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We used reverse transcriptase-polymerase chain reac-
tion and Western blotting techniques to measure the
levels of complement mRNAs and their protein prod-
ucts in Alzheimer’s disease (AD) brain compared with
non-AD brain. mRNAs for Clq, Clr, Cls, C2, C3, C4,
C5,C6,C7,C8, and C9 were detected in the 11 regions
of brain that were investigated. The mRNA levels were
markedly up-regulated in affected areas of AD brain.
In the entorhinal cortex, hippocampus, and midtem-
poral gyrus, which had dense accumulations of
plaques and tangles, C1q mRNA was increased 11- to
80-fold over control levels, and C9 mRNA 10- to 27-
fold. These levels were substantially higher than in
the livers of the same cases. Western blot analysis of
AD hippocampus established the presence of all of
the native complement proteins as well as their acti-
vation products C4d, C3d, and the membrane attack
complex. These data indicate that high levels of com-
plement are being produced in affected areas of AD
brain, that full activation of the classical complement
pathway is continuously taking place, and that this
activation may be contributing significantly to AD
pathology. (Am J Pathol 1999, 154:927-936)

The role of the complement system is usually considered
to be limited to boosting humoral immune responses.
Antibodies react with antigens and then bind C1qg, which
initiates the classical pathway. Liver is regarded as the
principal source of complement proteins and serum the
delivery vehicle. However, contemporary research is re-
vealing that this traditional view of the complement sys-
tem is far too restricted. Many cell types produce com-
plement proteins, and there are numerous molecules
other than antigen-bound antibodies that can bind C1q.
Thus, the system can be activated both locally and sys-
temically in a wide variety of noninfectious conditions.
C1q identifies the target, fragments from C2, C4, and C3
opsonize it, and the terminal components C5b to C9
assemble to form the membrane attack complex. This
lipophilic assembly inserts into cell membranes, destroy-
ing their integrity and causing cell lysis. The small frag-

ments C3a, C4a, and Cba, cleaved during the activation
process, stimulate inflammation. These processes of
stimulating inflammation, promoting phagocytosis, and
destroying cells are intended to be beneficial but can
easily cause damage to the host.

Studies of the pathology of Alzheimer’s disease (AD)
have done much to focus attention on the larger role of
the complement system in health and disease and par-
ticularly to highlight the role of endogenous brain cells,
including neurons, in inflammatory and immune re-
sponses. It has long been known that activated compo-
nents of the classical complement pathway are associ-
ated with AD lesions. ' Initially, it was believed that such
activation was secondary to a classical antigen-antibody
reaction in AD brain. However, failure to confirm the
presence of antibodies inspired the search for alternative
activators of complement. B-Amyloid protein (AB), the
donor peptide of AD amyloid deposits, was found to bind
C1q and activate complement in vitro.® Other molecules
associated with AD lesions which activate complement in
vitro are amyloid P, C-reactive protein, and Hageman
factor (reviewed in Ref. 5). Thus, the complement cas-
cade could be activated in vivo by one or more of these
molecules. The possibility that brain itself acts as the
source of complement proteins was also investigated, as
a serum source was unlikely due to the blood-brain bar-
rier. Astrocytes, microglia, and neuroblastoma cells were
all found to produce complement proteins in vitro.” " In
vivo immunohistochemical'®'® and in situ hybridization
analyses'*'® have indicated that neurons are the most
abundant source of brain complement proteins, at least
in the hippocampus and temporal cortex.

The plague and tangle lesions of AD are chronic, and
the association of complement proteins with them could
reflect a low level process of little pathological signifi-
cance, with most of the deposits reflecting events remote
in time. On the other hand, they could reflect an aggres-
sive level of activity which could be an important contrib-
utor to AD pathogenesis.

To assess the relative level of complement activity in
AD compared with control cases, we used the reverse
transcriptase-polymerase chain reaction (RT-PCR) tech-
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Table 1. Details of Cases

Postmortem

Case No. Age Sex delay (hr) Cause of death Tissue used

1 78 F 7.5 Alzheimer’s disease Brain

2 68 M 6 Alzheimer’s disease Brain, heart, liver, spleen, kidney
3 65 F 16 Alzheimer’s disease Brain, heart, liver, spleen, kidney
4 71 F 8 Alzheimer’s disease Brain, heart, liver, spleen, kidney
5 82 F 24 Ovarian cancer Brain, heart, liver, spleen, kidney
6 78 M 48 Cardiac failure Brain, liver, spleen, kidney

7 43 F 9 Diabetes, drug overdose Brain, heart, spleen, kidney

8 78 M 21 Cardiac failure Brain, liver, spleen, kidney

9 80 F 24 Lung cancer Brain, liver, heart, spleen, kidney
10 25 F 30 Leukemia Liver, spleen, kidney
1 80 F 41 Bronchiogenic cancer Heart, liver, spleen, kidney
12 71 M 120 Acute myocardial infarction Liver, spleen, kidney
13 60 M 22 Glioblastoma Liver, spleen, kidney
14 76 F 39 Parkinson’s disease Liver, spleen, kidney
15 53 F 120 Myocardial infarction Liver, spleen, kidney

nique to measure relative levels of the mRNAs for all of
the components of the classical complement pathway, ie,
C1q, C1r, C1s, C2, C3, C4, C5, Ce, C7, C8, and C9. We
assayed 11 regions of brain, as well as liver, heart, kidney
and spleen of many of these cases. All tissues studied
contained detectable levels of most of the complement
protein mRNAs. The levels in brain were strikingly ele-
vated in AD compared with controls, particularly in those
areas with heavy pathological involvement. However, lev-
els in the liver and other organs were not affected. West-
ern blot analyses showed that the complement mRNAs
were translated into their protein products, and that, in
AD brain, the classical complement pathway was
strongly activated, including assembly of the membrane
attack complex. These data provide evidence of the gen-
eration of complement mRNAs in AD brain, with continu-
ous activation of the classical complement pathway.
Such activity points to the probable role of complement
as a major force driving pathology in the disease.

Materials and Methods
Cases Studied

Fifteen autopsy cases were used in this study. Brain,
heart, liver, spleen, and kidney were investigated, but not
all organs were obtained from every case. Details are
given in Table 1. The brains from four cases of AD and
five without neurological disease were studied. In each
case of AD, the clinical diagnosis was confirmed by
routine pathological analysis for plaques and tangles. All
cases met standard criteria for moderate to severe AD.
No AD pathology was noted in the control brains. Periph-
eral organs only were obtained from an additional six
cases. The age range of the AD cases was 65 to 78 years
(70.5 = 2.8), with postmortem delays varying from 6 to 16
hours. The ages of the control brain cases ranged from
43 to 82 years (72.2 * 7.3), with postmortem delays from
9 to 48 hours. Postmortem delay was not considered to
be a contributing factor to the results since we have
previously established that there is almost no observable
degradation for the mRNAs of cyclophilin and the com-

plement proteins in tissue stored for periods of up to 6
days in the cold."®

RNA Extraction and Reverse Transcriptase-
Polymerase Chain Reaction

The techniques used for RNA extraction and preparation
of RT-PCR products have been described in detail
elsewhere.'® Briefly, total RNA was extracted from ap-
proximately 500 mg of each tissue sample by the acid
guanidinium thiocyanate-phenol-chloroform method. The
samples were treated with 10 U of RNase-free DNase
(Pharmacia) for 60 minutes at 37°C in 25 ul of 1X reverse
transcriptase buffer (50 mmol/L Tris-HCI, 75 mmol/L KCI,
3 mmol/L MgCl,) containing 40 U of RNase inhibitor
(Pharmacia) and 1 mmol/L dithiothreitol, followed by an
incubation at 85°C for 5 minutes to inactivate the enzyme.

Single-strand cDNA synthesis was performed on 5 ug
of total RNA extract. The reaction mixture contained the
RNA sample, 25 ul of 1X reverse transcriptase buffer
containing 1 wg of random hexamer primers (pDN®6,
Pharmacia), 1 mmol/L deoxynucleotides (GIBCO BRL), 5
mmol/L dithiothreitol, 40 U of RNase inhibitor (Pharmacia)
and 500 U of reverse transcriptase (Superscript TMII RT,
GIBCO BRL). Duplicate assays were carried out at 42°C
for 90 minutes, followed by heat inactivation at 65°C for
10 minutes.

The appropriate quantity of cDNA was covered with 50
wl of mineral oil and amplified in a 50-ul reaction buffer
containing 67 mmol/L Tris-HCI (pH 8.8), 16.6 mmol/L
ammonium sulfate, 10 mmol/L 2-mercaptoethanol, 200
mmol/L dNTPs, 2 mmol/L MgCl,, 40 pmol of each spe-
cific oligonucleotide primer, and 2.5 U of Tag DNA poly-
merase (GIBCO BRL). The thermal profile used on a
Fisher Scientific (Toronto, Canada) programmable ther-
mal controller consisted of a denaturation step of 94°C for
1 minute, an annealing step of 55°C for 30 seconds, and
an extension step of 72°C for 1 minute. The extension
step in the first cycle was for 3 minutes at 72°C. All
samples were initially denatured for a total of 5 minutes
(94°C).
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Position in GenBank Product Restriction Digestion

Gene sequence accession No. length (bp) enzyme fragments (bp)
C1qg (1 intron) 91-448 KO 3430 358 Ncol 46, 71, 241
Cir 1793-2008 M 14058 216 Haelll 90, 126
C1s (1 intron) 860-1223 JO 4080 364 Haelll 114, 250
C2 (2 introns) 1710-1924 XO 4481 215 Bgll 95, 120
C3 (2 introns) 509-694 KO 2765 186 Haelll 29, 31, 126
C4 (2 introns) 3228-3483 KO 2403 256 Haelll 78,178
C5 (3 introns) 1810-2124 M 57719 315 Alul 53, 114, 148
C6 (1 intron) 1652-1989 JO 5064 338 Alul 32, 306
C7 (1 intron) 455-702 JO 3507 248 Hincll 67, 181
C8 (1 intron) 76-333 M 17999 258 Alul 32, 226
C9 (1 intron) 128-307 KO 2766 180 Sau3Al 32, 148
Cyclophilin (3 introns) 15-220 YO 0052 206 Haelll 53, 153

For primer sequences see Ref. 16.

To determine appropriate parameters for amplification
of the cDNA products, the method of Nakayama et al'”
was followed. The method involves using graded
amounts of cDNA and varying cycles of amplification to
determine a range where the logarithm of reaction prod-
uct intensity is linear with the cycle number. In preliminary
experiments, we tested amounts of cDNA from 0.01 pg to
1 ng and cycle numbers from 20 to 40, using the stan-
dard conditions described above. We found that for cy-
clophilin the log of PCR product intensity was linearly
proportional to cycle number from 20 to 29 cycles, and,
for all complement genes, from 31 to 37 cycles. Plateaus
were reached after 29 and 37 cycles, respectively. The
product intensity was proportional to the cDNA concen-
tration from 0.1 pug to 1 ug. Accordingly, the standard
PCR procedure adopted was 0.5 ng of cDNA (1 ul) and
27 cycles of amplification for cyclophilin and 35 cycles for
the complement products.

Each PCR reaction product was electrophoresed
through a 6% polyacrylamide gel and the product visu-
alized by incubation for 10 minutes in a solution contain-
ing 10 ng/ml of ethidium bromide. Resulting gel bands
were imaged using a GDS 6700 image analyzer (Ultra
Violet Products, Uplands, CA). The relative intensities of
the bands, expressed as optical density units, were
quantitatively analyzed using NIH Image software 1.61.
Each complement mRNA analysis was made in parallel
with a cyclophilin mRNA analysis to provide an internal
standard. Cyclophilin has been widely used as a gene
product with constant expression in tissue including
brain.'® Polaroid photographs of the gels were taken.
Table 2 lists the GenBank accession number for the gene
sequences used and the positions chosen for primer
design. Except for C1r, they spanned 1 to 3 introns. The
primer sequences were as previously published.'®

Each PCR product was verified by restriction digest
analysis using the ethanol precipitation procedure. An
equal volume of phenol/chloroform was added to the
PCR mixture, the mixture was centrifuged for 2 minutes,
and the supernatant transferred to a fresh microfuge
tube. Two volumes of 100% ethanol and 0.1 volume of
sodium acetate (83 mol/L, pH 5.2) were added to this
supernatant and the mixture cooled for 15 minutes at

—80°C to precipitate the double stranded DNA. The pel-
let was rinsed twice with 1 ml of 70% ethanol, and the
nucleic acids were redissolved in 20 ul of distilled water.
The DNA solution (5 ul) was incubated with 10 times the
volume of restriction enzyme buffer and 10 U of the
desired restriction enzyme. The reaction was carried out
for 2 hours at 37°C, and the digested PCR products were
analyzed by electrophoresis on a 6% nondenaturing
polyacrylamide gel. Table 2 lists the restriction enzymes
used and the products anticipated from the known Gen-
Bank sequences. In every case, an initial PCR product of
the correct size was obtained, and restriction enzyme
products of the correct size were obtained (Table 2).

Western blots were performed on extracts of the solu-
ble fraction of homogenates of control and AD hippocam-
pus and compared with normal human serum and and
serum activated by aggregated IgG. Brain samples were
homogenized in 5X vol/protein extraction buffer (0.02
mol/L Tris-HCI, pH 7.5) containing the protease inhibitors
phenylmethylsulfonyl fluoride (1 wg/ml) and aprotinin (1
pg/ml), and 1 mmol/L EDTA. Homogenates were centri-
fuged at 18,000 X g at 4°C for 30 minutes. The protein
content of the supernatants was determined,’® and the
samples were diluted in SDS sample buffer (60 mmol/L
Tris, pH 6.8; 2.5% SDS, 5% B-mercaptoethanol) to a final
protein content of 1 ug/ml and were boiled for 3 minutes.
Samples containing 20 wg of protein were loaded onto
7.5% acrylamide minigels.

Normal human serum taken from a 44-year-old male
volunteer was diluted 1:20 in Veronal buffer. A 2-ml ali-
quot of the diluted serum was mixed with 50 ml of a
solution of 2 ug/ml heat-aggregated human IgG (Sigma).
The mixture was incubated at 37°C for 1 hour. Aliquots of
the normal and 1gG activated serum were then diluted in
2 volumes of SDS buffer and boiled for 3 minutes. Sam-
ples containing 20 ng of protein were loaded onto 7.5%
acrylamide minigels. Life Technologies high range
prestained standards were used as molecular weight
markers. After 45 minutes of electrophoresis (200 V), the
proteins were transferred onto nitrocellulose membranes
(Immobilon P, Millipore Corp, MA) at 7 V for 48 minutes
using a semidry blotter.
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Table 3. Antibodies, Sources, and Dilutions

Antibodies Host Source Dilution*
Primary
Ci1qg Goat Quidel 5k (50k)
Cir Goat ICN Biochemicals 2k
Cis Goat Quidel 2.5k
c2 Goat Quidel 2k
C3 Goat Calbiochem 10k
C4 Goat Chemicon 10k
C5 Goat Quidel 3k
Ccé Goat Calbiochem 2k
C7 Goat Quidel 3k
Cc8 Goat Calbiochem 5k
C9 Goat Quidel 5k
C3d Rabbit Quidel 5k
C4d Mouse Quidel 3k (10k)
C5b-9 Mouse DAKO 1k (1k)
sC5b-9 neo Rabbit Advanced Res. Tech 2k
Secondary

Anti-goat HRP-conjugated 1gG Sigma 5-10k
Anti-rabbit HRP-conjugated 1gG Sigma 5k
Anti-mouse HRP-conjugated IgG Sigma 5-6k
Anti-goat biotin-conjugated I1gG Vector (1k)
Anti-rabbit biotin-conjugated 1gG Vector (1k)
Anti-mouse biotin-conjugated IgG Vector (1k)

Detection kit used: Vectastain ABC HRP Elite from Vector (2k). HRP, horseradish peroxidase.
* Dilutions without parentheses are those used in Western blots. Dilutions in parentheses are those used in immunohistochemistry.

Due to the high molecular weight of the membrane
attack complex, modifications of the electrophoresis and
protein transfer steps were required. A 3% polyacryl-
amide gel was used, and separation was carried out for
2.5 hours at 100 V in a cold room with the apparatus
surrounded by ice. Transfer to membranes was then
carried out at 100 V for 5 hours in the cold.

Membranes were blocked in 5% skim milk for 2 hours.
The immunoblots were next treated for 2 hours at room
temperature with a primary anti-complement antibody,
followed by treatment for 1 hour with an appropriate
secondary antibody labeled with horseradish peroxi-
dase. The primary and secondary antibodies are listed in
Table 3. Immunoreactivity was visualized by incubation
with Supersignal CL-HRP chemiluminescent substrate
(Pierce Chemical Co., Rockford, IL). After draining, the
membranes were covered in clear plastic wrapping and
exposed to x-ray film (Hyper Film ECL, Amersham Life
Sciences) for 0.3 to 2 minutes, depending on the strength
of the signal.

Immunohistochemistry

Immunohistochemistry was performed as previously re-
ported.® Briefly, 30-um sections were cut on a freezing
microtome. Free-floating sections were first treated for 30
minutes with 0.3% H,O, solution in 0.01 mol/L phos-
phate-buffered saline, pH 7.4, containing 0.3% Triton
X-100 to reduce endogenous peroxidase activity. They
were then incubated overnight at 4°C with one of the
primary antibodies shown in Table 3. The sections were
washed and treated with appropriate biotinylated sec-
ondary antibodies (Table 3) for 2 hours at room temper-
ature, followed by incubation in avidin-biotinylated horse-

radish peroxidase complex (ABC Elite, Vector) for 1 hour
at room temperature. Peroxidase labeling was visualized
by incubation of the sections in 0.01% 3,3’-diaminoben-
zidine (Sigma) containing 0.6% nickel ammonium sulfate
and 0.00015% H,0, in 0.05 mol/L Tris-HCI buffer, pH 7.6.
When a dark purple color developed, sections were
washed, mounted on glass slides, and coverslipped with
Entellan. Controls were performed by omitting the pri-
mary antibody.

Statistical Analysis

Data are expressed as means * SE. The data were
analyzed by analysis of variance, followed by Student
t-tests, for the significance of the difference between AD
and control across all complement mRNAs and regions,
and for the individual complement mRNA by region. Cor-
relation analyses were used to determine whether there
was any significant relationship between the level of each
brain mRNA studied and postmortem delay in either the
control or AD group. The Holm multiple comparison
method?® was applied to each set of analyses. Signifi-
cance was accepted at P < 0.05. Data were analyzed as
directly obtained and also as values normalized to the
cyclophilin internal standard in the same sample. Cyclo-
philin levels typically fell within a range of 1% (Tables 2
and 4), so the normalization adjustment was minor and
did not affect the statistical differences found.

Results

RT-PCR products were detected in every AD case and in
each of the brain areas studied. Figure 1 is an example of



Table 4. Complement mRNAs in Various Tissues

Complement Up-Regulation in AD Brain

931

AJP March 1999, Vol. 154, No. 3

Hippocampus Liver Spleen Kidney Heart AD Hipp/
mRNA AD Control AD Control AD Control AD Control AD Control AD Liver
C1q 795*90 345x15 181x16 1569*x32 29=*x24 1806 46x35 21x09 11211 0.7 £0.7 4.39
Cir 597 +63 129+36 282=*x27 308+07 187*63 186=*x18 21.1+x20 153*x22 11.0*x40 84=*=32 2.11
Cis 580*31 193x53 375*x53 46.0x31 192=*x51 235=*x17 220x07 193=*x14 112=x45 092=*48 1.55
c2 37.7+41 241*x17 103+*64 163*x23 176+x25 178*+20 206=*48 155+*16 103=*=6.1 8.1+42 3.74
C3 14114 73119 729=x81 746*+41 580*x48 56.1+37 534*x76 533+x23 348*63 291=*57 1.93
C4 1413 749*14 725+58 766=*+15 521+52 536*+30 526=*78 503+x28 254=*55 303=x70 1.94
C5 36777 202=*01 172x28 160=*x25 132x36 127x11 111x£38 144+x23 84=*x50 51=x19 2.13
C6 289+ 16 1565+x24 249+55 173x18 72*+x16 79=*x15 63=x11 34+10 1717 08=*=07 1.16
Cc7 398*+36 63*x41 273*x14 357*x34 150x38 134=*=25 147*39 145=*=21 41+08 47*06 1.46
C8 426+29 153*x80 287+82 410*x39 36=x21 1507 33x17 1809 65*65 0x0 1.48
C9 56.4+80 255*+08 232+76 276*x24 39x28 13x07 32x17 26*x08 36*x26 05*x05 2.43
Cyc/100 854 *+11 855*18 946+09 948=*+08 10709 108=*1 945+05 938+08 943*+17 941=*16 0.90
N 4 5 3 10 3 11 3 iRl 3 4

Data are means = S.E., with N for each tissue indicated in the bottom line. In no case was there a significant difference by ANOVA
between the AD and control data except in the hippocampus as indicated in Figure 2.

an ethidium bromide-stained gel showing the individual
products for each of the complement mRNAs. Single
products were obtained of the predicted size. The cDNA
of each product was purified and subjected to selective
endonuclease digestion. In each case, the predicted
number of products of the expected size was obtained.
Details are shown in Table 2.

The quantitative levels of the RT-PCR products varied
according to the area of brain investigated, the individual
complement mRNA, and the type of case. This was in
contrast to the housekeeping gene cyclophilin, which
was almost constant from case to case and area to area
of any given brain. The overall value for all brain areas in
AD cases was 8509 + 27 (N = 44) which was not
significantly different from the value of 8405 = 142 (N =
55) for all brain areas of normal cases. There was no
significant correlation with postmortem delay. There was
also no significant correlation with postmortem delay of
any of the complement mRNAs in normal or AD brain
tissue.

Figure 2 shows bar graphs in which average normal-
ized complement mRNA levels of AD and control cases
are compared for each of the 11 areas of brain studied.
Notice in all of the bar graphs how closely comparable
the cyclophilin values were for normal and AD cases. As
can be seen from the graphs, C3 and C4 mRNAs were
the most highly expressed of all of the complement mR-

MClqClrC1sC2C3C4C5 C6 C7C8 C9

Figure 1. Representative Polaroid photograph showing an ethidium bromide
stained gel of RT-PCR products of Clq, Clr, Cls, C2, C3, C4, C5, C6, C7, C8,
and C9 mRNAs. The cDNA had been obtained from a total RNA extract of AD
hippocampus. Electrophoretic separation was performed on a 6% polyacryl-
amide gel. Size markers are in lane M, with sizes shown in base pairs. See
under Methods for details.

NAs in all areas of brain in both AD and normal cases. In
control brain, C1g and C9 mRNAs were expressed at the
lowest levels, with the other complement mRNAs lying in
between. The expression of all complement mRNAs
varied little from area to area in control brains although
C8 mRNA was not detected in the occipital and motor
cortices.

In AD brains, the situation was quite different. C1q and
C9 mRNAs were sharply up-regulated, and this up-reg-
ulation was greatest in areas of high pathology such as
the entorhinal cortex, hippocampus, and midtemporal
gyrus. For example, C1g mRNA increased in the midtem-
poral gyrus from an average level of 0.93 OD units in
controls to 74.9 in AD. The comparable increase in the
hippocampus was from 3.45 to 79.5, and in the entorhinal
cortex from 6.5 to 73.5. C9 mRNA increased in the mid-
temporal gyrus from an average level of 1.99 OD units in
controls to 55.1 in AD, in the hippocampus from 2.55 to
56.4, and in the entorhinal cortex from 4.07 to 52.1 (see
bar graphs in Figure 2). In the cerebellum, which is only
mildly affected in AD, C1g mRNA increased from 1.39 in
controls to only 3.30 in AD cases. C9 mRNA increased
from 0.65 in controls to 6.98 in AD (see graphs in Figure
2). Other complement mRNAs followed the same general
pattern of up-regulation in AD, although the up-regulation
was not as great as that observed for C1g and C9
MRNAs. The least up-regulation was for C3 and C4
MRNAs, which were expressed at the highest levels. The
other areas of brain, which were intermediate in their
pathological involvement, were also intermediate in their
MRNA up-regulation.

Complement mRNAs were also measured in the liver,
heart, spleen, and kidney of AD and control cases. The
results are shown in Table 4. Inspection of this table
shows that the mRNA levels in these peripheral areas
were highly comparable between AD and control cases,
with no statistically significant differences between them
being detected. It is noteworthy, however, that the com-
plement mMRNA levels in affected areas of AD brain were
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Figure 2. Bar graphs showing relative levels of complement and cyclophilin mRNAs in extracts of AD and non-AD tissue. Optical density units represent readings
of ethidium bromide gel band intensities as determined on a GDS6700 image analyzer with quantitative analysis and use of NIH Image software 1.61. Values are
averages with bars indicating S.E. Bars marked with a star are those where the AD levels are significantly different from the control levels (P < 0.05) after analysis

of variance tests with Holm’s?®

substantially higher than those in AD or control liver and
other peripheral organs.

Figure 3 shows the results of Western blot experiments
of normal serum (lane 1), of extracts of control hippocam-
pus (lane 2) and AD hippocampus (lane 3), and of the
same serum as lane 1 with aggregated IgG added to
activate complement (lane 4). Strong bands were de-
tected for all of the complement proteins in the AD hip-
pocampal extract and IgG treated serum, including
bands for the activation fragments C3d, C4d, and the
membrane attack complex. These same bands were de-
tected to a much lesser extent in the normal serum sam-
ple, possibly indicating mild in vivo activation. By con-
trast, bands were not detected in the control
hippocampal extract for C1q, C1r, C1s, C2, C5, C6, C7,
C8, C9, and the membrane attack complex. The comple-
ment protein fragments represented by these bands
have previously been reported for Western blots of heart
extracts.'® These data indicate that the complement
mRNAs detected in RT-PCR experiments are being trans-

stepdown correction (see under Methods for details).

lated into their protein products, and that the classical
pathway is being activated in tissue.

Figure 4 illustrates by immunohistochemistry association
of some of the complement proteins with the lesions of AD.
Antibodies to C1qg, the component which identifies the tar-
get tissue and initiates the complement cascade, stain se-
nile plaques prominently, as well as tangled pyramidal neu-
rons in the AD transentorhinal cortex (Figure 4A). Control
transentorhinal cortex, under the same conditions, shows
no immunostaining (Figure 4B). Very intense staining of
senile plagues in the same area in AD is found for C4d, a
fragment characteristic of classical pathway activation (Fig-
ure 4C). Again, no staining is seen in control tissue (Figure
4D). The antibody to the membrane attack complex prom-
inently stains dystrophic neurites and intracellular tangles in
AD transentorhinal cortex (Figure 4E), while no staining is ob-
tained in control tissue (Figure 4F). Since the membrane attack
complex can destroy host cells through the process of by-
stander lysis, the evidence of binding to dystrophic neurites in
Figure 4E is suggestive of autodestruction of tissue.
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Figure 3. Western blot analysis from protein extracts of AD and control
hippocampus compared with normal serum and the same serum activated by
aggregated IgG (see under Methods for details). Lane 1, normal serum; lane
2, normal hippocampal extract; lane 3, AD hippocampal extract; lane 4,
serum activated by IgG. Positions of molecular weight markers are shown by
the arrows on the right; the estimated molecular weights of the main bands
detected are shown by arrows on the left. Note that strong bands are
detectable for all complement proteins in the AD extract and the activated
serum sample. Detectable bands were not obtained from the control hip-
pocampal extract for Clq, Clr, Cls, C2, C5, C6, C7, C8, C9, and the mem-
brane attack complex. By contrast, very strong bands were obtained for the
activated complement fragments C3d and C4d and the membrane attack
complex in AD tissue and activated serum.

Discussion

The results described here confirm earlier reports that the
mRNAs and proteins of all components of the classical
complement pathway can be detected in AD brain tis-
sue.’™™ They expand previous reports which showed
up-regulation of the mRNAs for C1g, C3, and C4'®2" and
the protein for C1g®%23in AD. They also confirm previous
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immunohistochemical data showing that the classical
complement pathway is activated in AD brain,"* includ-
ing expression of the membrane attack complex.*2*

Here we have made semiquantitative comparisons of
the mRNA levels of all components of the classical com-
plement pathway, ie, C1q, C1r, C1s, C2, C3, C4, C5, C6,
C7, C8, and C9, showing that they are easily detected in
all 11 areas of AD brain studied. They are also detectable
in normal brain tissue, with the minor exception of C8 in
the occipital and motor cortices. C3 and C4 were the
most abundantly expressed of the mRNAs in all areas of
both normal and AD tissue. They showed little variation
from area to area in normal tissue, and showed less than
a twofold up-regulation in AD brain tissue, even in the
most heavily affected areas. In contrast, C1q, the com-
ponent which activates the pathway by binding to target
tissue, and C9, the component which gives functional
capacity to the membrane attack complex, were ex-
pressed at the lowest levels in normal tissue but showed
dramatic up-regulation in affected AD brain areas.

The mRNA levels for the housekeeping gene cyclophi-
lin were remarkably constant in all areas and for all cases,
with values generally falling within 1% of each other and
with an outside range of less than 4%. Cyclophilin was
also unaffected by postmortem delay, as we have previ-
ously reported.'® The constancy of cyclophilin mRNA
levels indicates that the methodology itself is highly re-
producible and that the gene product is unaffected by
the various pathologies and postmortem delay. The com-
plement mRNAs were similarly unaffected by postmortem
delay in normal and AD brains. The high variability in
complement mRNA values observed between highly af-
fected and mildly affected areas of AD brain is therefore
probably reflective of the physiological state of the tissue
and not other extraneous factors.

All of the complement mRNAs were, as expected,
strongly detected in liver of AD and non-AD cases. The
levels in AD and non-AD liver were highly comparable
(Table 4). By contrast, the levels in AD hippocampus
were substantially higher for all of the complement com-
ponents than in AD or control liver (Table 4). These data
are again consistent with the concept of high local pro-
duction of complement mRNAs in affected areas of AD
brain, with continuous activation of the classical pathway.

The mRNAs for all complement components were also
detected in spleen, kidney, and heart (Table 4). In gen-
eral, these levels were comparable to those observed in
normal brain, with that for C1q being the lowest and those
for C3 and C4 the highest. The fact that all organs pro-
duce mRNAs for all complement proteins suggests that
complement production is far more ubiquitous than is
generally recognized and that local production and acti-
vation may be associated with a wide spectrum of patho-
logical disorders.

We have previously reported on the expression of
complement mRNAs in isolated rabbit hearts and their
up-regulation after reperfusion.?®> We have also reported
on the presence of complement mRNAs and their protein
products in human heart and their up-regulation after
myocardial infarcts.’® Activated complement fragments
were detected on damaged myocardium of previously as
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Figure 4. Immunohistochemical staining of AD transentorhinal cortex (A, C, E)
and cerebellum (G, |) and control transentorhinal cortex (B, D, F) and cere-
bellum (H, J). Staining is for Cl1q (A, B, G, H), C4d (C, D, I, J) and C5b-9 (E,
F). See under Methods for details. In A, the Clq antibody stains senile plaques
as well as tangled neurons very weakly. In G, the Clq antibody stains diffuse
amyloid deposits. In C, the C4d antibody stains senile plaques, and in | it stains
diffuse amyloid deposits. In E, the anti-C5b-9 antibody stains dystrophic neu-
rites and tangled neurons. The control sections B, D, F, H, and J show no
specific staining of brain structures. Scale bar in J = 50 um.



well as recently infarcted tissue. This indicates that com-
plement-mediated damage can continue to accumulate
for years after an initial insult, and, in the case of heart,
this insult may be as mild as an anoxic episode.

The previously reported association of activated com-
plement proteins with AD lesions does not indicate when,
and to what degree, the complement pathway has been
activated. The process could have been proceeding at a
low level for years. However, the high up-regulation of
mRNAs, and the appearance of strong bands in Western
blots for complement activation products, indicates that
vigorous activation of the pathway must be continuously
taking place. Because the complement system power-
fully drives inflammation and tissue destruction in a highly
targeted manner, these results imply a substantial con-
tribution of complement to AD pathology.

The process by which the endogenously produced
complement proteins are activated is not known with
certainty. However, the disease process in AD involves
continuous deposition of amyloid deposits. These depos-
its contain the in vitro activators B-amyloid protein,® amy-
loid P,?6729 C-reactive protein,®® and Hageman factor,>’
which should provide a strong stimulus for in vivo activa-
tion. Extracellular neurofibrillary tangles, which are also
being continuously formed as neurons with intracellular
tangles die, have deposited on them the complement
activator amyloid P.%2 The high up-regulation of mRNAs
in areas where plaques and tangles accumulate may
explain why these areas are highly vulnerable to the AD
pathological process.

There are now considerable data suggesting that in-
flammatory processes drive the pathology in AD. Multiple
epidemiological studies show that individuals taking anti-
inflammatory drugs or suffering from conditions where
such drugs are routinely administered, have a substan-
tially reduced prevalence of AD.3334 Moreover, a small
double-blind, placebo-controlled clinical trial of the anti-
inflammatory drug indomethacin demonstrated an appar-
ent arrest of the disease process.*® Complement may set
the pace of neuronal degeneration. If this is true, com-
plement inhibitors might prove to be highly effective ther-
apeutic agents in AD.
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