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Degeneration of locus ceruleus (LC) neurons and reduced lev-
els of norepinephrine (NE) in LC projection areas are well known
features of Alzheimer’s disease (AD); however, the conse-
quences of those losses are not clear. Because inflammatory
mediators contribute to AD pathogenesis and because NE can
suppress inflammatory gene expression, we tested whether LC
loss influenced the brain inflammatory gene expression elicited
by amyloid B (AB). Adult rats were injected with the selective
neurotoxin  N-(2-chloroethyl)-N-ethyl-2  bromobenzylamine
(DSP4) to induce LC death and subsequently injected in the
cortex with AB (aggregated 1-42 peptide). DSP4 treatment
potentiated the AB-dependent induction of inflammatory nitric
oxide synthase (iNOS), interleukin (IL)-1B, and IL-6 expression
compared with control animals. In contrast, the induction of
cyclooxygenase-2 expression was not modified by DSP4 treat-

ment. In control animals, injection of AB induced iNOS primarily
in microglial cells, whereas in DSP4-treated animals, iNOS was
localized to neurons, as is observed in AD brains. Injection of
AB increased IL-13 expression initially in microglia and at later
times in astrocytes, and expression levels were greater in
DSP4-treated animals than in controls. The potentiating effects
of DSP4 treatment on iNOS and IL-13 expression were atten-
uated by coinjection with NE or the B-adrenergic receptor
agonist isoproterenol. These data demonstrate that LC loss and
NE depletion augment inflammatory responses to AB and sug-
gest that LC loss in AD is permissive for increased inflammation
and neuronal cell death.
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The locus ceruleus (LC) is the main subcortical site of norepi-
nephrine (NE) synthesis and its precursor enzymes. Noradren-
ergic axons arising from LC neurons project to several cortical
areas, including the hippocampus, entorhinal cortex, and frontal
cortex, where their axon terminals are in close contact with
neurons, astrocytes, and brain microvessels (Kalaria et al., 1989a;
Paspalas and Papadopoulos, 1998). The LC-generated NE plays
an important role in selective attention, general arousal, and
stress reactions in response to challenging environmental situa-
tions (Foote et al., 1983; Levine et al., 1990), whereas experimen-
tally induced loss of LC neurons has been implicated in learning
and behavior deficits (Anlezark et al., 1973; Mason and Iversen,
1975; Harro et al., 1999). Loss of LC neurons, degeneration of
noradrenergic projections, and a decrease in cortical NE levels
are well described features of various neurodegenerative diseases,
including Alzheimer’s disease (AD) and Parkinson’s disease. In
addition, decreased LC neuronal counts are significantly corre-
lated with the numbers of amyloid 3 (AB) plaques, neurofibrillary
tangles, and the severity of dementia in AD (Bondareff et al.,
1987). However, despite many experimental and neuropatholog-
ical descriptions, the significance and role of LC cell death for
neurodegenerative disease remains unclear.
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NE may have additional functions apart from its role as a
classic neurotransmitter. In astrocytes, NE blocked major histo-
compatibility complex class II (Frohman et al., 1988), tumor
necrosis factor-a (Hu et al., 1991), and interleukin (IL)-13 (Willis
and Nisen, 1995) expression and inhibited expression of the
inducible isoform of nitric oxide synthase (iNOS) (Feinstein,
1998; Galea and Feinstein, 1999). NE also inhibits inflammatory
activation of microglial cells (Lee et al., 1992; Loughlin et al.,
1993; Chang and Liu, 2000). It has therefore been suggested that
NE plays a role as an endogenous anti-inflammatory agent (Froh-
man et al., 1988; for review, see Feinstein et al., 2001). In light of
recent findings that neuroinflammatory events contribute to AD
pathology (Mrak et al., 1995; Stewart et al., 1997; Akiyama et al.,
2000), we reasoned that LC cell death and loss of NE-mediated
anti-inflammatory protection could exacerbate inflammatory
events contributing to the pathogenesis of AD. In this study, we
demonstrate that experimentally induced loss of LC neurons
increases the response of cortical LC projection areas to inflam-
matory changes induced by AP, including the appearance of
neuronal iINOS expression, which has been described in AD
(Vodovotz et al., 1996; Lee et al., 1999; Heneka et al., 2001).
These results therefore establish a link between classic AD pa-
thology and neuroinflammatory events.

MATERIALS AND METHODS

Animals. Male Sprague Dawley rats (Charles River Laboratories, Wil-
mington, MA) weighing 250-300 gm were housed in groups of four
under standard conditions at 22°C and a 12 hr light/dark cycle with access
to food and water ad libitum.

Pretreatment and injection of immunostimulants. Rats received two
intraperitoneal injections (1 week apart) of either N-(2-chloroethyl)-N-
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Figure 1. DSP4 induces NE depletion and LC cell loss. Rats received
two injections of DSP4 1 week apart (A4), followed 4 weeks later by
intracortical injection of AB or saline (B). Serial sections from DSP4-
treated rats (C, E, G) and control rats (D, F, H) were prepared 1 d later
for immunocytochemistry and stained for NE (C, D) or TH (E-H). C, D,
Sections from the frontal cortex. E, F, Sections from the area of the LC.
G, H, Sections from the area of the substantia nigra. Staining was per-
formed on sections obtained from three animals in each group; represen-
tative images are shown. Scale bars: C, D, 25 um; E-H, 50 uMm.

ethyl-2 bromobenzylamine (DSP4; 50 pg/kg) dissolved in PBS or PBS
alone (Fig. 14). Four weeks after the second treatment, the animals were
anesthetized with pentobarbital (50 mg/kg, i.p.), and placed in a stereo-
taxic frame (Stoelting, Wood Dale, IL) on a heating blanket. Body
temperature was maintained at 37 = 0.5°C for the time of surgery. After
exposure of the skull, holes were drilled bilaterally at the injection sites,
and 2 pl of a mixture containing aggregated AB;_4, (0.5 ug/ul) was
injected over a period of 120 sec into each cortical hemisphere using a 2
wnl Hamilton syringe at anteroposterior +2.0, lateral 2.5, and ventral 3.0
mm relative to the bregma (Paxinos et al., 1985). Controls received 2 ul
of PBS. At 6 hr, 1d, 3 d, and 7 d after injections, animals were killed by
an overdose of pentobarbital, and brains were removed. The cortical
region of the right hemisphere was homogenized in Trizol reagent
(Sigma, St. Louis, MO), and RNA was isolated according to recom-
mended procedures. The left hemisphere was immersed in 20 ml of
fixative containing 10% formaldehyde, 10% acetic acid, and 80% meth-
anol (v/v/v) for 72 hr at room temperature and embedded in paraffin. All
experiments were performed in accordance with the Declaration of
Helsinki and the animal welfare guidelines and laws of the United States
and were approved by the local ethical committee for animal
experiments.

Processing of brains for immunohistochemistry. Immunohistochemistry
was performed as described previously (Heneka et al., 1999a). Serial
coronal sections of 8 wm thickness were cut with a Leitz (Wetzlar,
Germany) microtome and mounted on poly-L-lysine-coated slides. Slides
were immersed in 10 mM citrate buffer, pH 6.0, heated in a microwave
oven for four cycles of 5 min each to unmask antigen sites, and then
cooled and washed in PBS. For cyclooxygenase 2 (COX-2), antigen
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retrieval was performed in 50 mm Tris-HCI, pH 9.0, for 40 min at 190°C,
followed by rinses in PBS and 10 min of incubation in cold methanol.
Endogenous peroxidase activity was inhibited by rinsing slides in 0.1%
hydrogen peroxide for 10 min. Nonspecific binding was blocked by 10%
normal goat serum in PBS for 1 hr at room temperature. After washing
in PBS, sections were incubated overnight at 4°C with the following
primary antibodies (Abs): (1) anti-iNOS monoclonal Ab (mAb) N32020
(1:200 dilution; Transduction Laboratories, Lexington, KY), (2) anti-
IL-18 mAb AF50IN (1:200; R&D Systems, Wiesbaden, Germany), (3)
anti-glial fibrillary acidic protein (GFAP) mAb MCA 363 (1:200; Serotec,
Darmstadt, Germany), (4) anti-ED1 mAb MCA 341 (1:100; Serotec), (5)
anti-tyrosine hydroxylase mAb (1:1000; DiaSorin, Stillwater, MN), (6)
anti-N E-glutaraldehyde conjugate polyclonal Ab (1:600, MoBiTec, Got-
tingen, Germany); and (7) anti-COX-2 affinity-purified polyclonal Ab
160126 (1:1000; Cayman Chemical, Ann Arbor, MI). Sections were
washed extensively with PBS and subsequently incubated with biotinyl-
ated or fluorescently labeled anti-rabbit or anti-mouse IgG (1:200 dilu-
tion; Vector Laboratories, Burlingame, CA) for 30 min at room temper-
ature. Immunohistochemical localization was performed using the
avidin-biotin peroxidase complex method (ABC kit; Vector Laborato-
ries) with 3,3’-diaminobenzidine as chromogen or by confocal laser
microscopy.

Negative controls included use of nonspecific IgG instead of the
primary antibodies, preabsorption of primary antibodies with the respec-
tive cognate peptides (150-200 pg of peptide per milliliter of antibody
working solution), and absence of immunoreactivity in PBS-injected
animals and noninjected contralateral hemispheres.

Confocal laser scanning microscopy. Double-labeled specimens were
analyzed with a confocal laser scanning microscope (Multiprobe 2001;
Molecular Probes, Inc., Eugene, OR) equipped with an Ar/Kr laser with
balanced emission at 488, 568, and 647 nm. To achieve an optimal
signal-to-noise ratio for each fluorophore, sequential scanning with 568
and 488 nm was used. The digitalized images were then processed with
ImageSpace 3.10 software (Molecular Probes, Inc.) on a Silicon Graphics
(Mountain View, CA) power series 310GTX work station. Original
section series were subjected to Gaussian filtration to reduce noise and
enhance weakly but specifically labeled parts. Original and filtered sec-
tions were projected on one plane using a maximum-intensity algorithm
and in some cases using depth-coding and surface-rendering algorithms.

Quantification of immunohistochemistry. Quantitative analysis of cells
that stained positively for iNOS, COX-2, GFAP, and IL-1B was per-
formed on brain sections from four animals from each group. Antigens
were detected in five sections having a defined distance relative to the
level of cortical injection. The sections were the middle section corre-
sponding to the level of injection and four sections taken at a distance of
35 and 70 wm rostral and caudal to the injection site. The number of cells
within the respective fields was determined using a counting grid, and
cells within the needle tract were not counted.

RNA preparation and reverse transcription PCR. Total RNA was ex-
tracted from brain samples using Trizol reagent according to the manu-
facturer’s instructions (Sigma), and reverse transcription (RT)-PCR was
performed as described previously (Heneka et al., 2000). The primers used
were: iINOS forward, 5'-CTGCATGGAACAGTATAAGGCAAAC-3';
iNOS reverse, 5-CAGACAGTTTCTGGTCGATGTCATGA-3"; IL-1B
forward, 5'-GCTACCTATGTCTTGCCCGTGGAG-3"; IL-1B reverse,
5'-GTCCCGACCATTGCTGTTTCCTA-3"; COX-2 forward, 5'-TCC-
CGGATCCCCAAGGCACAAATA-3"; COX-2 reverse, 5'-TCAGACCC-
GGCACCAGACCAAAGA-3'; glyceraldehyde 3-phosphate dehydroge-
nase (GDH) forward, 5'-ACGACAGTCCATGCCATCAC-3'; GDH
reverse, 5'-TCCACCACCCTGTTGCTGTA-3'; 1IL-6 forward, 5'-
CTTGGGACTGATGTTGTTGA-3'; and IL-6 reverse, 5'-CTCTGAAT-
GACTCTGGCTTTG-3'.

PCR conditions were 35 cycles of denaturation at 95°C for 30 sec,
annealing at 63°C for 45 sec, and extension at 72°C for 45 sec. For iNOS,
a 40 bp smaller internal iNOS standard was included in the PCR mixture
to facilitate quantification. PCR products were separated by electro-
phoresis through 2% agarose containing 0.5 pwg/ml ethidium bromide and
imaged using an Alphalnotech imaging system (Temecula, CA); band
intensities were determined using ImageJ software from the National
Institutes of Health (Bethesda, MD). For iNOS calculations, the band
intensities of the cDNA product were compared with those of the
internal standard. PCRs were performed on RNA prepared from three
different animals in each group; representative gels are shown.

Data analysis. Quantitative immunostaining and PCR data were ana-
lyzed by one-way or two-way ANOVA with Bonferroni’s multiple com-
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parison post tests using Prism version 3.00 software (GraphPad Software,
San Diego, CA).

RESULTS

Examination of brain sections prepared 5 weeks after DSP4
treatment showed a marked loss of LC neurons in DSP4 animals
compared with animals injected with PBS as revealed by de-
creased tyrosine hydroxylase staining (Fig. 1E,F) and decreased
NE immunoreactivity in the cortex (Fig. 1C,D). DSP4 effects
were restricted to the LC, because tyrosine hydroxylase staining
of substantia nigral neurons was essentially the same in DSP4-
treated as in PBS-treated animals (Fig. 1G,H).

At 4 weeks after the second DSP4 treatment, rats were injected
in the frontal cortex with AB or PBS (Fig. 1B). Injection of AB
into control animals increased iNOS mRNA levels beginning 6 hr
after injection; iNOS mRNA reached maximal levels after 1 d,
and levels diminished but were still detectable after 3 d (Fig. 2).
A similar pattern of iNOS mRNA accumulation occurred after
injection of AB into DSP4-treated animals; however, at all times,
the levels attained were higher than those in control animals (Fig.
2). Injection of PBS alone into either control or DSP4 animals
induced little or no detectable amounts of iNOS mRNA. Semi-
quantitative competitive PCR indicated that compared with in-
jection with PBS, AB increased iNOS mRNA levels approxi-
mately ninefold in DSP4 animals after 6 hr, compared with only
a 20% increase in control animals (n = 3 each; p < 0.01); at 1 d,
ApB increased levels ~36-fold in DSP4 animals compared with
~24-fold in control animals (n = 3 each; p < 0.001) (Fig. 2B).
The iNOS mRNA levels decreased at day 3 and decreased further
at day 7, at which point iNOS mRNA was present at low but
similar amounts in both groups (p > 0.05; unpaired ¢ test).

The levels of IL-18 mRNA were also increased in response to
ApB injection (Fig. 2). As observed for iNOS, IL-13 mRNA levels
were consistently higher in DSP4-treated animals compared with
controls, with maximal levels detected 1 d after injection (Fig. 2).
Densitometric analysis showed that after 1 d, AB increased IL-13
mRNA levels 4.5-fold in DSP4 animals versus 1.4-fold in control
animals (n = 3 each; p < 0.001). As was the case for iNOS, IL-13
mRNA levels decreased at 3 d and decreased further at 7 d,
although at this point the IL-18 mRNA levels were still greater in
DSP4-treated versus control animals (p < 0.05; unpaired ¢ test).
Similarly, IL-6 mRNA levels were increased by AB and increased
to a greater extent in DSP4-treated versus control animals. How-
ever, the increase in IL-6 levels was transient, with a significant
increase observed only at 6 hr, the earliest time investigated. In
contrast, AB injection showed little effect on the mRNA levels of
either COX-2 (levels were slightly elevated by DSP4 at day 1 and
slightly attenuated at 3 d compared with control levels) or GDH
(a small decrease was observed in DSP4 animals vs controls on
day 7).

At 1 d after AB injection, iNOS protein was detected in two
different cell types. In control animals, iNOS was restricted pri-
marily to microglial cells (Fig. 3B), whereas in DSP4-treated
animals, iNOS was detected predominantly in pyramidal cortical
neurons (Fig. 34). Injection of saline into control or DSP4-treated
animals did not lead to iNOS expression (Fig. 3C), ruling out
cross-reaction of the antibody used with other NOS isoforms and
consistent with our previous findings that the antibody used
detects a protein of ~130,000 Da in immunostimulated but not
control rat brain samples (Heneka et al., 2000, 2001). Parenchy-
mal iNOS-positive microglia were scattered throughout the fron-
tal cortex and occasionally observed in close proximity to brain
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Figure 2. Inflammatory gene transcription in DSP4-treated animals and

controls. 4, Total RNA was prepared from cortices of DSP4-treated (+)
and control (—) rats at the indicated times after intracortical injection of
AB and examined by RT-PCR for iNOS, IL-1B, COX-2, and GDH
mRNAs. For iNOS, PCRs were performed in the presence of 20 fg of a
specific iNOS internal standard that yields a PCR product 40 bp smaller
than the band derived from the iNOS cDNA. RT-PCRs were performed
using RNA samples isolated from three animals in each group; represen-
tative gels are shown. B, Densitometric analysis of band intensities from
three independent experiments. Filled bars, DSP4 animals; open bars,
control animals. Data are the fold increase attributable to AB injection
versus that attributable to saline injection (mean = SEM). *p < 0.05;
**p < 0.01; ***p < 0.001; DSP4-treated animals versus controls.

vessels (Fig. 3B, inset). Quantification revealed similar numbers of
iNOS-positive microglial cells in control and DSP4-treated ani-
mals (Fig. 37). In contrast, the number of iNOS-immunopositive
neurons was significantly increased in the DSP4 group. Confocal
laser microscopy of an area near the injection site revealed
costaining of the majority (but not all, as indicated by arrows in
Fig. 3F) of neurons for neuron-specific enolase (NSE) and iNOS
in DSP4 animals and costaining of microglial cells for ED1 and
iNOS in control animals (Fig. 3G-1).

Immunocytochemical staining also revealed two cell types ex-
pressing IL-1B. At 1 d after AB injection, IL-18 was detected
exclusively in microglial cells. Ramifications to oval or rounded
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Figure 3. Immunohistochemical localization of
iNOS. Serial sections were prepared from brains
of DSP4-treated (4, C) and control (B) ratsat 1.d
after injection of AB (4, B) or saline (C) and
stained with antibody to iNOS; immunoreactivity
was detected by the DAB method. A, The inset
shows a positively stained cell with neuronal mor-
phology. B, The inset shows a positively stained
cell with microglial morphology. Cellular identi-
fication of iNOS staining was obtained by confo-
cal laser microscopy of sections costained with
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detect neurons (E£) or ED1 to detect microglial
cells (H). F, I, Overlapping fluorescent signals;
some NSE-positive, iNOS-negative neurons are
indicated by white arrows. Scale bars: 4, B, 50 um;
D-I,25 um. The images shown are representative
of sections obtained from three different animals
in each group. J, Staining was quantified by count-
ing the number of neurons (left) and microglia
(right) positively stained for iNOS in five serial
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microglia cells were observed, suggesting different states of acti-
vation (Fig. 44,B). Quantification revealed that DSP4-treated
animals had a significantly higher number of IL-1p8-
immunopositive microglial cells than PBS controls (Fig. 4L, left).
IL-1B was not detected in saline-injected animals (data not
shown). Confocal microscopy using ED1 for microglia detection
revealed the morphological nature of the IL-18-immunopositive
cells (Fig. 4C-E). The number of more highly arborized and
ramified microglia appeared to be higher in control versus DSP4-
treated animals, suggesting a lesser degree of microglial activa-
tion in controls.

In contrast to the microglial localization observed at 1 d, after
7 d the IL-1B was detected almost exclusively in GFAP-positive
astrocytes (Fig. 4). Although essentially all GFAP-positive cells
proximal to the injection site were also IL-1B-positive (Fig. 4 F-
H), distally located GFAP-positive cells (Fig. 4J) were IL-1B-
negative (Fig. 41 K), suggesting that not all astrocytes undergoing
gliosis are able to express IL-18 and ruling out the possibility that
activated astrocytes show a nonspecific high avidity for the IL-13
antibody. As found for microglia at 24 hr, the DSP4-treated
animals showed a higher number of IL-1B-positive astrocytes at
7 d than did PBS controls (Fig. 4L, right).

IL-6 expression examined at 1 d after AB injection was local-
ized primarily to pyramidal neurons in DSP4-treated (Fig. 54)
and to a much lesser extent in control (Fig. 5B) animals (Fig. 5E,

sections. The data are the mean = SEM of four

70 animals in each group. *p < 0.05; **p < 0.005;

**%p < 0.0005; DSP4-treated animals versus
controls.

right). IL-6-positive neurons were observed throughout the cortex
but were significantly increased around the injection site. Simi-
larly, cortical neurons were also the primary site of COX-2
expression (Fig. 5C,D), and no differences were observed in the
cellular localization between DSP4-treated and control rats.
Quantification of COX-2-immunopositive neurons revealed no
significant differences between DSP4-treated and control groups
(Fig. 5C). In addition to neurons, COX-2 was also observed in
endothelial cells and to a minor extent in activated glial cells
(data not shown).

Injection of AP strongly increased the number of GFAP-
positive cells in the cortex (and in the nearby corpus callosum;
data not shown) compared with PBS injection at both time points
investigated (24 hr and 7 d). In both brain regions, the DSP4-
treated animals (Fig. 6B) showed a higher number of GFAP-
positive cells than did control rats (Fig. 6A4), and this increase was
statistically significant within the cortex (Fig. 6C).

In DSP4-treated animals, coinjection with NE partially re-
versed the AB-dependent increase of both iNOS and IL-1pB
mRNA levels (Fig. 74). As expected, injection of AB signifi-
cantly increased iNOS mRNA levels (21.7 = 0.5-fold vs non-
injected levels), and this effect was significantly reduced (to
8.6 = 0.3-fold vs noninjected levels) by NE (n = 3 each; p <
0.0001) and by ~30% (to 15.2 = 1.8-fold control levels) by
coinjection of the B-adrenergic receptor agonist isoproterenol



2438 J. Neurosci., April 1, 2002, 22(7):2434-2442

Figure 4. Immunohistochemical localization of IL-1p.
Serial sections were prepared from brains of DSP4-
treated (A4) and control (B) rats at 1 d after injection of
AP and stained with an antibody to IL-18; immunola-
beling was detected by the DAB method. Limited stain-
ing was observed in control sections, if the primary
antibody was omitted, or if the primary antibody was
preincubated with a blocking peptide. Cellular identi-
fication was obtained by confocal laser microscopy of
sections costained with antibodies to IL-18 (C, F, I)
and either ED1 to detect microglia at 1 d (D) or GFAP
to detect astrocytes at 7 d (G, J). A-H are from sections
taken 35 um from the injection site; /-K are from
sections take 70 um from the injection site. E, H, K,
Overlapping fluorescent signals. Scale bars: 4, B, 50
um; C-K, 25 um. Images are representative of sections
obtained from three different animals in each group. L,
Staining was quantified by counting the number of
microglia (left, 1 d) and astrocytes (right, 7 d) positively
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stained for iNOS in five serial sections. The data are the
mean = SEM of four animals in each group. *p < 0.05;
*4p < 0.005; ***p < 0.0005; DSP4-treated animals
versus controls.

(n = 3 each; p < 0.001). Similarly, AB increased IL-13 mRNA
levels (to 2.0 = 0.1-fold of control levels), and those levels were
significantly (p < 0.001) reduced by ~40% by NE or by
isoproterenol. In contrast, coinjection of NE (or of isoproter-
enol; data not shown) had no effect on the increase of iNOS
and IL-1B mRNA levels after AB injection into control ani-
mals (9.3 £ 0.2-fold and 1.3 = 0.1-fold vs control levels for
iNOS and IL-1B, respectively) (Fig. 7B). The mRNA levels of
GDH (and of COX-2; data not shown) were not affected by
injection of NE or isoproterenol. Coinjection of NE or of
isoproterenol also reduced the appearance of neurons that
stained positive for iNOS after AB injection into DSP4-treated
animals (Fig. 7C).
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DISCUSSION

Our results for the first time establish a link between two classic
pathological hallmarks of AD, namely LC loss and decreased nor-
adrenergic innervation, and the recent understanding that neuroin-
flammatory events contribute to neuronal dysfunction and cell death
in AD (Akiyama et al., 2000). Our findings suggest a causative
relationship between LC loss and the extent of projection area
neuronal damage incurred in response to inflammatory stimuli.
Furthermore, whereas iNOS expression in glial cells has been de-
scribed in several animal models of AD, to the best of our knowledge
this is the first example in which AB induced neuronal iNOS expres-
sion, which is observed in AD (Vodovotz et al.,, 1996; Lee et al.,
1999).
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Figure 5. Immunohistochemical localization of IL-6 and COX-2. Serial
sections were prepared from brains of DSP4-treated (4, C) and control
(B, D) rats at 1 d after injection of AB and were stained with antibodies
to IL-6 (4, B) or COX-2 (C, D); immunolabeling was detected by the
DAB method. Scale bar, 50 wm. The images shown are representative of
sections obtained from three different animals in each group. E, Staining
was quantified by counting the number of neurons positively stained for
COX-2 (left) or IL-6 (right) in five serial sections. The data are the
mean = SEM of four animals in each group. *p < 0.05; DSP4-treated
animals versus controls.

Neuronal cell death of aminergic brainstem nuclei such as the
LC and the dorsal raphe nucleus is a well defined feature of AD
pathology (Mann et al., 1983; Wilcock et al., 1988; Forno, 1992).
The LC is located in the pontine tegmentum and serves as the
main subcortical site for the synthesis of NE (Freedman et al.,
1975). Ascending noradrenergic axons project to the hippocam-
pus, to the frontal and entorhinal cortex, and to a minor extent to
various other brain regions. Each LC neuron sustains a widely
divergent axon that innervates a large terminal field. Axon ter-
minals are found in close contact to neurons, astrocytes, and
microglia, suggesting that NE acts as a neuromodulator influenc-
ing a circumscribed microenvironment rather than as a classic
neurotransmitter (Seguela et al., 1990; German et al., 1992).

In AD, the central portion of the LC, which projects predom-
inantly to the hippocampus, frontal cortex, and temporal cortex
(areas that are usually severely affected by senile plaque and
neurofibrillary tangle formation), shows the most extensive loss of
cells (Marcyniuk et al., 1986). LC loss and the degeneration of
ascending noradrenergic axons leads to decreased NE levels in
respective projection areas (Adolfsson et al., 1979; Iversen et al.,
1983), whereas adrenergic receptors are upregulated in response
to the noradrenergic deafferentation (Kalaria et al., 1989b). Since
the initial neuropathological descriptions of LC loss, several stud-
ies have demonstrated a significant correlation between LC cell
death or decreased cortical NE levels and the severity and dura-

J. Neurosci., April 1, 2002, 22(7):2434-2442 2439

-
LY (A -
¥ -
Py -
p SPEA
¢
= - - G
¥
‘. g ° . & 7 { -
- g Rl a e o
¥ i < :
. P y
i s -
Wi _l.
M
F - ‘ _-13"‘"—#’_- "
- b L
B -
’ ¥
- .
% ¥
L &
- .
- ¥
g
> ¥ -
-
#
» o
o - LY -

150+ 1 Control
I DSP4

*

W
g

Positive cells mm?2

0

Figure 6. Effect of DSP4 treatment on GFAP expression. Serial sections
were prepared from the frontal cortex of DSP4-treated (A) and control
(B) rats at 1 d after injection of AB and stained with an antibody to
GFAP; immunolabeling was detected by the DAB method. Scale bar, 50
pm. The images shown are representative of sections obtained from three
different animals in each group. C, Staining was quantified by counting the
average number of GFAP positively stained astrocytes in five serial
sections. The data are the mean * SEM of four animals in each group.
*p < 0.05; DSP4-treated animals versus controls.
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Figure 7. Effect of NE on DSP4 potentiation of iNOS and IL-1p expres-
sion. Total RNA was prepared from frontal cortices of DSP4-treated (left)
and control (right) rats at 1 d after injection of AB (or saline, none)
together with a 100 nm concentration of NE (+NE) or isoproterenol
(+Is0). Equal aliquots were converted to cDNA and assayed by compet-
itive RT-PCR for iNOS and RT-PCR for IL-183 and GDH. A4, Represen-
tative gel. B, Quantitative analysis performed on band intensities obtained
using ImagelJ software. Values shown are for mRNA levels relative to
those measured in samples from ApB-injected animals and are the mean *=
SD of three animals in each group. The 100% values correspond to fold
increases of 21.7 £ 0.5 (iNOS in DSP4 rats), 9.3 = 0.2 (iNOS in control
rats), 2.0 = 0.1 (IL-1B in DSP4 rats), and 1.3 = 0.1 (IL-1B in control rats)
versus that caused by injection of PBS. **p < 0.01; ***p < 0.0001 versus
injection of AB alone (one-way ANOVA; Bonferroni’s multiple compar-
ison test). C-F, Immunocytochemical staining for iNOS in representative
cortical sections from DSP4-treated rats at 1 d after injection of saline
(C), AB (D), AB plus NE (E), or AB plus Iso (F).

tion of dementia in AD (Mann et al., 1982; Bondareff et al., 1987,
German et al., 1992); however, the basis for this correlation is not
clear. For example, it has been suggested that in AD, LC degen-
eration causes a denervation microangiopathy characterized by
thickened capillary walls that compromise normal blood-brain
barrier function, including nutrition of the brain parenchyma,
which could contribute to generalized neuronal dysfunction
(Scheibel et al., 1987). Alternatively, numerous reports indicate
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that NE can regulate inflammatory gene expression in brain cells
through modulation of the intracellular second messenger cAMP.
Our own studies (Feinstein, 1998) and those of others (Galea and
Feinstein, 1999) show that NE inhibits iNOS expression in astro-
cytes, mediated by activation of B-adrenergic receptors and in-
creases in CAMP.

To address the hypothesis that there is a causative link between
LC loss and reduced NE content and inflammatory events in AD,
we used the selective neurotoxin DSP4 (Fritschy and Grzanna,
1991) to create chemical lesions in LC neurons and reduce cor-
tical NE levels. DSP4 has been demonstrated previously to influ-
ence neurodegenerative processes, including those induced by
N-methyl-4-phenyl 1,2,3,6-tetrahydropyridine (Mavridis et al.,
1991) and by cerebral ischemia (Nishino et al., 1991). In our
studies, we used a lower concentration of DSP4 than commonly
used (we injected 50 ug/kg twice vs a single injection of 10-50
mg/kg) and waited 4 weeks before additional experimentation.
This treatment caused selective degeneration of noradrenergic
projections and cell death of LC neurons, whereas in the same
animals, we did not observe any loss of substantia nigra neurons.
Thus, in the present study, DSP4 treatment provides a model
reflecting the impaired state of the noradrenergic system in AD.

Our data confirm that, as observed previously (Weldon et al.,
1998), intracortical injection of aggregated AB induces an inflam-
matory response involving microglial expression of iNOS and
IL-1B and astrogliosis represented by increased GFAP expres-
sion. These results demonstrate that under normal physiological
conditions, both neurons and glia have the capacity to respond to
immunostimulation by A, although it is not known whether
these responses are a direct result of cell activation by A or are
indirectly attributable to AB-induced release of other proinflam-
matory molecules. These responses involved a limited number of
cells, and increased mRNA expression returned to basal levels
within 3 d after AB injection. The restoration to basal levels
suggests that in the normal animal, autoregulatory mechanisms
are invoked to reduce ongoing inflammation.

In contrast to control animals, cortical inflammatory responses
in DSP4-treated animals occurred sooner, were more robust, and
were of prolonged duration. Our data show that after AB injec-
tion, the IL-18 mRNA was transiently expressed, with maximal
levels observed after 1 d and much reduced levels observed at
days 3 and 7 (Fig. 2). Immunocytochemical staining (Fig. 4) done
at day 1 revealed IL-1B8 expression primarily in microglia,
whereas at day 7 we observed strong astroglial staining in areas
near the site of AB injection. Because there are much lower levels
of IL-18 mRNA at day 7 compared with day 1 or day 3, robust
astroglial expression at day 7 might be caused by IL-183 protein
that was translated from mRNA present at earlier times. These
data also suggest that astrogliosis alone is not sufficient to induce
IL-1B expression, because astroglial IL-13 was not detected at
day 1 despite greatly increased GFAP levels (Fig. 6), and because
we detected GFAP-positive, IL-1B-negative cells more distal to
the injection site (Fig. 4J,K). The absence of astroglial staining at
day 7 using other antibodies (COX-2 or nonspecific IgG; data not
shown) also suggests that nonspecific antibody binding to acti-
vated astrocytes does not account for the observed IL-1p stain-
ing. Although microglia have been described as the prominent
IL-1B-producing cell type in the brain (Sheng et al., 2001), there
is increasing evidence that astrocytes can produce IL-18 both in
vitro (Hu and Van Eldik, 1999; Akama and Van Eldik, 2000) and
in vivo (Lee et al., 2000; Mehlhorn et al., 2000; Apelt and Schliebs,
2001). In one study using Tg2576 transgenic mice, which overex-
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press the Swedish amyloid precursor protein double mutation,
IL-1B was detected in astrocytes near both fibrillary and diffuse
amyloid plaques, whereas microglial IL-13 was detected only
around the fibrillary plaques (Apelt and Schliebs, 2001). In con-
trast, in other studies with these mice, only microglial IL-13 was
detected (Benzing et al., 1999; Sigurdsson et al., 2001).

DSP4 treatment caused an increase in AB-dependent iNOS
expression that was detected at both the mRNA and protein
levels. The expression of iNOS in control animals was observed
primarily in activated perivascular and parenchymal microglial
cells, whereas in DSP4-treated animals, iNOS was detected pri-
marily in neurons. This is in contrast to the effects of DSP4 on
IL-1pB expression, where the expressing cells remained the same
although the overall expression increased. This suggests that
DSP4 treatment does not lower the threshold or increase the
capacity of microglial cells to express iNOS but instead lowers the
threshold and/or increases the levels of stimulatory factors
needed to induce neuronal expression. Although iNOS expres-
sion in neurodegenerative disease has been described previously
(Licinio et al., 1999), it is only in AD that neuronal rather than
glial or endothelial expression has been observed (Vodovotz et
al., 1996; Lee et al., 1999). Treatment of animals with DSP4 may
therefore provide a model to further examine the regulation and
consequences of neuronal iNOS in AD.

The inability of AB to induce neuronal iNOS under normal
conditions could reflect a basal refractory state of these neurons
that is imparted to them by the normal NE levels. Findings that
intraparenchymal injection of lipopolysaccharide and cytokines
into the cerebellum induces iNOS expression in cerebellar gran-
ule neurons (Heneka et al., 1999a), whereas similar injections into
the cortex or striatum induce only glial iNOS (Heneka et al.,
1999b), are consistent with the idea that cortical neurons are
intrinsically resistant to inflammatory activation. Diminished NE
protection could therefore decrease the threshold necessary for
neuronal inflammatory gene transcription in response to A and
cytokines. Alternatively, it is also possible that neuronal iNOS
expression is attributable to the greater and prolonged microglial
(and eventual astroglial) IL-18 expression that occurs in the
DSP4-treated animals. Finally, DSP4 treatment may facilitate the
expression and accumulation of additional cytokines, which may
be required for neuronal iNOS expression.

It has been suggested that LC dysfunction occurs early in AD
and precedes a retrograde degenerative process that results in a
gradual loss of cortical-projecting LC neurons (German et al.,
1992). This dysfunction and a subsequent decrease of NE in
cortical projection areas may promote proinflammatory events
evoked by AB deposition and plaque formation, thereby initiating
or contributing to the above retrograde LC degeneration. We
therefore hypothesize that neuronal LC loss and neuropatholog-
ical and inflammatory changes are members of a vicious self-
maintaining and self-stimulating cycle. Future studies will further
characterize this cycle and evaluate at which point and by what
treatment a beneficial interruption of this cycle can be achieved.
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