss, restoration of synaptic dys-
function biomarkers in the hippocampus to control level, and 
diminished amyloid deposition. These results may suggest the 
potential therapeutic efficacy of KHG21834 for the treatment 
of Aβ-mediated neuroinflammation. [BMB reports 2010; 43(6): 
413-418]

INTRODUCTION

There is compelling evidence to support the theory that en-
hanced proinflammatory activities stimulated by β-amyloid 
(Aβ) are associated with the pathogenesis and progression of 
Alzheimer's disease (AD), and several anti-inflammatory agents 
protect against Aβ-induced neurotoxicity (1, 2). Microglial acti-
vation is common in the pathogenesis of neurodegenerative 
disorders (3-6). Aβ-induced neurotoxicity may be mediated 
through the activation of glia, which, in turn, plays a major 
role in enhancing the toxic effects of Aβ (7).

High concentrations of fibrillar Aβ activate microglia, result-
ing in TNF-α-dependent expression of inducible nitric oxide 
synthase (iNOS) and neuronal apoptosis (7-10). NO-induced 
apoptosis has been reported in macrophages (11) and PC12 

cells (12). Microglia-produced NO and reactive nitrogen ox-
ides may act as signaling molecules in neuronal systems. NO 
is an important mediator of inflammation, with both proin-
flammatory and destructive effects (13). NO production in acti-
vated macrophages is primarily regulated at the level of iNOS 
expression (13, 14). TNF-α is the major neurotoxic agent se-
creted by Aβ-stimulated microglia, and causes neuronal cell 
death, both directly and indirectly, via induction of NO and 
free radicals in microglial cells (15-17). IL-1β is a key proin-
flammatory cytokine produced by activated resident glia, and 
elevated expression is observed in activated microglia asso-
ciated with beta amyloid plaques and brain injury (18, 19). 
Recent experiments establish increased IL-1β activity as a cen-
tral driving force in acute neuroinflammation (20, 21). There-
fore, targeting the upregulation of proinflammatory cytokines 
by activated glia, the main cellular source of cytokines in the 
CNS, should alter disease progression by attenuation of the sub-
sequent neuronal synaptic dysfunction. However, no such thera-
pies or consensus molecular targets are currently available.

Benzothiazole derivatives are highly interesting molecules 
for drug development, because they already have been shown 
to be useful for treating various diseases including neuro-
degenerative disorders (22-25). Previous studies also have re-
ported that 2-(4'-methylaminophenyl) benzothiazole shows very 
good brain entry and the binding of this drug in AD brain is 
primarily to Aβ amyloid deposits (26, 27). Recently, we have 
reported that KHG21834, a benzothiazole derivative, attenu-
ates Aβ-induced degeneration of cortical and mesencephalic 
neurons in vitro (28) and KHG21834 suppresses lipopolysaccharide- 
induced microglial activation (29). However, the detailed me-
chanism of action of benzothiazoles remains to be established.

In the present study, we have examined effects of KHG 
21834 on the inflammation-induced degeneration of neuronal 
cells in brain using an animal model exhibiting Aβ-induced 
neuroinflammation. The compound was tested for its ability to 
suppress the increased production of proinflammatory cyto-
kines and neurotoxic mediators by activated glia in vivo. Chro-
nic treatment of mice with KHG21834 suppressed proinfla-
mmatory cytokine responses, with resultant protection against 
hippocampus synaptic dysfunction and diminished amyloid 
deposition.
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Fig. 1. In vivo effects of KHG21834 on Aβ-induced upregulation 
of proinflammatory cytokines and amyloid deposition. Mice (n = 
5 mice per group) were subjected to infusion with vehicle 
(control), Aβ1-42 (50 μg) or Aβ1-42 (50 μg) with KHG 21834 (10 
mg/kg, icv). After 2 weeks, KHG21834 application led to the sig-
nificant suppression of Aβ-induced increase in IL- 1β (A) and 
TNF-α (B) level in hippocampal supernatants (n = 5 mice per 
group). KHG21834 additionally induced a decrease in the number 
of GFAP-positive activated astrocytes (C) and F4/80-positive micro-
glia (D) and anti-Aβ antibody for the staining of amyloid deposi-
tion (E) in the hippocampus. Significantly different (*P ＜ 0.05, 
**P ＜ 0.01).

RESULTS AND DISCUSSION

In vivo inhibition of Aβ-induced inflammation by KHG21834
Aβ activates the MAP kinase cascade in hippocampal neurons 
through the α7 nicotinic acetylcholine receptor (30), and acts 
in concert with inflammation-related molecules to enhance 
IL-1β and TNF-α production. Fibrillar Aβ1-42 activates microglia 
to release proinflammatory molecules and neurotoxins. For in-
stance, primary rat microglia released TNF-α upon stimulation 
with certain preparations of soluble Aβ (31). Moreover, cul-
tured rat astrocytes respond to Aβ1-42 by enhancing the pro-
duction of various cytokines (32).

Previously, it was reported that 2-(4'-Methylaminophenyl) 
benzothiazole displayed efficient brain entry and binds primar-
ily to Aβ-amyloid deposits in the AD brain (26, 27). Animal 
models using intracerebroventricular (ICV) infusion of Aβ pres-
ent effective phenotypic penetrance of pathophysiology end-
points, including proinflammatory cytokine upregulation, syn-
aptic dysfunction, and neuronal death (33-36). In this study, 
we examined the in vivo efficacy of ICV-infused KHG21834 in 
a mouse model of AD-relevant pathophysiology involving ICV 
infusion of Aβ. The selected dose of KHG21834 was based on 
previous in vivo data with other suppressors of proinflamma-
tory cytokine production (29). Infusion of Aβ1-42 induced an in-
crease in the level of the proinflammatory cytokines IL-1β and 
TNF-α (Fig. 1A, B) in mouse hippocampus, and activation of 
glia, as observed from the increased number of GFAP-positive 
astrocytes (Fig. 1C) and F4/80-positive microglia (Fig. 1D). 
Intracerebroventricular infusion of KHG21834 (10 mg/kg) after 
2 weeks of Aβ1-42 treatment led to significant suppression of 
IL-1β (Fig. 1A) and TNF-α (Fig. 1B) production in the hippo-
campus. Additionally, KHG21834 induced a marked reduc-
tion in the number of activated GFAP-positive astrocytes (Fig. 
1C) and F4/80-positive microglia (Fig. 1D).

Suppression of glial activation potentially attenuates Aβ pla-
que growth or toxic Aβ aggregate formation (33, 34, 37). We 
examined such indirect neuroprotective consequences of 
KHG21834 suppression of glial activation by searching for 
amyloid deposition in our mouse model. Staining of hippo-
campal sections with an antibody that recognizes human Aβ 
revealed the presence of diffuse amyloid deposition (Fig. 1E). 
Upon treatment of Aβ-infused mice with KHG21834 under 
similar in vivo experimental conditions, the number and the 
area of hippocampus occupied by amyloid depositions were 
significantly reduced (Fig. 1E). Our results suggest that KHG 
21834 suppresses human Aβ1-42-induced upregulation of IL-1β 
and TNF-α in the mouse hippocampus, with detectable effects 
on amyloid deposition, although we can not completely ex-
clude the possibility for the direct binding of KHG 21834 into 
Abeta molecules in vivo.

Attenuation of Aβ-induced pre- and post-synaptic dysfunction 
by KHG21834
Expression of human Aβ-induced brain injury in AD is usually 
related to effects on hippocampal-dependent functions (38). 
Accordingly, we examined whether the protective effects of 
KHG21834 on glial activation and increased cytokine produc-
tion might be related to improvements in hippocampal- asso-
ciated functions. As shown in Fig. 2A, the effects of KHG21834 
on in vivo suppression of cytokine production were related to 
considerable inhibition of synaptic dysfunction endpoints. More-
over, intracerebroventricular infusion of KHG21834 prevented 
the human Aβ-induced decrease in the presynaptic protein 
synaptophysin (Fig. 2B), and the postsynaptic protein PSD-95 
(Fig. 2C). Synaptophysin and PSD-95 are biochemical markers 
of synaptic integrity. Thus, restoration of these proteins by 
KHG21834 to control level supports the idea that glial in-
hibitor may prevent or protect against hippocampal injury. 
Previous studies also report that benzothiazoles potently block 
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Fig. 2. KHG21834 attenuates hippocampal synaptic dysfunction. 
Mice (n = 5 mice per group) were subjected to infusion with vehicle
(control), Aβ1-42 (50 μg) or Aβ1-42 (50 μg) with KHG21834 (10 
mg/kg, icv). After 2 weeks, neuron damage/death in hippocampal
extracts was evaluated by determining the level of the presynaptic 
protein, synaptophysin and the postsynaptic protein, PSD-95 using 
Western blotting analysis (A). The relative expression level of syn-
aptophysin (B) and PSD-95 (C) were calculated using densitometry
and expressed as percent of each control. Significantly different 
(**P ＜ 0.01).

glutamate neurotransmission, both at the presynaptic and post-
synaptic level (39). As both synaptophysin and PSD-95 are bio-
chemical markers of synaptic integrity, restoration of these pro-
teins by KHG21834 to normal supports the theory that this 
glial inhibitor is a potential therapeutic candidate for alleviat-
ing hippocampal injury.

In summary, we demonstrate that Aβ-induced degeneration 
of neuronal cells is significantly attenuated through suppre-
ssion of microglial activation by KHG21834, using an animal 
model exhibiting Aβ-induced neuroinflammation and neuronal 

loss. KHG21834 reduces neuroinflammation and amyloid dep-
osition in an AD-relevant mouse model of inflammation. 
Suppression of proinflammatory cytokine production by KHG2134 
leads to neuroprotection, as evident from reduced synaptic 
damage and attenuation of hippocampal injury, consistent with 
reduction in the clinical progression of AD symptoms. Our re-
sults collectively suggest that KHG21834 is an effective in-
hibitor of activated glial responses, and may thus be a valuable 
and novel integrative chemical biology tool for establishing 
the contribution of proinflammatory cytokines to in vivo patho-
physiology. Further studies are required to elucidate the specif-
ic mechanisms of action of KHG21834.

MATERIALS AND METHODS

Materials
Aβ1-42, dimethyl sulfoxide (DMSO), and anti-β-actin mono-
clonal antibody were purchased from Sigma Chemical Co. (St. 
Louis, MO). Anti-postsynaptic density-95 (PSD-95) antibody 
was purchased from Cell Signaling Technology (Beverly, MA) 
and anti-synaptophysin antibody was from Chemicon (Chemi-
con, Temecula, CA). KHG21834, a benzothiazole derivative, 
was synthesized as described in an earlier report (28). The 
chemical properties of KHG21834 are follows; mp 282oC, 1H 
NMR (DMSO-d6, 300 MHz) δ 1.21 (t, J = 7.10 Hz, 3 H, ethyl- 
CH3), 3.96 (d, J = 5.8 Hz, CH2), 4.11 (q, J = 7.10 Hz, 2 H, 
ethyl-CH2), 6.95 (br s. 1 H, NH), 7.08-7.89 (m, 4 H ArH), 11.1 
(br s. 1 H, NH).

In vivo efficacy studies in mice
The experimental design and treatment paradigm for infusion 
of human Aβ1-42 into the mouse was adapted from an earlier 
rat model (34, 38, 40). Female C57BL/6 mice 3-4 months of 
age (Harlan Sprague Dawley, Indianapolis, IN) weighing 20-25 
g were housed in a pathogen-free facility under an approx-
imate 12 h light/dark cycle with ad libitum access to food and 
water. The study was reviewed and approved by the Institutio-
nal Animal Care and Use Committee (IACUC) of Asan Institute 
for Life Sciences, Asan Medical Center, which abides by the 
Institute of Laboratory Animal Resources (ILAR) guide. We 
used the design and treatment paradigm for intracerebroven-
tricular infusion of Aβ1-42 (50 μg), with or without KHG21834 
(10 mg/kg), into mice, using the procedure established by else-
where (34, 41). Animals were placed on a stereotaxic instru-
ment (Stoelting Co., Wood Dale, IL), and the rectal temper-
ature maintained at 37oC using a heating pad. An area of skin 
at the top of the skull was shaved and sterilized conven-
tionally. One small hole to take a Hamilton syringe with a 
26-gauge needle insertion was drilled in the parietal bone pos-
terior to the bregma on either side of the midline with coor-
dinates at −0.5 mm anterioposteriorly and −1.0 mm medi-
olaterally relative to the bregma, and −1.5 mm dorsal from 
the base of the skull.

Mice were sacrificed at day 14 after Aβ1-42 and KHG21834 
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intracerebroventricular infusion, anesthetized with ketamine 
(80 mg/kg) and xylazine (16 mg/kg), and perfused with HEPES 
buffer (10 mM, pH 7.2) containing a protease inhibitor mixture 
(1 μg/ml leupeptin, 1 μM dithiothreitol, 2 mM sodium orthova-
nadate, 1 μM phenylmethylsulfonylfluoride). The brain was re-
moved and longitudinally bisected, as described previously 
(34). The right half of the brain was fixed in 4% (v/v) paraf-
ormaldehyde and frozen for histology sectioning. The hippo-
campus was dissected from the left half of the brain and 
snap-frozen for subsequent biochemical evaluation. Hippo-
campal extract supernatant fractions were prepared by Dounce 
pestle fragmentation and sonication in HEPES buffer contain-
ing a protease inhibitor mixture, followed by centrifugation 
(34).

Immunohistochemistry
Immunohistochemical detection of activated astrocytes and 
microglia was performed on 35 μm sections (33-36) with an-
ti-glial fibrillary acidic protein (1：100; Zymed) and anti-F4/80 
(1：100; Serotek) antibodies, respectively, using the mouse- 
on-mouse or Vectastain Universal Elite ABC immunodetection 
kits (Vector Laboratories, Burlingame, CA) followed by devel-
opment with diaminobenzidine (DAB) or Nova Red substrate. 
Cell bodies were counted manually in the hippocampi of three 
GFAP- and F4/80-labeled sections positioned at −1.8, −2.1, 
and −2.3 mm from bregma. Aβ immunohistochemistry was 
performed using a rabbit anti-human Aβ antibody and the 
Vectastain Rabbit Elite ABC kit, followed by development with 
DAB. Cell and amyloid deposition counts were determined ac-
cording to a previous report (34).

Analytical methods
IL-1β and TNF-α level in hippocampal supernatant fractions 
were measured using ELISAs (R&D systems, Minneapolis, USA), 
according to the manufacturer’s instructions. Synaptophysin 
and PSD-95 level in the supernatants were determined by 
Western blotting using anti-synaptophysin (1：1,000 dilution; 
Chemicon) and anti-PSD-95 (1：1,000 dilution; Cell Signaling) 
antibodies, as described before (34). Cell viability was as-
sessed using a commercially available MTT [3-(4,5-dimethylth-
iazol-2-yl)-2,5-diphenyltetrazolium bromide] assay (Cell Proli-
feration Kit, Roche, Penzberg, Germany), according to the 
manufacturer’s instructions.

Statistical analysis
Data were analyzed by ANOVA, followed by Student's t-tests 
from at least three independent experiments. P values less than 
0.05 were considered statistically significant.

Acknowledgements
This work was supported by grants from the National Research 
Foundation of Korea (2009-0073270) and the Chemoinformat-
ics Program of Korea Institute of Science and Technology 
(2E20560-08-060).

REFERENCES

1. Breitner, J. C. (1996) The role of anti-inflammatory drugs 
in the prevention and treatment of Alzheimer's disease. 
Annu. Rev. Med. 47, 401-411.

2. Eikelenboom, P. and Gool, W. A. (2004) Neuroinflamma-
tory perspectives on the two faces of Alzheimer's disease. 
J. Neural. Transm. 111, 281-294.

3. Raine, C. S. (1994) Multiple sclerosis: immune system 
molecule expression in the central nervous system. J. 
Neuropathol. Exp. Neurol. 53, 328-337.

4. Matyszak, M. K. (1998) Inflammation in the CNS: balance 
between immunological privilege and immune responses. 
Prog. Neurobiol. 56, 19-35.

5. Giulian, D. (1999) Microglia and the immune pathology 
of Alzheimer disease. Am. J. Hum. Genet. 65, 13-18.

6. Gonzalez-Scarano, F. and Baltuch, G. (1999) Microglia as 
mediators of infammatory and degenerative diseases. 
Annu. Rev. Neurosci. 22, 219-240.

7. Qin, L., Liu, Y., Cooper, C., Liu, B., Wilson, B. and Hong, 
J. S. (2002) Microglia enhance β-amyloid peptide- in-
duced toxicity in cortical and mesencephalic neurons by 
producing reactive oxygen species. J. Neurochem. 83, 
973-983.

8. Combs, C. K., Karlo, J. C., Kao, S. C. and Landreth, G. E. 
(2001) β-amyloid stimulation of microglia and monocytes 
results in TNFα-dependent expression of inducible nitric 
oxide synthase and neuronal apoptosis. J. Neurosci. 21, 
1179-1188.

9. Gao, H. M., Jiang, J., Wilson, B., Zhang, W. Q., Hong, J. 
S. and Liu, B. (2002) Microglial activation-mediated de-
layed and progressive degeneration of rat nigral dop-
aminergic neurons: relevance to Parkinson's disease. J. 
Neurochem. 81, 1285-1297.

10. Liu, Y., Qin, L., Wilson, B. C., An, L., Hong, J. S. and Liu, 
B. (2002) Inhibition by Naloxone stereoisomers of β-amy-
loid peptide (1-42) induced superoxide production in mi-
croglia and degeneration of cortical and mesencephalic 
neurons. J. Pharmacol. Exp. Ther. 302, 1212-1219.

11. Knethen, A., Brockhaus, F., Kleiter, I. and Brune, B. (1999) 
NO-evoked macrophage apoptosis is attenuated by 
cAMP-induced gene expression. Mol. Med. 5, 672-684.

12. Heneka, M. T., Loschmann, P. A., Gleichmann, M., 
Weller, M., Schulz, J. B., Wullner, U. and Klockgether, T. 
(1998) Induction of nitric oxide synthase and nitric ox-
ide-mediated apoptosis in neuronal PC12 cells after stim-
ulation with tumor necrosis factor-alpha/lipopolysaccha-
ride. J. Neurochem. 71, 88-94.

13. Korhonen, R., Lahti, A., Kankaanranta, H. and Molanen, 
E. (2005) Nitric oxide production and signalling in infla-
mmation. Curr. Drug Targets Inflamm. Allergy 4, 471- 
479.

14. Kleinert, H., Schwarz, P. M. and Forstermann, U. (2003) 
Regulation of the expression of inducible nitric oxide 
synthase. Biol. Chem. 384, 1343-1364.

15. Bhat, N. R., Zhang, P., Lee, J. C. and Hogan, E. L. (1998) 
Extracellular signal-regulated kinase and p38 subgroups of 
mitogen-activated protein kinases regulate inducible nitric 
oxide synthase and tumor necrosis factor-α gene ex-



Effects of KHG21834 on neuroinflammation in vivo
Eun-A Kim, et al.

417http://bmbreports.org BMB reports

pression in endotoxin-stimulated primary glial cultures. J. 
Neurosci. 18, 1633-1641.

16. Ajizian, S. J., English, B. K. and Meals, E. A. (1999) 
Specific inhibitors of p38 and extracellular signal-regu-
lated kinase mitogen-activated protein kinase pathways 
block inducible nitric oxide synthase and tumor necrosis 
factor accumulation in murine macrophages stimulated 
with lipopolysaccharide and interferon-gamma. J. Infect. 
Dis. 179, 939-944.

17. Carter, A. B., Monick, M. M. and Hunninghake, G. W. 
(1999) Both Erk and p38 Kinases are necessary for cyto-
kine gene transcription. Am. J. Respir. Cell. Mol. Biol. 20, 
751-758.

18. Moore, A. H. and O’Banion, M. K. (2002) Neuroinfla-
mmation and anti-inflammatory therapy for Alzheimer’s 
disease. Adv. Drug Deliv. Rev. 54, 1627-1656.

19. Wang, M. J., Lin, W. W., Chen, H. L., Chang, Y. H., Ou, 
H. C., Kuo, J. S., Hong, J. S. and Jeng, K. C. (2002) 
Silymarin protects dopaminergic neurons against lip-
opolysaccharide-induced neurotoxicity by inhibiting mi-
croglia activation. Eur. J. Neurosci. 16, 2103-2112.

20. Allan, S. M., Tyrrell, P. J. and Rothwell, N. J. (2005) 
Interleukin-1β and neuronal injury. Nat. Rev. Immunol. 5, 
629-640.

21. Emsley, H. C. A., Smith, C. J., Georgiou, R. F., Vail, A., 
Hopkins, S. J., Rothwell, N. J. and Tyrrell, P. J. (2005) A 
randomised phase II study of interleukin-1 receptor antag-
onist in acute stroke patients. J. Neurol. Neurosurg. 
Psychiatry 76, 1366-1372.

22. Heiser, V., Engemann, S., Brocker, W., Dunkel, I., Boedd-
rich, A., Waelter, S., Nordhoff, E., Lurz, R., Schugardt, N., 
Rautenberg, S., Herhaus, C., Barnickel, G., Bottcher, H., 
Lehrach, H. and Wanker, E. E. (2002) Identification of 
benzothiazoles as potential polyglutamine aggregation in-
hibitors of Huntington's disease by using an automated fil-
ter retardation assay. Proc. Natl. Acad. Sci. U.S.A. 99, 
16400-16406.

23. Ishiyama, T., Okada, R., Nishibe, H., Mitsumoto, H. and 
Nakayama, C. (2004) Riluzole slows the progression of 
neuromuscular dysfunction in the wobbler mouse motor 
neuron disease. Brain Res. 1019, 226-236.

24. Mortimer, C. G., Wells, G., Crochard, J. P., Stone, E. L., 
Bradshaw, T. D., Stevens, M. F. G. and Westwell, A. D. 
(2006) Antitumor Benzothiazoles. 26.1 2-(3,4-Dimethox-
yphenyl)-5-fluorobenzothiazole (GW 610, NSC 721648), 
a simple fluorinated 2-arylbenzothiazole, shows potent 
and selective inhibitory activity against lung, colon, and 
breast cancer cell lines. J. Med. Chem. 49, 179-185.

25. Pietrancosta, N., Moumen, A., Dono, R., Lingor, P., Plan-
champ, V., Lamballe, F., Bahr, M., Kraus, J. L. and Maina, 
F. (2006) Imino-tetrahydro-benzothiazole derivatives as 
p53 inhibitors: discovery of a highly potent in vivo in-
hibitor and its action mechanism. J. Med. Chem. 49, 
3645-3652.

26. Mathis, C. A., Bacskai, B. J., Kajdasz, S. T., Mclellan, M. 
E., Frosch, M. P., Hyman, B. T., Holt, D. P., Wang, Y., 
Huang, G. F., Debnath, M. L. and Klunk, W. E. (2002) A 
lipophilic thioflavin-T derivative for positron emission to-
mography (PET) imaging of amyloid in brain. Bioorg. 
Med. Chem. Lett. 12, 295-298.

27. Klunk, W. E., Wang, Y., Huang, G., Debnath, M. L., Holt, 
D. P., Shao, L., Hamilton, R. L., Ikonomovic, M. D., 
DeKosky, S. T. and Mathis, C. A. (2003) The binding of 
2-(4'-methylaminophenyl) benzothiazole to postmortem 
brain homogenates is dominated by the amyloid com-
ponent. J. Neurosci. 23, 2086-2092.

28. Choi, M. M., Kim, E. A., Hahn, H. G., Nam, K. D., Yang, 
S. J., Choi, S. Y., Kim, T. U., Cho, S. W. and Huh, J. W. 
(2007) Protective effect of benzothiazole derivative 
KHG21834 on amyloid beta-induced neurotoxicity in 
PC12 cells and cortical and mesencephalic neurons. 
Toxicology 239, 156-166.

29. Kim, E. A., Kim, H., Ahn, J. Y., Hahn, H. G., Kim, K. S., 
Kim, T. U. and Cho, S. W. (2010) Suppression of lip-
opolysaccharide-induced microglial activation by a ben-
zothiazole derivative. Mol. Cells (in press)

30. Small, D. H., Mok, S. S. and Bornstein, J. C. (2001) 
Alzheimer's disease and Aβ toxicity: from top to bottom. 
Nat. Rev. Neurosci. 2, 595-598.

31. Sebastiani, G., Morisette, C., Lagace, C., Boule, M., 
Quollette, M. J., McLaughin, R. W., Lacombe, D., Cervais, 
F. and Trembley, P. (2006) The cAMP-specific phospho-
diesterase 4B mediates Aβ-induced microglial activation. 
Neurobiol. Aging 27, 691-701.

32. White, J. A., Manelli, A. M., Holmberg, K. H., Van Eldik, 
L. J. and Ladu, M. J. (2005) Differential effects of oligo-
meric and fibrillar amyloid-beta1-42 on astrocyte-medi-
ated inflammation. Neurobiol. Dis. 18, 459-465.

33. Craft, J. M., Van Eldik, L. J., Zasadzki, M., Hu, W. and 
Watterson, D. M. (2004) Aminopyridazines attenuate hip-
pocampus-dependent behavioral deficits induced by hu-
man β-amyloid in a murine model of neuroinflammation. 
J. Mol. Neurosci. 24, 115-122.

34. Craft. J. M., Watterson, D. M., Frautschy, S. A. and Van 
Eldik, L. J. (2004) Aminopyridazines inhibit β-amyloid-in-
duced glial activation and neuronal damage in vivo. 
Neurobiol. Aging 25, 1283-1292.

35. Craft, J. M., Watterson, D. M., Hirsch, E. and Van Eldik, L. 
J. (2005) Interleukin 1 receptor antagonist knockout mice 
show enhanced microglial activation and neuronal dam-
age induced by intracerebroventricular infusion of human 
β-amyloid. J. Neuroinflammation 2, 15-23.

36. Craft, J. M., Watterson, D. M., Marks, A. and Van Eldik, L. 
J. (2005) Enhanced susceptibility of S100B transgenic 
mice to neuroinflammation and neuronal dysfunction in-
duced by intracerebroventricular infusion of human β- 
amyloid. Glia 51, 209-216.

37. Akiyama, H., Barger, S., Barnum, S., Bradt, B., Bauer, J., 
Cole, G. M., Cooper, N. R., Eikelenboom, P., Emmerling, 
M., Fiebich, B. L., Finch, C. E., Frautschy, S., Griffin, W. 
S., Hampel, H., Hull, M., Landreth, G., Lue, L., Mrak, R., 
Mackenzie, I. R. and McGeer, P. L. (2000) Inflammation 
and Alzheimer's disease. Neurobiol. Aging 21, 383-421.

38. Ranaivo, H. R., Craft, J. M., Hu, W., Guo, L., Wing, L. K., 
Eldik, L. J. V. and Watterson, D. M. (2006) Glia as a ther-
apeutic target: selective suppression of human amy-
loid-β-induced upregulation of brain proinflammatory cy-
tokine production attenuates neurodegeneration. J. Neurosci. 
26, 662-670.

39. Cheramy, A., Barbeito, L., Godeheu, G. and Glowinski, J. 



Effects of KHG21834 on neuroinflammation in vivo
Eun-A Kim, et al.

418 BMB reports http://bmbreports.org

(1992) Riluzole inhibits release of glutamate in the cau-
date nucleus of the cat in vitro. Neurosci. Lett. 147, 209- 
212.

40. Frautschy, S. A., Yang, F., Calderon, L. and Cole, G. M. 
(1996) Rodent models of Alzheimer’s disease: rat Aβ in-

fusion approaches to amyloid deposits. Neurobiol. Aging 
17, 311-321.

41. Laursen, S. E. and Belknap, J. K. (1986) Intracerebroven-
tricular injections in mice. Some methodological refine-
ments. J. Pharmacol. Methods 16, 355-357.


