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Neurobiology of Disease

Minocycline Reduces Microglial Activation and Improves
Behavioral Deficits in a Transgenic Model of Cerebral
Microvascular Amyloid

Rong Fan,' Feng Xu,! Mary Lou Previti,' Judianne Davis,' Alicia M. Grande,? John K. Robinson,? and
William E. Van Nostrand!
Departments of 'Medicine and 2Psychology, Stony Brook University, Stony Brook, New York 11794

Cerebral microvascular amyloid 3 protein (A$3) deposition and associated neuroinflammation is increasingly recognized as an impor-
tant component leading to cognitive impairment in Alzheimer’s disease and related cerebral amyloid angiopathy disorders. Transgenic
mice expressing the vasculotropic Dutch/Iowa (E693Q/D694N) mutant human Af3 precursor protein in brain (Tg-SwDI) accumulate
abundant cerebral microvascular fibrillar amyloid deposits and exhibit robust neuroinflammation. In the present study, we investigated
the effect of the anti-inflammatory drug minocycline on A 5 accumulation, neuroinflammation, and behavioral deficits in Tg-SwDI mice.
Twelve-month-old mice were treated with saline or minocycline by intraperitoneal injection every other day for a total of 4 weeks. During
the final week of treatment, the mice were tested for impaired learning and memory. Brains were then harvested for biochemical and
immunohistochemical analysis. Minocycline treatment did not alter the cerebral deposition of A or the restriction of fibrillar amyloid
to the cerebral microvasculature. Similarly, minocycline-treated Tg-SwDI mice exhibited no change in the levels of total AS, the ratios of
A[340 and AB42, or the amounts of soluble, insoluble, or oligomeric AB compared with the saline-treated control Tg-SwDI mice. In
contrast, the numbers of activated microglia and levels of interleukin-6 were significantly reduced in minocycline-treated Tg-SwDI mice
compared with saline-treated Tg-SwDI mice. In addition, there was a significant improvement in behavioral performance of the
minocycline-treated Tg-SwDI mice. These finding suggest that anti-inflammatory treatment targeted for cerebral microvascular

amyloid-induced microglial activation can improve cognitive deficits without altering the accumulation and distribution of AS.
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Introduction

Characteristic features of Alzheimer’s disease (AD) include cog-
nitive decline, amyloid B-peptide (AB) deposition, formation of
neurofibrillary tangles, and increase of inflammatory cells and
molecules (Selkoe, 2001; Walsh and Selkoe, 2004). AB peptides
are proteolytic cleavage products of the AB precursor protein
(ABPP) sequentially processed by - and 7y-secretases (Selkoe,
2001). Deposition of AB in AD brain occurs in either diffuse or
fibrillar forms. In addition to parenchymal plaques, fibrillar AB
deposition in the cerebral vasculature, a condition known as ce-
rebral amyloid angiopathy (CAA), is commonly found in AD
(Jellinger, 2002; Rensink et al., 2003; Zhang-Nunes et al., 2006).
Mutations in the AB sequence that result in familial forms of
CAA, including Dutch type (E22Q) and Iowa type (D23N), cause
early-onset and severe cerebral vascular amyloid deposition
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(Levy etal., 1990; Van Broeckhoven et al., 1990; Grabowski et al.,
2001).

Activated microglia and reactive astrocytes, often associated
with extracellular A deposits, contribute not only to the produc-
tion of cytokines, chemokines, reactive oxygen species, and neu-
rotoxic substances, but also to neurotrophic factors (Combs et
al., 2001; Mrak and Griffin, 2001; Streit, 2004). The relationship
between this cell activation and the cognitive dysfunction in AB-
depositing diseases is not well understood, partially because of
the complex responses generated by activated inflammatory cells.
Recent studies have implicated cerebral microvascular AB depo-
sition in promoting neuroinflammation and dementia in AD and
related familial CAA disorders (Vinters, 2001; Thal et al., 2003;
Atterns and Jellinger, 2004; Bailey et al., 2004; Eng et al., 2004;
Greenberg et al., 2004). Cerebral microvascular amyloid, espe-
cially in familial CAA disorders, is associated with a strong local-
ized neuroinflammatory reaction (Eng et al., 2004; Maat-
Schieman et al., 2004; Zhang-Nunes et al., 2006).

Recently, we generated transgenic mice (Tg-SwDI) that ex-
press human Swedish/Dutch/Iowa mutant ABPP in brain. The
resulting Dutch/Iowa mutant A peptides exhibit highly vascu-
lotropic properties and low efficiency for transporting across the
blood—brain barrier, resulting in early-onset and robust accumu-
lation of A in brain, particularly in the cerebral microvascula-
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ture (Davis et al., 2004, 2006; Deane et al., 2004; Miao et al.,
2005a). In this Tg-SwDI mouse model, we also demonstrated a
marked increase of activated microglia and reactive astrocytes in
association with the cerebral microvascular amyloid and elevated
levels of the inflammatory cytokines interleukin (IL)-18 and IL-6
(Miao et al., 2005a).

Minocycline, a tetracycline derivative with anti-inflammatory
properties that crosses the blood—brain barrier, has been shown
to suppress the activation of cultured human and mouse micro-
glia stimulated with A (Familian et al., 2006; Seabrook et al.,
2006). In animal models of neurological diseases such as Parkin-
son’s disease (Quintero et al., 2006), Huntington’s disease (Pat-
tison et al., 2006), amyotrophic lateral sclerosis (Zhu et al., 2002),
and Down’s syndrome (Hunter et al., 2004), minocycline treat-
ment has been reported to ameliorate symptoms, delay disease
progression, prevent cell death, and improve behavioral deficits,
all of which closely correlated with its ability to inhibit chronic
neuroinflammation associated with these diseases.

In the present study, we investigated the effects of minocycline
on A accumulation, inflammatory cell activation, and cognitive
performance in Tg-SwDI mice. Minocycline treatment had no
effect on cerebral AB accumulation, microvascular amyloid load,
or soluble oligomeric A levels. Although reactive astrocyte levels
were unaffected, there was a significant reduction in the numbers
of activated microglial cells in the minocycline-treated Tg-SwDI
mice. Moreover, minocycline treatment reduced the levels of
proinflammatory IL-6 in Tg-SwDI mice. Last, treatment with
minocycline significantly improved the performance of Tg-SwDI
mice in spatial learning memory. Together, these findings suggest
that cerebral microvascular amyloid-induced activation of mi-
croglia is involved in cognitive impairment in Tg-SwDI mice.

Materials and Methods

Animals and treatments. All work with mice followed National Institutes
of Health guidelines and was approved by the Stony Brook University
Institutional Animal Care and Use Committee. Generation of Tg-SwDI
mice on a pure C57BL/6 background was described recently (Davis et al.,
2004). These mice express low levels of human Swedish/Dutch/Iowa
mutant ABPP in neurons under control of the mouse Thyl.2 promoter.
Homozygous line B Tg-SwDI and nontransgenic C57BL/6 mice at 12
months of age were used in the present study.

Minocycline (Sigma-Aldrich, St. Louis, MO) was prepared as a 5
mg/ml stock solution in saline, pH 7.4, aliquoted, and stored frozen at
—80°C. Tg-SwDI mice as well as C57BL/6 mice (1 = 9 for each group)
were 12 months of age at the beginning of the experiment. Each mouse
received intraperitoneal injection of minocycline solution at a dose of 10
ml/kg of body weight (i.e., 50 mg/kg) every other day for the period of
28 d. Another group of Tg-SwDI mice (n = 9) received 10 ml/kg saline
injection according to the same schedule. Animal body weights were
measured at the beginning of the experiment and every week thereafter.
During the last week of injection, all three groups of animals were sub-
jected to behavioral testing as described below.

Tissue preparation. Mice were killed 24 h after the last injection. After
cold-PBS perfusion, brains were removed and dissected through the
midsagittal plane. One hemisphere was either immersion fixed with 70%
ethanol overnight and subjected to increasing sequential dehydration in
ethanol, followed by xylene treatment and embedding in paraffin, or
fixed with 4% paraformaldehyde overnight at 4°C and subjected to in-
creasing concentrations (10, 20, or 30%) of sucrose in PBS and then
embedded in OCT (optimal cutting temperature) compound (Sakura
Finetek, Torrance, CA) and snap frozen in dry ice. Sagittal sections were
cut at 10 wm thickness using a Leica RM2135 microtome (Leica Micro-
systems, Bannockburn, IL), placed in a flotation water bath at 40°C, and
then mounted on Colorfrost/Plus slides (Fisher Scientific, Houston, TX).
Alternatively, coronal sections were cut at 20 wm thickness from frozen
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brains using a Leica CM 1900 cryostat (Leica Microsystems) and stored in
PBS with 0.02% sodium azide at 4°C.

Immunohistochemical analysis. Inmunostainings were performed on
deparaffinized sections or free-floating sections. Antigen retrieval was
performed by treatment with proteinase K (0.2 mg/ml) for 5 min at room
temperature for A and collagen type IV immunostaining, with 1:100
antigen-unmasking solution (Vector Laboratories, Burlingame, CA) for
30 min at 90°C in a water bath for activated microglia immunostaining
with 5D4 antibody, or with 10 mM sodium citrate, pH 6.0, for 30 min at
90°C for major histocompatibility complex class I (MHCII) microglial
staining. Nonspecific binding was blocked by incubating in PBS contain-
ing 0.1% Triton X-100 and 2% bovine serum albumin (Sigma-Aldrich)
for 20 min at room temperature. Primary antibodies were incubated with
the brain sections overnight at 4°C and detected with horseradish
peroxidase-conjugated or alkaline phosphatase-conjugated secondary
antibodies. Alternatively, peroxidase-conjugated streptavidin in con-
junction with biotinylated secondary antibody was used for detecting
microglia. Peroxidase activity was visualized either with a stable diami-
nobenzidine solution (Invitrogen, Carlsbad, CA) or with the fast red
substrate system (Spring Bioscience, Fremont, CA), respectively, as sub-
strate. Thioflavin-S staining for fibrillar amyloid was performed as de-
scribed previously (Dickson et al., 1990). The following antibodies were
used for immunostaining: monoclonal antibody (mAb) 66.1 (1:250),
which recognizes residues 1-5 of human A (Deane et al., 2003); rabbit
polyclonal antibody to collagen type IV (1:100; Research Diagnostics,,
Flanders, NJ); monoclonal antibody to glial fibrillary acidic protein
(GFAP) for identification of astrocytes (1:1000; Millipore, Billerica, MA);
monoclonal antibody 5D4 to keratan sulfate (1:300; Seikagaku, Tokyo,
Japan) and monoclonal antibody to MHC class II (1:200; BD Biosciences
PharMingen, San Jose, CA) for identification of activated microglia; and
biotinylated goat anti-mouse IgG (1:200) and ABC kit (Vector Labora-
tories) according to the manufacturer’s recommendations.

Quantitative analysis of reactive astrocytes and activated microglia den-
sities. Total numbers of reactive astrocytes and activated microglia in the
frontotemporal cortex, CA1 and CA2 fields of the hippocampus, thala-
mus, and subiculum regions were estimated using the Stereologer soft-
ware system (Systems Planning and Analysis, Alexandria, VA) as de-
scribed previously (Long et al., 1998; Miao et al., 2005a,b). Briefly, every
10th section was selected and generated 10—15 sections per reference
space in a systematic-random manner. Immunopositive cells were
counted using the optical fractionator method with the dissector principle
and unbiased counting rules. Criteria for counting cells required that cells
exhibited positive immunostaining (GFAP for astrocytes and mAb to I-A/
I-E MHC class II alloantigens or mAb 5D4 to keratan sulfate for activated
microglia) and morphological features consistent with each cell type.

Immunochemical analysis of AP peptides. Soluble pools of AB40 and
AB42 were determined by performing ELISA analysis of carbonate-
extracted mouse forebrain tissue, and subsequently the insoluble AB340
and AB42 levels were determined by ELISA of guanidine lysates of the
insoluble pellets resulting from the carbonate-extracted brain tissue
(Johnson-Wood et al., 1997; DeMattos et al., 2002). The AB sandwich
ELISA consisted of the capture antibody mAb 21F12 and 2G3 for A342
and AB40, respectively, and the biotinylated reporter antibody 3D6. To-
tal AB40 and AB42 levels were determined by combining the soluble and
insoluble levels of each form.

Soluble AB oligomers were analyzed in TBS-soluble forebrain frac-
tions using dot blot analysis. Briefly, brain fractions were loaded to ni-
trocellulose membranes (Schleicher and Schuell BioScience, Hertogen-
Bosch, The Netherlands). Blots were washed for 15 min in PBS
containing 0.05% Tween 20 (PBST), preincubated with blocking solu-
tion (1% milk powder in PBST), washed three times with PBST, and
subsequently incubated with primary polyclonal anti-oligomer antibody
OCI11 and peroxidase-labeled secondary antibodies (GE Healthcare, Piscat-
away, NJ). Detection was performed by chemiluminescence according to the
description of the manufacturer (Bio-Rad, Hercules, CA) and quantitated
using Bio-Rad VersaDoc system and the Quantity One software.

Measurement of mouse brain IL-6 levels. Hemibrains isolated from per-
fused mice were homogenized in 10 volumes of 50 mm Tris-HCL, 150 mm
NaCl, pH 7.5, containing protease inhibitor mixture (SM Biotech, Hunting-
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Figure 1.
forebrain of 12-month-old Tg-SwDI mice treated with saline (4) or minocycline (B). Scale bars, 1 mm. C, D, Colocalization of
vascular collagen IV immunostaining (red) and thioflavin-S amyloid staining (green) in the thalamus of 12-month-old Tg-SwDI
mice treated with saline () or minocycline (D). Scale bars, 50 pem.

ton Station, NY) at 4°C. The samples were centrifuged at 14,000 X g for 50
min at 4°C. The supernatants were collected, and the protein concentrations
were determined using the BCA kit (Pierce Biotechnology, Rockford, IL).
The levels of IL-6 in the samples were determined using a mouse IL-6 im-
munoassay kit (Biosource International, Camarillo, CA).

Behavior evaluation. A modified Barnes maze apparatus (Barnes, 1979)
was used to assess ability to learn the location of an escape box over the course
of 5 d. The Barnes maze task was chosen because we have shown recently that
this test reliably detects differences in Tg-SwDI mice compared with wild-
type controls and that these deficits are likely the result of specific damage to
the memory- and motivation-related efferents of the hippocampus originat-
ing in the subiculum (Xu et al., 2007). The Barnes maze used is a circular
table with a diameter of 91 cm, with eight 5-cm-diameter holes located
equidistantly around the perimeter. Each hole is 35.5 cm from the center of
the table. The Barnes maze was positioned in the center of the test room and
71 cm from the ground. During a trial, the escape box, measuring 11 X 7.5 X
7.5 cm, was placed under the escape hole. The escape hole was in a different
position for each mouse but constant for each mouse over the 5 training
days. Each mouse was tested twice per day for 5 d, with a 15 min intertrial
interval separating each trial. The trial began when the mouse was released
from a start box, measuring 16.5 X 9 X 5 cm, attached to a 1 m pole. Each
trial lasted up to 2 min or until the mouse entered the escape box. Mice that
did not find the escape hole within 2 min were guided by the experimenter to
the correct hole. Once the mouse entered the escape box, it was allowed to
remain in the box for 1 min.

Statistical analysis. Histological and biochemical data were analyzed by
Student’s ¢ test at the 0.05 significance level. The data from the Barnes
maze behavioral testing were analyzed by repeated-measures ANOVA.
The performance of each subject for each testing day was the average
latency of the two trials.

Results

Minocycline treatment does not affect Af3 accumulation in
Tg-SwDI mice

Previously, we showed that Tg-SwDI mice selectively accumulate
fibrillar amyloid in the cerebral microvasculature and that this

Tg-SwDI + minocycline

Minocycline treatment does not alter the spatial accumulation of A3 in Tg-SwDI mice. A, B, A3 accumulation in the
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was associated with a stronglocalized neu-
roinflammatory reaction with robust mi-
croglial activation (Davis et al., 2004, Miao
et al., 2005a). Therefore, we investigated
j whether minocycline, a tetracycline deriv-
ative with anti-inflammatory properties,
was effective in suppressing cerebral mi-
crovascular amyloid-induced neuroin-
flammation in this model. Twelve-
month-old mice were administered
minocycline or saline via intraperitoneal
injection every other day for a period of 4
weeks. After this time, the mice were
killed, and the brains were harvested for
analysis. The pattern of cerebral AB accu-
mulation did not differ between the
saline- and minocycline-treated Tg-SwDI
mice, with both groups showing the char-
acteristic diffuse parenchymal deposits
and fibrillar amyloid being restricted to
the cerebral microvasculature (Fig. 1). We
next determined whether minocycline
treatment affected the amount of cerebral
accumulation of different forms of AfB
peptides in Tg-SwDI mice. Quantitative
ELISA analysis revealed that there was es-
sentially no difference in the amounts of
total A between saline- and minocycline-
treated Tg-SwDI mice (29,321 vs 29,295
pg of AB/mg of total brain protein, respec-
tively). Furthermore, the ratios of total AB40 and AB42 or the
amounts of soluble and insoluble AB between saline- and
minocycline-treated Tg-SwDI mice did not differ (Fig. 2A, B, re-
spectively). Although minocycline did not appear to affect the
soluble pools of AB in Tg-SwDI mice, we further determined
whether there was an effect on the levels of soluble A3 oligomers.
To do this, we performed quantitative dot blot analysis using a
polyclonal antibody designated OC11 that is specific for oligomer
forms of AB. Figure 3A confirms that the OC11 antibody specif-
ically recognizes soluble oligomeric, but not monomeric, forms
of Dutch/Iowa mutant A peptide. Quantitative dot blot analysis
using the oligomer-specific antibody showed that there was no
difference in the amounts of soluble A oligomers in saline- and
minocycline-treated Tg-SwDI mice (Fig. 3B). The relative levels
of AB oligomers were 1.0 = 0.2 versus 1.1 = 0.1 (mean = SD; n =
5) in saline- and minocycline-treated Tg-SwDI mice, respec-
tively. Similarly, using a sandwich ELISA composed of mAb 3D6
to capture A3 and biotinylated mAb 3D6 to detect any size of
oligomeric AB species as described by DeMattos et al. (2002)
failed to show any significant difference in the amounts of soluble
A oligomers between the two groups of Tg-SwDI mice (data not
shown).

Minocycline reduces microglial, but not astrocyte, activation
and lowers IL-6 levels in Tg-SwDI

We reported previously that markedly elevated numbers of reac-
tive astrocytes and activated microglial cells were present in Tg-
SwDI mice, especially in the subiculum and thalamus, regions
that have extensive fibrillar cerebral microvascular AB deposition
(Miao et al., 2005a;b). After 4 weeks of treatment, we compared
the numbers of GFAP-immunopositive astrocytes in saline- and
minocycline-treated Tg-SwDI mice as well as minocycline-
treated C57BL/6 mice. Both groups of Tg-SwDI mice showed
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Figure2. Minocycline treatment does not affect the levels of A3 peptides in Tg-SwDI mouse
forebrain. A, ELISA measurements of total A340 (gray bars) and A342 (black bars) in mouse
forebrain tissue. B, ELISA measurements of soluble (Sol) A3 (gray bars) and insoluble (Insol) A3
(black bars) in mouse forebrain tissue. ELISA data shown are mean == SD (n = 9 per group).
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Figure 3.  Minocycline treatment does not alter the levels of soluble AB oligomers in Tg-

SwDImouse forebrain. 4, Immunoblot analysis of monomericand oligomeric Dutch/lowa A 340
using the anti-A3 monoclonal antibody 6E10 (first lane) and anti-oligomeric A3 polyclonal
antibody 0C11 (second lane). B, Representative dot blot analysis of A oligomers in soluble
mouse forebrain extracts using polyclonal antibody 0C11.

large increases in the numbers of astrocytes compared with the
C57BL/6 mice (Fig. 4). However, there was no effect of minocy-
cline on the increased number of reactive astrocytes in all of the
regions measured in Tg-SwDI mice (Fig. 4D). However, com-
pared with saline-treated animals, the numbers of MHCII-
immunopositive activated microglia in the minocycline-treated
Tg-SwDI mice were significantly reduced, particularly in the hip-
pocampus, subiculum, and thalamus, the regions with high
amounts of cerebral microvascular amyloid (Fig. 5). Wild-type
mice exhibited no activated microglia (Fig. 5C). Furthermore,
when immunostaining for activated microglia using another sur-
face marker mADb 5D4, the intensity of staining was demonstrably
lower in the minocycline-treated Tg-SwDI mice, further suggest-
ing an altered activation state (Fig. 5F).

We showed previously that IL-6 levels are increased in Tg-
SwDI mice exhibiting cerebral microvascular amyloid and mi-
croglial activation (Miao et al., 2005b). Here, we show that there
was a significant decrease in IL-6 levels in Tg-SwDI mice treated
with minocycline compared with saline-treated animals (Fig. 6).
Together, these results indicate that minocycline can selectively
reduce the numbers and state of activated microglia in response
to cerebral microvascular amyloid and lower the levels of proin-
flammatory IL-6 in Tg-SwDI mice.

Minocycline improves spatial learning memory performance
of Tg-SwDI mice

We used a modified version of the Barnes maze task (Barnes,
1979) to measure deficits in spatial learning memory in Tg-SwDI
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Figure 4. Minocycline treatment does not affect the numbers of reactive astrocytes in Tg-

SwDI mice. A-C, Microvascular-associated reactive astrocytes revealed by GFAP-positive im-
munostaining (brown) and collagen type IV (red). The thalamic regions of 12-month-old Tg-
SwDI mice treated with saline (4) or minocycline (B) or 12-month-old wild-type mice (C) are
shown. Scale bars, 50 wm. D, Quantitative stereological estimation of reactive astrocyte den-
sities in different brain regions of wild-type mice (white bars), saline-treated Tg-SwDI mice
(black bars), or minocycline-treated Tg-SwDI mice (gray bars). Brain regions measured include
frontotemporal cortex (Ctx), hippocampus (Hipp), thalamus (Thal), and subiculum (Sub). Data
shown are mean = SD (n = 5). n.s., Not significant. *p < 0.001.

mice. Figure 7 shows the results for latency to find the escape box
of the Barnes maze for 12-month-old animals, demonstrating
that saline-treated Tg-SwDI mice took significantly longer to find
the escape hole than the age-matched wild-type C57BL/6 mice.
However, after 4 weeks of minocycline treatment, the learning
memory performance was significantly improved in the Tg-SwDI
mice. These observations are supported by both a significant
main effect (F, 3y = 15.1; p < 0.0001) and trial X group inter-
action (Fg o,y = 2.7; p < 0.01) by repeated-measures ANOVA.
These results suggest that the selective reduction of microglial
activation by minocycline can reverse cerebral microvascular
amyloid-induced behavioral deficits in Tg-SwDI mice.

Discussion

In the present study, we demonstrate that treatment of Tg-SwDI
mice with the anti-inflammatory drug minocycline significantly
reduced the number of activated microglia in thalamus and sub-
iculum, areas that contained extensive cerebral microvascular A3
deposition. The reduction in microglial activation occurred in
the absence of any demonstrable change in the spatial deposition
of AB or the amounts of soluble or insoluble A3, including solu-
ble A oligomers. Furthermore, the reduction in microglial acti-
vation was accompanied by a significant improvement in learn-
ing memory performance by Tg-SwDI mice.

We showed previously that cerebral microvascular fibrillar
amyloid deposition can exclusively induce local neuroinflamma-
tion in Tg-SwDI mice in the absence of parenchymal plaque
fibrillar amyloid deposition (Miao et al., 2005a,b). Among those
inflammatory responses, reactive astrocytes and activated micro-
glia were found to be tightly associated with the cerebral micro-
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Figure 5. Minocydline treatment reduces microglial activation in Tg-SwDI mice. A-C,
Microvascular-associated activated microglia revealed by MHClI-positive immunostaining
(brown) and collagen type IV (red). The thalamic regions of 12-month-old Tg-SwDI mice treated
with saline (4) or minocycline (B) or 12-month-old wild-type mice (C) are shown. Scale bars, 50
m. D, Quantitative stereological estimation of activated microglial densities in different brain
regions of saline-treated Tg-SwDI mice (black bars) or minocycline-treated Tg-SwDI mice (gray
bars). Wild-type mice exhibited no activated microglia. Data shown are mean = SD (n = 5).
*p < 0.02; **p < 0.001; *p < 0.01. Brain regions measured include frontotemporal cortex
(Ctx), hippocampus (Hipp), thalamus (Thal), and subiculum (Sub). E, F, Activated microglia
revealed by 5D4-positive immunostaining in the thalamic region of 12-month-old Tg-SwDI
mice treated with saline (E) or minocycline (F). Scale bars, 50 pm.
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Figure6. Minocycline reduces elevated levels of IL-6in Tg-SwDI mice. The levels of IL-6 were
measured in soluble forebrain extracts of 12-month-old wild-type and Tg-SwDI mice treated
with saline or minocycline by ELISA analysis. Data shown are mean == SD (n = 5). *p << 0.005;
**p < 0.01.
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Figure7. Minocycline treatmentimproves spatial learning memory deficits in Tg-SwDI mice
as assessed by performance in the Barnes maze task. Twelve-month-old wild-type mice
(squares), saline-treated Tg-SwDI mice (open circles), or minocycline-treated Tg-SwDI mice
(closed circles) were measured for their latencies to find the escape bhox over the course of
acquisition. Data shown are mean == SEM (n = 9 mice per group).

vascular amyloid deposition. As shown in Tg-SwDI mice, the
numbers of these neuroinflammatory cells were highest in the
regions with the most extensive cerebral microvascular amyloid
(i.e., thalamus and subiculum) and increased in conjunction with
the increase in cerebral microvascular AB load in all brain re-
gions. The strong association of reactive astrocytes and activated
microglia with cerebral microvascular amyloid in Tg-SwDI mice
is highly consistent with the cerebral vascular localization of these
neuroinflammatory cells in patients with the Dutch- or Iowa-
type familial CAA disorders (Grabowski et al., 2001; Maat-
Schieman et al., 2004; Zhang-Nunes et al., 2006). In these disor-
ders, as in the Tg-SwDI mice, the induction of a
neuroinflammatory reaction appears to mostly correlate with
amyloid extending from the vessel wall into the surrounding pa-
renchymal tissues.

Inhibition of chronic neuroinflammation, particularly of mi-
croglial activation, has been suggested to be a practical strategy in
the treatment of neurodegenerative diseases (Kriz et al., 2002;
Zhu et al., 2002; Hirsch et al., 2003). We show here that at 12
months of age, treatment with the anti-inflammatory agent mi-
nocycline, which did not affect cerebral A levels or deposition,
yet significantly reduced microglial activation and lowered
proinflammatory cytokine levels, was able to substantially im-
prove behavioral performance of Tg-SwDI mice. These data fur-
ther support the hypothesis that microglial activation is involved
in promoting cognitive impairment in this transgenic mouse
model of cerebral microvascular amyloid. However, the behav-
ioral impairment in Tg-SwDI mice was not fully rescued by mi-
nocycline treatment. This may be a result of the incomplete inhi-
bition of microglial activation, because there was still activated
microglia well above the wild-type level. In addition, other factors
may contribute to the cognitive decline of Tg-SwDI mice at this
disease stage. In this regard, Seabrook et al. (2006) recently
showed that minocycline treatment reduced the secretion of IL-6,
IL-13, and tumor necrosis factor a from cultured microglia stim-
ulated by AB. Consistent with these in vitro findings, we found
that minocycline significantly lowered the brain levels of IL-6 in
Tg-SwDI mice (Fig. 6). In the future, it will be important to
completely define the mediators through which anti-
inflammatory treatments prevent/reverse learning memory im-
pairment, by investigating the expression of inflammatory factors
by activated microglia in Tg-SwDI mice in the presence or ab-
sence of anti-inflammatory drugs.

The present study suggests a significant role for neuroinflam-
mation, in particular microglial activation, in disrupting normal
cognitive function in cerebral vascular amyloid-depositing dis-
eases. Because CAA pathology is commonly found in AD, our
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findings may have additional implications in combined treat-
ment strategies for this neurodegenerative condition as well.
There has been significant interest in the use of anti-
inflammatory drugs for the treatment of AD and other AB-
depositing disorders. This interest derives from epidemiological
studies that implicate prolonged use of anti-inflammatory drugs
in reducing the risk of AD, delaying the age of onset, and slowing
the progression of disease and cognitive impairments (In’t Veld
et al., 2002; Etminan et al., 2003). Despite the potential for anti-
inflammatory drugs in the treatment of AD, they have not been
successful in slowing disease progression in clinical trials (Aisen,
2002). The lack of success may reflect intervention too late in the
pathogenesis of AD. However, recent studies have suggested that
treatments aimed at reducing CAA-induced inflammation in af-
flicted individuals have improved the dementia and the recur-
rence of cerebral hemorrhage associated with this particular pa-
thology (Hoshi et al., 2000; Eng et al., 2004; Harkness et al., 2004;
Oh et al,, 2004). However, the bases for these successes in using
anti-inflammatory treatment regarding CAA remain unclear.
The present results indicate that Tg-SwDI mice provide a unique
model to further investigate the role of neuroinflammation and
microglial activation associated with cerebral microvascular
amyloid leading to cognitive impairment.
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