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a-Melanocyte stimulating hormone (a-MSH) is an an-
ient tridecapeptide with potent inhibitory activity in
ll major forms of inflammation. The anti-inflammatory
essage sequence of a-MSH resides in the COOH-

erminal tripeptide a-MSH[11–13]. We tested the influ-
nce of a-MSH[1–13] and of a-MSH[11–13] in a cultured
urine microglia cell line known to produce nitric oxide

NO2
2) and tumor necrosis factor (TNFa) when stimu-

ated with b-amyloid protein (Ab). Melanocortin pep-
ides significantly inhibited release of both NO2

2 and
NFa into cell-free supernatants from microglia stimu-

ated with Ab[1–42] or Ab[25–35] peptides and inter-
eron g (IFNg). Northern blot analysis demonstrated
hat a-MSH[1–13] and a-MSH[11–13] inhibited accumula-
ion of inducible nitric oxide synthase (iNOS) and TNFa
RNA was triggered by Ab stimulation. Ab/microglial

nteraction is believed to promote the progression of
nflammatory and neurodegenerative changes in senile
laques in Alzheimer’s disease. Our data indicate that
-MSH peptides might be used to modulate the local
esponse of the brain to Ab deposition in this neurode-
enerative disease. © 1999 Academic Press

a-Melanocyte-stimulating hormone (a-MSH) is an
ndogenous neuroimmunomodulatory tridecapeptide
hat is derived from the cleavage of a larger precursor
olecule, pro-opiomelanocortin (POMC). a-MSH is
idely distributed in tissues of higher organisms; it
as been identified in the pituitary, various brain re-
ions, skin, circulation and other sites (1, 2). Although
amed for its influence on pigmentation, a-MSH me-
iates other biologic functions such as control of in-
ammation and fever (3). Antipyretic and antiinflam-

1 Corresponding author. Institute of Neurology, Ospedale Mag-
iore Policlinico, Via F. Sforza 35, 20122 Milan, Italy. Fax: 39–2–
5190392. E-mail: baronmil@imiucca.csi.unimi.it.
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message sequence” contained within the COOH-
erminal region: the tripeptide Lys-Pro-Val (a-
SH[11–13]) (4, 5). With regard to its underlying in-

uence in inflammation, the peptide is known to
nhibit leukocyte production of proinflammatory medi-
tors such as cytokines and nitric oxide (NO) (6, 7, 8).
The role of inflammation in Alzheimer’s disease has

ecently gained prominence and examination of proin-
ammatory mediators in the lesions characteristic of
his condition is receiving renewed and deserved atten-
ion. Classical markers of immune-mediated injury,
ncluding cytokines, free radicals and components of
he complement cascade, are associated with b-amy-
oid (Ab)-containing plaques (for a review, see 9).

Synthetic peptides homologus to Ab have been uti-
ized to investigate the mechanisms of cerebral deposit
ormation and the role played by Ab in Alzheimer’s
isease. Ab peptides trigger microglial activation un-
er experimental conditions and numerous studies
ave characterized the phagocytic response induced by
xposure to these peptides (10, 11, 12, 13, 14). The
vidence supports a model of Alzheimer’s disease in
hich microglia are activated by Ab deposition, and

he associated cytokine expression promotes neuronal
egeneration, astrocyte proliferation, further micro-
lial response and subsequent additional Ab produc-
ion leading to plaque maturation. Activated microglia
nd proinflammatory mediators are therefore likely to
e critical in development of neuronal degeneration
ssociated with senile plaques and dementia (15).
Although it has been suggested that anti-

nflammatory therapy might suppress the inflamma-
ion associated with senile plaques (16), no published
tudies have directly evaluated the role of anti-
nflammatory molecules on Ab-activated microglia. In
he present report we examined the influence of anti-
0006-291X/99 $30.00
Copyright © 1999 by Academic Press
All rights of reproduction in any form reserved.
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nflammatory a-MSH[1–13] and its COOH-terminal
ripeptide sequence a-MSH[11–13] on cultured murine
icroglia known to produce TNFa and NO when stim-
lated with peptides homologus to Ab in the presence
f IFNg.

ATERIALS AND METHODS

Materials. Peptides Ab[1–42] and Ab[25–35] (Bachem, Han-
over, Germany) were resuspended in sterile H2O, aliquoted at 1
g/ml, and kept at 220°C. Recombinant murine IFNg was pur-

hased from Sigma Chemical Company (St. Louis, MO), and resus-
ended in phosphate buffered saline supplemented with 1% fetal
ovine serum (GIBCO BRL). a-MSH[1–13] and a-MSH[11–13] were
rovided by Dr. R. Longhi (CNR, Milano), and dissolved in RPMI-
640 medium.

Cultures of microglial cells. The N9 clone of murine microglial
ell lines, obtained by immortalization of embryonic brain cultures
ith the 3RV retrovirus carrying an activated v-myc oncogene

17), was kindly provided by P. Ricciardi Castagnoli (Centro di
itoFarmacologia, CNR, Milano, Italy). Cells were plated in 96-well
lates at a concentration of 4 3 104/100 ml or in 6-well plates (Costar)
t a concentration of 1 3 106/ml, and cultured in RPMI-1640 medium
GIBCO BRL) supplemented with 10% heat-inactivated fetal bovine
erum (Hyclone Lab. Inc., Logan, UT). After incubation with stimuli
or the indicated times, cell-free supernatants were collected and
tored at 270°C for subsequent assays. Total RNA was extracted
rom adherent cells cultured in 6-well plates.

Nitrite assay. Accumulation of NO2
2, a stable end-product exten-

ively used as an indicator of NO production by cultured cell, was
ssayed by the Griess reaction, according to the method previously
escribed (18). Briefly, cell-free supernatants were mixed with equal
mounts of Griess reagent (p-aminobenzene sulfonilamide 1%,
aphtylethylenediamide 0.1% in phosphoric acid 2.5%), in 96-well
lates. Samples were incubated at room temperature for 10 min, and
ubsequently absorbance was read at 540 nm using a microplate
eader. NO2

2 concentrations were calculated in accordance with a
odium nitrite standard curve.

FIG. 1. Effect of aMSH[1–13] and aMSH[11–13] on Ab[25–35]/IF
lates and stimulated with Ab[25–35] 50 mg/ml and IFNg 1 U/ml, in t
8 h of incubation, supernatants were harvested and assayed for
upernatants collected from triplicate wells for each condition are sho
ith similar results.
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TNFa assay. TNFa release in culture medium was measured
ith a murine TNFa ELISA kit (Amersham, Little Chalfont, Bucks,
K), based on the quantitative “sandwich” enzyme immunoassay

echnique. The sensitivity of this assay was 10 pg/ml.

RNA extraction and Northern blot analysis. Microglial cells were
lated in 6-well plates at a concentration of 1 3 106/ml and then
ncubated with stimuli. At the indicated times, total RNA was ex-
racted and analyzed as previously described (19). The cDNA frag-
ents encoding murine TNFa and mouse macrophage iNOS (20)
ere 32P-labeled using a Ready-To-Go Labeling kit (Pharmacia, Upp-

ala, Sweden) before hybridization of nylon filters and autoradiogra-
hy. Blots were subsequently rehybridized with a human glyceralde-
yde-3-phosphate dehydrogenase (G3PDH) cDNA probe (Clontech
ab. Inc., Palo Alto, CA), as an internal control.

Statistical analysis. Data are expressed as means 6 S.E.M. Sta-
istical evaluation was performed by repeated measures analysis of
ariance (ANOVA) followed by Dunnet’s test for specific compari-
ons. Statistical significance was set at P , 0.05.

ESULTS

ffect of a-MSH[1–13] and a-MSH[11–13] on NO
Production from Microglia Stimulated
with Ab and IFNg

Stimulation of microglial cells for 48 h with 50 mg/ml
b[25–35] plus 1 U/ml IFNg released a significant
mount of NO2

2, as previously described (11). How-
ver, addition of a-MSH[1–13] to incubation medium
ecreased NO production by 32 6 7% (P , 0.05; n 5 5).
he COOH-terminal tripeptide a-MSH[11–13] was
lightly more effective in reducing NO production
38 6 2%, P , 0.05; n 5 5). For both a-MSH[1–13] and
-MSH[11–13] the inhibitory influences were observed
ith 10 mM concentration (Fig. 1). Other concentra-

-induced nitrite production. Microglial cells were cultured in 96-well
presence or absence of aMSH[1–13] and aMSH[11–13] 10 mM. After
2
2 accumulation. Mean values 6 S.E.M. of assays performed with
The figure depicts a representative experiment out of five performed
Ng
he
NO
wn.
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ions of melanocortin peptides had lesser or no effect on
O production; the peptide concentration/inhibition
attern was U-shaped (Fig. 2). Similar results were
lso observed when microglial cells were activated with
00 mg/ml Ab[1–42] (Fig. 3).
To determine if the inhibitory effect of the mela-

ocortin peptides results from inhibition of gene ex-
ression of inducible nitric oxide synthase (iNOS),
icroglia were cultured for up to 4 h with Ab[25–35],

FIG. 2. Dose-dependent effect of aMSH[1–13] on Ab[25–35]/IFN
lates and challenged for 48 h with Ab[25–35] 50 mg/ml plus IFN
MSH[1–13]. Subsequently, cell-free supernatants were harvested
erformed with supernatants collected from triplicate wells for each c
f three performed with similar results. *P , 0.05; **P , 0.01.

FIG. 3. Effect of aMSH[1–13] and aMSH[11–13] on Ab[1–42]/IF
lates and stimulated with Ab[1-42] 100 mg/ml and IFNg 1 U/ml, in t
8 h of incubation, supernatants were harvested and assayed for
upernatants collected from triplicate wells for each condition are
erformed with similar results.
253
n the presence or absence of a-MSH[1–13] or
-MSH[11–13], and then total RNA was extracted.
orthern blot analysis (Fig. 4) indicated that treat-
ent with Ab[25–35] induced accumulation of iNOS
RNA and that this accumulation was significantly

ecreased in the presence of a-MSH[1–13] or
-MSH[11–13]. The inhibition caused by the two
eptides, evaluated by densitometric analysis, was
0% and 37%, respectively.

nduced nitrite production. Microglial cells were cultured in 96-well
U/ml in the presence or absence of increasing concentrations of
assayed for NO2

2 accumulation. Mean values 6 S.E.M. of assays
ition are shown. The figure depicts a representative experiment out

induced nitrite production. Microglial cells were cultured in 96-well
presence or absence of aMSH[1–13] and aMSH[11–13] 10 mM. After
2
2 accumulation. Mean values 6 S.E.M. of assays performed with
own. The figure depicts a representative experiment out of three
g-i
g 1
and
ond
Ng-
he
NO
sh
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ffect of a-MSH[1–13] and a-MSH[11–13] on TNFa
Production by Microglia Stimulated
with Ab[25–35]

Determination of antigenic TNFa in cell-free super-
atants harvested from cultured microglia revealed
hat cells stimulated for 24 h with 50 mg/ml Ab[25–35]
eleased high levels of TNFa. These increases in TNFa
ere significantly lower when the cells were coincu-
ated with 10 mM a-MSH[1–13] (Fig. 5) or a-MSH[11–
3] (not shown). Similar inhibitory effects of both mela-
ocortin peptides were observed when TNFa production
as induced by 100 mg/ml Ab[1–42] (not shown).

FIG. 4. Effect of aMSH[1–13] and aMSH[11–13] on iNOS mRNA
xpression in Ab[25–35]/IFNg-activated microglia. Microglial cells, cul-
ured in 6-well plates, were stimulated for 4 h with Ab[25–35] 50 mg/ml
nd IFNg 1 U/ml, in the presence or absence of aMSH[1–13] and
MSH[11–13] 10 mM. Total RNA was purified and analyzed by North-
rn blot analysis using iNOS and G3PDH cDNAs. Shown is a repre-
entative experiment out of three performed with similar results.

FIG. 5. Effect of aMSH[1–13] on Ab[25–35]-induced TNFa prod
ith Ab[25–35] 50 mg/ml in the presence or absence of aMSH[1–13] 1

or TNFa production. Mean values 6 S.E.M. of duplicate assays perf
ondition are shown. The figure depicts a representative experiment
254
NFa gene transcription, we performed Northern blot
nalysis on total RNA extracted from microglia stimu-
ated for 4 h with Ab[25–35], in the presence or absence
f a-MSH[1–13]. As shown in Fig. 6, 10 mM a-MSH[1–
3] significantly (35%) reduced microglial accumula-
ion of TNFa mRNA triggered by Ab[25–35].

ISCUSSION

In this study we demonstrate that a-MSH[1–13] and
-MSH[11–13] reduced the production of NO and
NFa by cultured microglia stimulated with Ab[1–42]
r Ab[25–35]. The greatest inhibitory effect was
bserved with the smaller amino acid sequence
-MSH[11–13]. The peptide concentration/inhibition
attern was U-shaped, a characteristic result with
any peptides that are ineffective in very high and

ery low concentrations (7). That both a-MSH[1–13]
nd a-MSH[11–13] did not completely inhibit NO and
NFa production triggered by Ab is consistent with
revious studies which have shown that aMSH pep-
ides generally modulate the production of proinflam-
atory mediators and do not completely block them

2, 8, 21).
a-MSH[1–13] also inhibited Ab-induced accumula-

ion of iNOS and TNFa mRNA, indicating that
-MSH[1–13] prevents production of those proin-
ammatory molecules with the primary locus of ac-
ion at the mRNA level. However, whether this effect
s related to inhibition of transcription or message
tability is presently unknown. It is likely that the
ffects of the melanocortin peptides on microglial

ion. Microglial cells were cultured in 96-well plates and stimulated
. After 24 h of incubation, supernatants were collected and assayed

ed with supernatants collected and pooled from three wells for each
t of three performed with similar results.
uct
0 mM
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ells were mediated by melanocortin receptors
MCR) 1, 3, 4 and 5 found in brain. These receptors
ave been detected in brain tissues, where they may
e stimulated by circulating a-MSH (2, 22). Future
tudies will address which subtypes of MCR are ex-
ressed by microglia and mediate the function of
-MSH on central phagocytes. Evidence that Ab dep-
sition is a crucial event in the pathogenesis of senile
laques in Alzheimer’s disease is growing (10). These
laques represent one of the neuropathological hall-
arks of Alzheimer’s disease and are characterized

y Ab deposition, degenerated neurites, astroglial
roliferation and microglia activation (23). Senile
laques are also sites of local immune-mediated in-
ammatory responses mounted by cytokines, free
adicals and virtually all components of the classical
omplement pathway (for a review, see 9). Previous
tudies have shown that interaction of Ab/microglia
ay lead to biological events involved in the process

f plaque evolution since Ab can activate microglial
ells and trigger the production of proinflammatory
nd potentially cytotoxic mediators such as NO and
NFa (11, 12). These findings suggest that Ab may

nduce local neurotoxicity not only via a direct effect
n the neuronal plasma membrane (24, 25) but also
ndirectly with aggregation of Ab deposits serving as
idus for a local inflammation (10, 11, 12, 13, 14).
NO is synthesized from L-arginine by the enzyme
O-Synthase (NOS), which exists in three isotypes.
wo isotypes of them are constitutive isoforms found in
eurons and endothelial cells, and they function in
alcium-dependent ways. The third, NO calcium Inde-
endent Synthase (iNOS) results in much larger quan-
ities of NO expressed by macrophages in the presence
f cytokines or bacterial products (26, 27). Even though
O exerts neuroregulatory functions in the brain, its

ver production can be toxic to neuronal cells (28).
TNFa is a pleiotrophic cytokine that plays a signifi-

ant role in brain immune and inflammatory activities.
roduced in the brain in response to various patholog-

FIG. 6. Effect of aMSH[1–13] on TNFa mRNA expression in
b[25–35]-activated microglia. Microglial cells, cultured in 6-well
lates, were stimulated for 4 h with Ab[25–35] 50 mg/ml, in the
resence or absence of aMSH 10 mM. Total RNA was purified and
nalyzed by Northern blot analysis using TNFa and G3PDH cDNAs.

representative experiment out of three performed with similar
esults is shown.
255
ules, leukocyte migration, and activation of glial cells
29). Though TNFa serves a primary function in “set-
ing the stage” for inflammatory reactions, no clear
vidence has demonstrated that TNFa may induce di-
ect neurotoxicity. However, by virtue of its central role
s an autocrine mediator in the production of poten-
ially noxious molecules such as NO, TNFa has been
uggested to indirectly take part in the modulation of
eurotoxic events (30, 31).
Our data on inhibitory influences of melanocortin

eptides on microglia products triggered by Ab indi-
ate that a-MSH might exert an endogenous regula-
ion in the local response of the brain to Ab deposi-
ion in Alzheimer’s disease. We suggest that a-MSH
ight influence Ab bioactivity in senile plaques and
e believe that impairment of a-MSH production in
lzheimer’s disease might reduce the potential in-
ibitory mechanism of the brain against microglia
ctivation induced by Ab deposition and therefore
ontribute to neurodegenerative and inflammatory
hanges in Alzheimer’s disease brain. This notion is
upported by lower concentrations of a-MSH immu-
oreactivity in the brain and in the CSF of Alzhei-
er’s disease patients (31, 32), and in aged squirrel
onkey brain (33). That a-MSH is presumably in-

olved in cognitive functions (34) is also consistent
ith evidence that the administration of POMC-
erived peptides increases Ach synthesis and turn-
ver in the rat brain (35).
In conclusion, the present study indicates that mela-

ocortin peptides modulate production of proinflam-
atory cytokines and related mediators by Ab-

ctivated microglia. These findings suggest that
-MSH could modulate inflammation in senile plaques
f Alzheimer’s disease brain. Currently, it is unclear
hether these inflammatory reactions are primarily

esponsible for neuronal degeneration or are simply
phiphenomenon of Ab deposition. However, a-MSH[1–
3] and particularly its COOH-terminal amino acid
equence a-MSH[11–13], might be useful in the treat-
ent of Alzheimer’s disease given their inhibitory

roperties on Ab-mediated inflammatory processes.
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