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Accumulation	and	aggregation	of	amyloid	β	peptide	1–42	(Aβ42)	in	the	brain	has	been	hypothesized	as	trig-
gering	a	pathological	cascade	that	causes	Alzheimer	disease	(AD).	To	determine	whether	selective	targeting	of	
Aβ42	versus	Aβ40	or	total	Aβ	is	an	effective	way	to	prevent	or	treat	AD,	we	compared	the	effects	of	passive	immu-
nization	with	an	anti-Aβ42	mAb,	an	anti-Aβ40	mAb,	and	multiple	Aβ1–16	mAbs.	We	established	in	vivo	binding	
selectivity	of	the	anti-Aβ42	and	anti-Aβ40	mAbs	using	novel	TgBRI-Aβ	mice.	We	then	conducted	a	prevention	
study	in	which	the	anti-Aβ	mAbs	were	administered	to	young	Tg2576	mice,	which	have	no	significant	Aβ	
deposition,	and	therapeutic	studies	in	which	mAbs	were	administered	to	Tg2576	or	CRND8	mice	with	modest	
levels	of	preexisting	Aβ	deposits.	Anti-Aβ42,	anti-Aβ40,	and	anti-Aβ1–16	mAbs	attenuated	plaque	deposition	in	
the	prevention	study.	In	contrast,	anti-Aβ42	and	anti-Aβ40	mAbs	were	less	effective	in	attenuating	Aβ	deposi-
tion	in	the	therapeutic	studies	and	were	not	effective	in	clearing	diffuse	plaques	following	direct	injection	into	
the	cortex.	These	data	suggest	that	selective	targeting	of	Aβ42	or	Aβ40	may	be	an	effective	strategy	to	prevent	
amyloid	deposition,	but	may	have	limited	benefit	in	a	therapeutic	setting.

Introduction
It  is hypothesized  that  the process whereby amyloid β  (Aβ) 
is  accumulated  as  amyloid  triggers  the  complex  pathologi-
cal changes that ultimately lead to cognitive dysfunction in 
Alzheimer disease  (AD) (1, 2). However,  there  is substantial 
debate as to the form or forms of those Aβ aggregates that dam-
age the brain. Aβ accumulates as amyloid in senile plaques and 
cerebral vessels, but it is also found in diffuse plaques recog-
nized by antibodies but not classic amyloid stains. Although 
a minor component of the Aβ species produced by processing 
of amyloid precursor protein (APP), the highly amyloidogenic 
42–amino acid form of Aβ (Aβ42) and aminoterminally trun-
cated forms of Aβ42  (Aβx–42) are  the predominant species of 
Aβ typically found in both diffuse and senile plaques within 
the AD brain  (3, 4). However many other  forms of Aβ  (e.g., 
Aβ40 and Aβx–40) are also present, especially in cerebrovascular 
amyloid deposits (reviewed in ref. 5). Additionally, soluble Aβ 
aggregates — referred to as oligomers or Aβ-derived diffusible 
ligands (ADDLs) and able to acutely disrupt neuronal function 
in rodents — appear to accumulate in the AD brain (6, 7). The 
exact composition and levels of these oligomers in the brain 
parenchyma has yet to be elucidated.

The relative levels of Aβ42 appear to be the key regulators of 
Aβ aggregation into amyloid; thus, Aβ42 has been implicated as 

the initiating molecule in the pathogenesis of AD (8). In vitro, 
Aβ42 aggregates into both amyloid fibrils and soluble interme-
diates more readily than does Aβ40 (9). Mutations in the preseni-
lin and APP genes, which cause early-onset genetic forms of AD, 
alter Aβ peptide levels predominantly by selectively increasing 
the relative level of Aβ42 and therefore shortening the time to 
onset of Aβ deposition both in humans and in transgenic ani-
mal models (10–12). Finally, more recent studies in mice and 
Drosophila suggest that in the absence of mutations within the 
Aβ sequence, Aβ42 is required for formation of amyloid deposits 
in vivo (13–15).

Because  Aβ42  is  a  minor  product  of  APP  metabolism,  and 
because even small shifts in Aβ42 production are associated with 
large effects on Aβ deposition, it has been hypothesized that 
selective reduction of Aβ42 may be an effective way to treat or 
prevent AD (8, 16). To date, there has been no conclusive experi-
mental evidence to support this hypothesis. The identification 
of compounds such as certain nonsteroidal antiinflammatory 
drugs  (NSAIDs)  that  selectively  target Aβ42 production sug-
gests that it may be possible to pharmacologically target Aβ42 in 
vivo (16, 17). However, the low in vivo potency of these NSAIDs 
currently limits the conclusions that can be drawn from either 
clinical or preclinical studies with NSAIDs as they are known to 
have multiple pharmacologic targets. Thus, in order to explore 
the utility of selective targeting of Aβ42 versus Aβ40 or total Aβ, 
we have examined the effects of passive immunization with an 
anti-Aβ42–selective mAb and compared the efficacy of this mAb 
to an anti-Aβ40 mAb of the same isotype and 4 anti-Aβ1–16 mAbs 
representing all 4 mouse IgG isotypes. When administered to 
young mice with minimal Aβ deposition, anti-Aβ42, anti-Aβ40, 
and anti-Aβ1–16 mAbs effectively reduced Aβ accumulation in the 
brain. However, when administered to older mice with higher Aβ 
loads, only anti-Aβ1–16 mAbs that recognize native Aβ amyloid 
were effective in attenuating Ab deposition.

Nonstandard	abbreviations	used: Aβ, amyloid β; Ab2, anti-Aβ1–16 mAb of IgG3 
isotype; Ab3, anti-Aβ1–16 mAb of IgG1 isotype; Ab5, anti-Aβ1–16 mAb of IgG2b isotype; 
Ab9, anti-Aβ1–16 mAb of IgG2a isotype; Ab40.1, anti-Aβ40 mAb; Ab42.2, anti-Aβ42 
mAb; AD, Alzheimer disease; APP, amyloid precursor protein; CAA, cerebral amyloid 
angiopathy; FA, formic acid; FA Aβ, Aβ level measured by ELISA following FA extrac-
tion; FcR, Fc receptor; NSAID, nonsteroidal antiinflammatory drug; SDS Aβ, Aβ level 
measured by ELISA following SDS extraction.
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Results
Selective in vivo binding by anti-Aβ42 and anti-Aβ40 mAbs. We have gen-
erated and characterized multiple anti-Aβ mAbs (Table 1). Based 
on in vitro ELISA analysis of their binding properties, both the 
anti-Aβ42 mAb (Ab42.2) and the anti-Aβ40 mAb (Ab40.1) were 
highly selective for Aβx–42 and Aβx–40, respectively, whereas the 
mAbs that recognize the NH2-terminal epitope of Aβ  (Aβ1–16) 
bound both Aβ40 and Aβ42 as well as other Aβ peptides (e.g., Aβ37, 
Aβ38, and Aβ39; Figure 1, A and B). To determine whether these 
mAbs maintain their selectivity for specific Aβ species in vivo, we 
used novel transgenic BRI-Aβ (TgBRI-Aβ) mice that selectively 
express either Aβ1–40 (TgBRI-Aβ40) or Aβ1–42 (TgBRI-Aβ42). In these 
TgBRI-Aβ mice, Aβ can be detected both in the brain and in plas-
ma (13).To evaluate in vivo binding of these mAbs in TgBRI-Aβ 
mice, biotinylated Ab42.2, Ab40.1, or the anti-Aβ1–16 mAb of the 
IgG2a isotype (Ab9) were injected i.p., and biotinylated mAb–Aβ 
complexes were detected using a modified sandwich ELISA pro-

tocol (Figure 1, C and D). Biotinylated Ab9–Aβ complexes were 
detected in the plasma of both TgBRI-Aβ40 and TgBRI-Aβ42 mice. 
Biotinylated Ab42.2–Aβ complexes were detected only in plasma 
from TgBRI-Aβ42 mice and not  in TgBRI-Aβ40 mice, whereas 
biotinylated Ab40.1–Aβ complexes were detected only in TgBRI-
Aβ40 mice and not in TgBRI-Aβ42 mice. No signal was detected 
in nontransgenic mice injected with any of these biotinylated 
mAbs (data not shown). These data provide strong support for in 
vivo specificity of Ab42.2 and Ab40.1 by demonstrating that they 
selectively bind their target Aβ species in vivo.

Passive immunotherapy with anti-Aβ42– and anti-Aβ40–specific mAbs 
attenuates amyloid deposition in young Tg2576 mice. Having estab-
lished the  in vivo binding specificity of Ab42.2, Ab40.1, and 
Ab9, we tested the effect of peripheral administration of these 
mAbs on Aβ deposition in Tg2576 mice (18). Two studies were 
performed: a prevention study, in which the anti-Aβ mAbs were 
administered to 7-month-old female Tg2576 mice, which have 
minimal Aβ deposition, and a therapeutic study, in which the 
mAbs were administered to 11-month-old Tg2576 mice, which 
have moderate levels of preexisting Aβ deposits (19). Biochemi-
cal and immunohistochemical methods were used to analyze 
the effect of passive immunization on Aβ deposition (Figure 2). 
After 4 months of passive immunization with Ab9, Ab42.2, and 
Ab40.1, initiated when the mice were 7 months old, Aβ levels were 
significantly attenuated as assessed biochemically with Aβ ELISA 
following SDS extraction (>50% reduction in SDS Aβ; Figure 2A)  
or formic acid (FA) extraction of the SDS-insoluble material 
(>50% reduction in FA Aβ; Figure 2B). Figure 2C shows repre-
sentative immunostained sections from immunized and control 
Tg2576 mice. Quantitative analysis of multiple immunostained 
sections also revealed a significant decrease in Aβ deposition. 
Both plaque numbers per field (Figure 2D) and total immunore-
active plaque load (data not shown) were significantly reduced. 
The ratio between Aβ42 and Aβ40 was not significantly altered 
in either Ab42.2- or Ab40.1-treated mice (data not shown). In 
contrast, 4 months of passive immunization with these same 

Table 1
Antibodies used for passive immunization

mAb	 Immunogen	 Isotype	 EpitopeA	 Plaque		 SpecificityC	

	 	 	 	 bindingB

Ab42.2 Aβ35–42 IgG1 Aβx–42 – <0.1%
Ab40.1 Aβ35–40 IgG1 Aβx–40 – <0.1%
Ab2 fAβ1–42D IgG3 Aβ1–16 + Pan-Aβ
Ab3 Aβ1–16 IgG1 Aβ1–16 +++ Pan-Aβ
Ab5 fAβ1–42D IgG2b Aβ1–16 ++ Pan-Aβ
Ab9 fAβ1–42 IgG2a Aβ1–16 +++ Pan-Aβ

AEpitope mapping using various Aβ peptides was performed on each 
mAb. BThe ability of the mAb to bind plaques was assessed by staining 
cryostat sections from unfixed frozen human AD hippocampus: +++, 
full stain; ++, partial stain; +, marginal stain; –, no stain (see Methods). 
CBinding to serial dilutions of Aβ40, Aβ42, and Aβ38 was used to deter-
mine the crossreactivity of Ab42.2 and Ab40.1 by capture ELISA.  
DImmunogen used was aggregated Aβ1–42. fAβ, fibrillar Aβ.

Figure 1
Specificity of Ab40.1 and Ab42.2. (A) Serial dilu-
tions of Aβ40, Aβ42, and Aβ38 were used to deter-
mine the crossreactivity of Ab42.2 by capture 
ELISA. Ab42.2 was used as capture and Ab9-HRP 
as detection. (B) Serial dilutions of Aβ40, Aβ42, and 
Aβ38 were used to determine the crossreactivity 
of Ab40.1 by capture ELISA. Ab9 was used as 
capture and Ab40.1 as detection. (C) Schematic 
depicting the method for capture ELISA of biotinyl-
ated mAb–Aβ complexes in plasma. (D) Specificity 
of Ab42.2 and Ab40.1 in vivo. Biotinylated Ab42.2, 
Ab40.1, and Ab9 (500 mg) were injected i.p. into 
TgBRI-Aβ40 and TgBRI-Aβ42 mice (n = 3 per 
group). Seventy-two hours after injection, levels of 
biotinylated mAb–Aβ complexes in plasma were 
determined using capture ELISA as illustrated in 
C. Plasma levels of Aβ40 were ∼1000 pM in TgBRI-
Aβ40 mice, and plasma Aβ42 levels were ∼1000 
pM in TgBRI-Aβ42 mice. No Aβ42 was detected in 
the plasma of TgBRI-Aβ40 mice, and no Aβ40 was 
detected in the plasma of TgBRI-Aβ42 mice.



research article

	 The	Journal	of	Clinical	Investigation      http://www.jci.org      Volume 116      Number 1      January 2006  195

mAbs,  initiated when the Tg2576 mice were 11 months old, 
had no significant effect on biochemical (Figure 2, E and F) or 
immunohistochemical Aβ loads (data not shown), although a 
slight but nonsignificant decrease in the SDS Aβ was seen in the 
Ab9-treated animals (35% reduction in SDS Aβ; Figure 2E).

To further examine the relative efficacy of these anti-Aβ mAbs in 
altering Aβ accumulation, we passively immunized CRND8 mice. 
This transgenic model has a very early onset of Aβ deposition, both 
as amyloid and in more diffuse plaques. Furthermore, compared 
with Tg2576 mice, the relative level of Aβ42 is much higher than 
that of Aβ40 (20). Thus, in CRND8 mice, as in most cases of AD, 
the predominant species deposited is Aβ42. In contrast, Aβ40 is the 
predominant species deposited in Tg2576 mice. At 3 months of 
age, CRND8 mice have amyloid pathology roughly comparable 
to that of 10-month-old Tg2576 mice (21). Weekly injections of 
3-month-old CRND8 mice with 500 mg of Ab9 and Ab42.2 mAbs 
for 8 weeks resulted in significant reduction of SDS Aβ but not FA 
Aβ only in Ab9-treated mice (>40% reduction in SDS Aβ; Figure 3,  
A and B). Total Aβ42 levels (SDS Aβ plus FA Aβ) were also sig-
nificantly reduced by Ab9 treatment. Quantitative analysis of the 
immunostained sections also revealed a significant decrease in Aβ 
deposition in Ab9-treated mice (Figure 3, C and D). Immuniza-

tion with Ab42.2 did not lead to a significant decrease in Aβ load, 
although there was a trend toward reduction in Aβ42 levels (P = 0.13),  
suggesting that this mAb is less effective than Ab9 in clearing amy-
loid deposits in CRND8.

Effects on cerebral amyloid angiopathy and related microhemorrhage. 
Wilcock et al.  (22) show that passive immunization increases 
amounts of vascular amyloid staining in very old Tg2576 mice. To 
examine the effect of passive immunization on cerebral amyloid 
angiopathy (CAA) in our models, brain sections were stained with 
biotinylated Ab9. Vessels with detectable CAA were divided into 
3 groups based on the extent of CAA within each vessel (as visual-
ized by immunostaining; see Methods) and the number of vessels 
with any degree of CAA counted in 5–10 sections per mouse. In 
Tg2576 mice and CRND8 mice, CAA was mostly associated with 
areas rich in amyloid plaques (Table 2), a result consistent with 
recent findings (23). In 7-month-old Tg2576 mice immunized 
with anti-Aβ mAbs, few blood vessels with trace amounts of Aβ 
amyloid staining were detected in control mice, but none were 
detected in the immunized mice with decreased levels of amyloid 
in the brain. Similarly, in the passively immunized CRND8 mice, 
the number and the intensity of CAA-positive vessels were slightly 
but not significantly reduced (Table 2). The Tg2576 mice in the 

Figure 2
Effect of immunization with C-terminal–specific mAbs on Aβ levels in brains of Tg2576 mice. (A and B) Seven-month-old Tg2576 mice (n = 6  
per group) were immunized with 500 mg of Ab40.1 and Ab42.2 biweekly for 4 months, and Aβ levels were compared with those following 
immunization with Ab9. Control mice received PBS. Mice were killed following treatment, and both SDS Aβ (A) and FA Aβ (B) were analyzed 
by capture ELISA. SDS Aβ40 and FA Aβ40 in control mice were 123 ± 27 and 3,613 ± 610 pmol/g, respectively; SDS Aβ42 and FA Aβ42 in 
control mice were 44 ± 4 and 840 ± 180 pmol/g, respectively. (C) Representative immunostained sections for amyloid plaques from brains 
of mAb-immunized 7-month-old Tg2576 mice. Magnification, ×100. (D) Quantitative image analysis of amyloid plaque burden in the neo-
cortices of immunized 7-month-old Tg2576 mice. (E and F) Eleven-month-old Tg2576 mice (n = 6 per group) were immunized with Ab40.1, 
Ab42.2, and Ab9 biweekly for 4 months. SDS Aβ (E) and FA Aβ (F) were analyzed by capture ELISA. SDS Aβ40 and FA Aβ40 in control 
mice were 1,115 ± 72 and 4,675 ± 430 pmol/g, respectively; SDS Aβ42 and FA Aβ42 in control mice were 348 ± 34 and 737 ± 62 pmol/g,  
respectively. *P < 0.05, **P < 0.01 vs. control.
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therapeutic study had extensive CAA in the neocortex. Following 
immunization, there was no appreciable difference in the extent 
of CAA between control and treated mice. Passive immunization 
with mAbs directed against the NH2 terminus of Aβ has recently 
been reported to exacerbate CAA-related microhemorrhage in 
PDAPP and APP23 transgenic mice (24, 25). Using both Perls stain 
and H&E to visualize microhemorrhages, we did not find any evi-
dence for appreciable levels of microhemorrhage in the control 
Tg2576 and CRND8 mice (less than 1 microhemorrhage event per 
brain section), nor was there a detectable increase in microhemor-
rhage following mAb administration (data not shown).

Direct cortical injections of anti-Aβ mAbs. To further explore the 
ability of the mAbs to alter plaque deposition, we examined the 
effects of direct intracortical injections of Ab40.1 and Ab42.2 as 
well as multiple anti-Aβ1–16 mAbs into 18-month-old Tg2576 
mice. In each case, 72 hours after cortical injection, the mice 
were killed, and the immunostained plaque load and thioflavin-
S–positive plaque load was determined in the immediate vicin-
ity of the injection site. Immunostained plaque load of Aβ was 
significantly decreased by Ab9, anti-Aβ1–16 mAb of IgG1 isotype 
(Ab3), and anti-Aβ1–16 mAb of IgG3 isotype (Ab2), whereas the 
anti-Aβ1–16 mAb of IgG2b isotype (Ab5) and both Ab40.1 and 
Ab42.2 had no measurable effect (Figure 4, A and C). In contrast, 
thioflavin-S staining of adjacent serial sections showed no effect 
on dense-cored plaque loads by any mAb (Figure 4, B and D), 
suggesting that only diffuse Aβ deposits were selectively cleared 
by certain anti-Aβ1–16 mAbs. To confirm that control mouse IgG 
did not have any effect on plaque load, we extensively compared 
plaque load in control IgG–treated sections with plaque load in 
the contralateral noninjected areas and found no significant dif-
ference between them (data not shown).

Binding of mAbs to plaques correlates well with their ability to alter 
Aβ deposition in mice with preexisting Aβ deposits. In order to fur-
ther characterize the properties of these mAbs associated with 
the ability to apparently clear preexisting diffuse Aβ deposits, 
we performed 2 additional studies. First, we compared the rela-
tive affinity of these mAbs for binding to native unfixed plaques 
using frozen unfixed AD brain sections (Figure 5A). These data 
show  that  Ab40.1  and  Ab42.2  did  not  bind  native  plaques, 
whereas all of the anti-Aβ1–16 mAbs showed significant binding 
(Figure 5A). Quantification of the fluorescence intensity per 
plaque did reveal that there were differences in the relative affin-

Figure 3
Effect of immunization with anti-Aβ mAbs on Aβ levels in brains of CRND8 mice. (A and B) Three-month-old CRND8 mice (n = 6 per group) were 
immunized with 500 mg of Ab9 or Ab42.2 weekly for 8 weeks. Control mice received PBS. Mice were killed following treatment, and both SDS 
Aβ (A) and FA Aβ (B) fractions were analyzed by capture ELISA. SDS Aβ40 and FA Aβ40 in control mice were 217 ± 40 and 563 ± 95 pmol/g, 
respectively; SDS Aβ42 and FA Aβ42 in control mice were 189 ± 12 and 636 ± 51 pmol/g, respectively. (C) Representative immunostained sec-
tions for amyloid plaques from brains of mAb-immunized CRND8 mice. Magnification, ×40. (D) Quantitative image analysis of amyloid plaque 
burden in the neocortices of immunized CRND8 mice. *P < 0.05, **P < 0.01 vs. control.

Table 2
Effect of immunotherapy on the number of CAA-positive blood 
vessels in the neocortices of Tg2576 and CRND8 mice

	 	 	No.	immunostained	vesselsA

	 	 +++	 ++	 +
Tg2576 (preventative) Control	 0 0 2.4 ± 0.5
 Ab9	 0 0 0
	 Ab42.2	 0 0 0

CRND8 (therapeutic) Control	 7 ± 0.8 4.4 ± 0.5 3.2 ± 0.9
 Ab9	 4.3 ± 0.5B 4 ± 0.9 2.7 ± 0.9
	 Ab42.2	 6.3 ± 0.3 6 ± 0.9 4.3 ± 0.6

Tg2576 (therapeutic) Control	 3 ± 0.3 5.2 ± 1.6 6.3 ± 3.2
	 Ab9	 2.6 ± 0.3 4.3 ± 1.9 7.2 ± 2.1
	 Ab42.2	 2.8 ± 0.4 4.6 ± 1.3 7.8 ± 2.6

Mice were categorized as follows: +++, full stain; ++, partial stain; +, 
marginal stain (see Methods). AValues given are based on 5–10 sec-
tions per mouse. BP < 0.05 vs. control.
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ity for plaques based on this assay among the anti-Aβ1–16 mAbs 
(in descending order of affinity, Ab9 and Ab3, Ab5, and Ab2; 
Figure 5B). Though neither Ab40.1 nor Ab42.2 bound plaques 
in this assay, both mAbs did bind plaques following FA treat-
ment of formalin-fixed sections (data not shown).

Previous reports have implicated both native plaque binding 
and  isotype as  important determinants  that correlated with 
efficacy of passive immunization with anti-Aβ mAbs (26); there-
fore, we compared the effect of each of our anti-Aβ1–16 mAbs 
on Aβ deposition in Tg2576 mice. As noted above, these mAbs 
differ in their ability to recognize native amyloid plaques but 
also encompass each of the 4 mouse IgG isotypes. In this study, 
immunization was initiated using 10-month-old Tg2576 mice 
and continued for 4 months. At sacrifice, biochemical Aβ loads 
were analyzed. Immunization with each mAb reduced SDS Aβ 
(Figure 5C). SDS Aβ40 was significantly reduced by Ab9 and Ab3, 
and SDS Aβ42 was significantly reduced by Ab9, Ab3, and Ab5. 
Similarly, FA Aβ was also reduced by each mAb (Figure 5D). Ab9 
and Ab3 treatment resulted in significant reductions in both 
FA Aβ40 and FA Aβ42, whereas only the reduction in FA Aβ40 was 
significantly attenuated by Ab5. In this study, the rank order of 
efficacy of these 4 mAbs as passive immunogens correlated with 
their rank order in terms of plaque binding (in descending order 
of efficacy, Ab9 and Ab3, Ab5, and Ab2).

Discussion
Our data provide an initial proof-of-concept study demonstrating 
that selective targeting of Aβ with mAbs that selectively bind either 
Aβ42 or Aβ40 in vitro and in vivo attenuate Aβ deposition when 
administered to APP Tg2576 mice prior to significant Aβ deposi-
tion. These data are similar to results presented in a recently pub-
lished study in Tg2576 mice immunized with the anti-Aβ42 mAb 
BC05 prior to onset of deposition (26); however, in that report, in 
vivo specificity of the anti-Aβ42 mAb was not directly assessed. As 
it is generally hypothesized that amyloid deposition precedes cog-
nitive impairment by many years and that Aβ42 initiates amyloid 
deposition, our data provide evidence in support of preventative 
pharmacologic or antibody-based therapies that selectively tar-
get Aβ42 prior to the onset of AD. Ab42.2 treatment did not alter 
Aβ deposition when administered to Tg2576 mice with modest 
plaque loads, did not clear deposited Aβ following direct cortical 
injection, and only slightly attenuated deposition when adminis-
tered to CRND8 mice with modest amyloid loads at the initiation 
of treatment. These later findings are similar to a report with a dif-
ferent anti-Aβ42 mAb, which had no effect on deposition following 
passive immunization in the PDAPP transgenic mouse model (27). 
Thus, consistent with earlier results using active immunization in 
Tg2576 mice (28), we found that passive immunization with mAbs 
was less effective when treatment was initiated after the onset of 

Figure 4
Effect of direct cortical injections with anti-Aβ mAbs on Aβ plaque burdens in 18-month-old Tg2576 mice. Mice were injected in the frontal cortex 
with 1 mg each the following mAbs: control mouse IgG, Ab2, Ab3, Ab5, Ab9, Ab40.1, and Ab42.2. (A) Representative images of immunostained Aβ 
plaques taken from injection sites in cortex following injection with Ab9, control IgG, Ab42.2, and Ab40.1. (B) Representative images of thioflavin-S– 
positive Aβ plaques taken from injection sites in cortex following injection with Ab9, control IgG, Ab42.2, and Ab40.1. Magnification, ×100. (C) 
Quantitative analysis of immunostained amyloid plaque burdens in mice following mAb injections. *P < 0.01 vs. mouse IgG. (D) Quantitative 
analysis of thioflavin-S–positive amyloid plaque burdens in mice following mAb injections.
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Aβ deposition, data that reinforce the concept that it may be easier 
to prevent Aβ deposition than to alter it once deposited. We also 
found that an anti-Aβ40 mAb that shows selectivity for Aβ40 in 
vitro and in vivo had effects indistinguishable from those of the 
anti-Aβ42 mAb, showing efficacy in a prevention study but not in 
a therapeutic study. A previous study has reported that an anti-
Aβ40 mAb is a highly effective passive immunogen in Tg2576 and 
Tg2576 × PS1mt mice (a transgenic progeny from a cross between 
the Tg2576 line and a mutant PS1M46L line); however, no data 
regarding the specificity of that mAb was provided (22).

Despite the multiple studies examining various parameters 
that may predict the efficacy of anti-Aβ immunotherapy in mice, 
there is no consensus on how anti-Aβ immunotherapy works 
(29–37). Our data show that the extent of Aβ deposition prior 
to initiation of immunization experiments influences efficacy, 
and, depending on the amount of Aβ present when immuniza-
tion is initiated, different properties of the mAbs can affect the 
outcome. Such data provide further support for the hypothesis 
that anti-Aβ mAbs alter Aβ deposition through multiple mecha-
nisms. It is also likely that the efficacy of anti-Aβ immunization 
depends on the type of Aβ deposits present in the APP mouse 
model being tested (38). In Tg2576 mice, the majority of Aβ is 
deposited as dense-cored, thioflavin-S–positive plaques; only 
in very old animals (>15 months) does an appreciable amount 
of diffuse Aβ deposits appear (19). In Tg2576 mice, we have no 
convincing evidence to date that the dense-cored plaques are 
being cleared by mAbs, even when the mAb is applied directly to 
the brain, although direct application did clear diffuse deposits 
of Aβ. Thus, we interpret our peripheral passive immunization 

data as being more consistent with preventing additional plaque 
deposition than with clearing existing plaques. Data from other 
groups do show that clearance can occur; in many but not all 
of these cases, the difference in results may be attributable to 
the greater amounts of diffuse deposits in the APP mouse mod-
els used (22, 32, 38–40). In any case, it is likely that the prepon-
derance of dense-cored plaques and their relative resistance to 
immune clearance can account for the difference in the magni-
tude of the effect we observed compared with reports by others in 
mice with more diffuse plaques that may be cleared more effec-
tively (e.g., PDAPP, APP × PS1mt, 3×-Tg–AD) (22, 28, 32, 40).

In the prevention studies, where treatment was initiated prior to 
significant plaque deposition, selective targeting of Aβ42 or Aβ40 
with end-specific mAbs and nonselective targeting of Aβ with anti-
Aβ1–16 mAbs were equally effective at reducing plaque deposition. 
Surprisingly, there was no significant difference in the ratio of 
Aβ40 to Aβ42 deposited following administration of these mAbs. 
If the end-specific mAbs were working by only targeting individ-
ual Aβ species, one might expect to see alterations in the ratio of 
deposited Aβ. The lack of effect on the ratio of deposited Aβ may 
be attributable to targeting or disruption of an early aggregation 
intermediate formed by Aβ40 and Aβ42, capping of growth of fibrils 
composed of both Aβ40 and Aβ42, or the mAb triggering some clear-
ance mechanisms that alter deposition of both species.

When immunization was initiated in mice with significant pre-
existing plaque loads, we found that the efficacy of immuniza-
tion with any type of mAb was reduced. The end-specific mAbs 
were less effective than pan-Aβ mAbs in the therapeutic regimen. 
In order to have efficacy in these therapeutic types of studies, it 

Figure 5
Effect of immunization with N-terminal–
specific mAbs on Aβ levels in brains 
of 10-month-old Tg2576 mice. (A) 
Unfixed, frozen cryostat serial sections 
of human AD tissue (hippocampus) 
were stained with Ab9, Ab5, Ab3, Ab2, 
Ab40.1, and Ab42.2. Representative 
plaque staining is shown. Magnification, 
×400. (B) Quantitative image analysis 
of the average fluorescence intensity 
level per plaque following mAb bind-
ing. #P < 0.001 vs. Ab40.1; †P < 0.05 
vs. Ab2. (C and D) Aβ levels in brains of 
Ab2-, Ab5-, Ab9-, and Ab3-immunized 
Tg2576 mice. Ten-month-old Tg2576 
mice (n = 6 per group) were immunized 
biweekly with 500 mg N-terminal mAbs 
for 4 months. Mice were sacrificed fol-
lowing treatment, and brain tissue was 
subject to a 2-step SDS or FA extrac-
tion. Both SDS Aβ (C) and FA Aβ (D) 
were analyzed by capture ELISA. SDS 
Aβ40 and FA Aβ40 in control mice were 
1,115 ± 72 and 4,675 ± 430 pmol/g, 
respectively; SDS Aβ42 and FA Aβ42 
in control mice were 348 ± 54 and  
737 ± 62 pmol/g, respectively. *P < 0.05,  
**P < 0.01 vs. control.
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appears that the mAb must be capable of recognizing Aβ depos-
ited as amyloid plaques. Similar correlations have been previously 
reported (26, 38, 41), and even in the human trial a correlation 
between plaque binding and cognitive improvement was reported 
in a small subset of patients receiving the AN-1792 vaccine (42, 
43). Indeed, one might predict from the deduced structure of Aβ 
amyloid that the COOH-terminal epitopes are buried in the fibril 
and inaccessible to an antibody, whereas aminoterminal epitopes 
are more accessible (44).

A previous study in PDAPP mice demonstrated that the most 
effective passive immunogens of the panel of mAbs binding in 
the NH2 terminus of Aβ that were tested were 2 mAbs of the 
IgG2a isotype (27). These data, and the presence of Aβ-laden 
microglia observed in certain active and passive immunization 
paradigms, have been used to support the hypothesis that Fc 
receptor–mediated (FcR-mediated) uptake of Aβ by microglia 
maybe a key mechanism underlying efficacy of anti-Aβ immu-
notherapy (32, 41, 45, 46). In contrast, our current and previous 
results in Tg2576 mice do not support a major role for FcR-medi-
ated uptake by microglia in mediating the efficacy of anti-Aβ 
immunotherapy (1). Similarly, other studies suggest that FcR-
mediated uptake of anti-Aβ mAbs is not required for clearance 
of Aβ (47, 48). Entirely consistent with our previous data in FcRγ 
knockout mice, we found that Ab3, which has low affinity for 
FcR, and Ab9, which has high affinity for FcR (49), were equally 
effective in attenuating Aβ deposition in passive immunization 
studies initiated in 10-month-old Tg2576 mice and effectively 
cleared plaques when injected directly into the cortices of mice. 
Similarly, both end-specific mAbs used in this study were IgG1, 
suggesting that their mechanism of action does not depend on 
FcR. At least 1 other group has reported that intracerebroven-
tricular administration of an IgG1 anti-Aβ mAb recognizing the 
NH2 terminus of Aβ was effective at clearing Aβ (48).

Several recent studies showed that passive Aβ immunization 
induces an increase in cerebral microhemorrhage associated with 
amyloid-laden vessels (24, 25) as well as an increase in amounts of 
vascular amyloid staining (22). A semiquantitative assessment of 
CAA in the Tg2576 and CRND8 mice in this study showed that a 
reduction in amyloid loads caused by passive immunization with 
anti-Aβ mAbs resulted in a decrease in the number of CAA-posi-
tive blood vessels. Furthermore, no evidence for CAA-resulting 
microhemorrhage was observed. Our negative data should be 
interpreted cautiously. There are simply too many differences in 
the models and mAbs used to conclude that the lack of effect on 
CAA and microhemorrhage we observed is related to the mAb 
used. In any case we suggest that both of these possible side effects 
of passive immunotherapy would be minimized if the treatment 
were begun prior to significant amyloid deposition.

Despite the halting of the phase II human clinical trial of active 
Aβ42 immunization due to a meningioencephalitic presentation 
in approximately 5% of vaccinated individuals (45, 50), anti-Aβ 
immunotherapy remains a very promising therapeutic approach 
for the treatment or prevention of AD. By selectively targeting 
the most pathogenic form of Aβ, an end-specific mAb targeting 
Aβ42 may have some safety advantages over other anti-Aβ mAbs. 
Such end-specific mAbs do not bind to the APP or other fragments 
derived by proteolysis of APP and may be less likely to interact with 
vascular amyloid that predominantly consists of Aβ40 (3, 4). More-
over, because Aβ42 is a minor Aβ species, lower mAb amounts may 
be needed to have a beneficial effect.

Methods
Antibodies. The mAbs used for immunizations are shown in Table 1. The 
mAbs were generated at Mayo Clinic Monoclonal Antibody Core Facili-
ties as follows: Culture supernatants of hybridoma cells were screened 
for binding to Aβ  immunogens by ELISA. Positive clones were then 
grown in suspension in DMEM, supplemented with 10% FCS Clone I 
and 1 mg/ml IL-6. Secreted mAbs were purified using Protein G col-
umns (Invitrogen Corp.) and then used for all experiments. Mouse IgG 
was purchased from Equitech-Bio Inc.

Mice. All animal husbandry procedures performed were approved by 
Mayo Clinic Institutional Animal Care and Use Committee in accordance 
with NIH guidelines under protocol A34602. Tg2576 mice (B6/SJL) were 
produced as described previously (18) and were obtained from Charles 
River Laboratories. To generate CRND8 mice, male CRND8 mice con-
taining a double mutation in the human APP gene (K670M/N671L and 
V717F) (21) were mated with female B6C3F1/Tac mice obtained from 
Taconic. Genotyping of Tg2576 and CRND8 mice was performed by PCR 
as described previously (18, 21). All animals were housed 3–5 to a cage and 
maintained on ad libitum food and water with a 12-hour light/dark cycle.

Capture ELISA for comparison of crossreactivity of end-specific mAbs. Serial 
dilutions of Aβ40 and Aβ42 were used to determine the crossreactivity of 
Ab40.1 and Ab42.2. Ab9 was used as capture and Ab40.1-HRP as detection, 
or Ab42.2 as capture and Ab9-HRP as detection.

Measurement of mAb-Aβ complex in plasma. To measure the biotinylated 
mAb–Aβ complex in the plasma, TgBRI-Aβ40 and TgBRI-Aβ42 mice (13) 
were immunized with 500 mg biotinylated mAb i.p., and plasma was col-
lected 72 hours later. We used an mAb against the free end of Aβ peptide as 
capture and streptavidin-HRP as detection (Figure 1C).

Staining of lightly fixed Aβ plaques. Cryostat sections (10 mm) from fro-
zen, unfixed human AD tissue (hippocampus) were lightly fixed in cold 
acetone for 2 minutes, blocked with 1% normal goat serum for 1 hour, 
and incubated with Ab9, Ab3, Ab2, or Ab5, each at 1 mg/ml, for 2 hours at 
room temperature. Slides were then washed in PBS, incubated with goat 
anti-mouse conjugated to Alexa Fluor 488 (1:1000; Invitrogen Corp.) for 1 
hour, washed, and mounted. For quantification of fluorescence, images of 
at least 3–5 randomly selected fields of plaques were obtained, and fluores-
cence intensity levels on individual plaques were measured using Analyti-
cal Imaging System (AIS, version 4.0; Imaging Research Inc.). The average 
fluorescence intensity level per plaque was determined by dividing the sum 
of the fluorescence intensity of plaques by the total number of plaques 
analyzed (total of 10–15 plaques of equal size per group were used).

Passive immunizations. Groups of Tg2576 mice (females, 7, 10, or 11 
months old, n = 6 per group) were immunized i.p. with 500 mg of mAb once 
every 2 weeks for 4 months. CRND8 mice (females, 3 months old, n = 7  
per group) were immunized i.p. with 500 mg of mAb once every week for  
8 weeks. Control mice received mouse IgG or PBS.

Cortical injections.  For  stereotaxic  cortical  injections,  Tg2576  mice 
(females, 18 months old, n = 3 per group) mice were injected with 1 mg of 
mAb in the frontal cortex of the right hemisphere, whereas the left hemi-
sphere was left untreated as a control. On the day of the surgery, mice were 
anesthetized with isoflurane (5% initially followed by 3% during surgery) 
and placed in a stereotaxic apparatus. A midsagittal incision was made to 
expose the cranium, and a hole was drilled to the following coordinates 
taken from bregma: A/P, +1.1 mm; L, –1.5 mm. A 26-gauge needle attached 
to a 10-ml syringe was lowered 1.0 mm dorsoventral, and a 2-ml injection 
was made over a 10-minute period. The incision was closed with surgical 
staples, and mice were sacrificed 72 hours after the surgery.

ELISA analysis of extracted Aβ. At sacrifice, the brains of mice were divid-
ed by midsagittal dissection, and 1 hemibrain was used for biochemical 
analysis. Each hemibrain was sequentially extracted in a 2-step procedure 
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described previously (19). Briefly, each hemibrain (150 mg/ml wet wt) was 
sonicated in 2% SDS with protease inhibitors and centrifuged at 100,000 g  
for 1 hour at 4°C. Following centrifugation, the resultant supernatant 
was collected, representing the SDS-soluble fraction. The resultant pellet 
was then extracted in 70% FA, centrifuged, and the resultant supernatant 
collected (the FA fraction). The following mAbs against Aβ were used in 
the sandwich capture ELISA: for brain Aβ40, Ab9 capture and Ab40.1-HRP 
detection; for brain Aβ42, Ab42.2 capture and Ab9-HRP detection.

Immunohistology. Hemibrains of mice were fixed in 4% paraformaldehyde 
in 0.1 M PBS (pH 7.6) and then stained for Aβ plaques as described pre-
viously (2, 27). Paraffin sections (5 mm) were pretreated with 80% FA for 
5 minutes, washed, and immersed in 0.3% H2O2 for 30 minutes to block 
intrinsic peroxidase activity. They were then incubated with 2% normal 
goat serum in PBS for 1 hour, with Ab9 (Monoclonal) at 1 mg/ml dilution 
overnight, and then with HRP-conjugated goat anti-mouse secondary mAb 
(1:500 dilution; Amersham Biosciences) for 1 hour. Sections were washed 
in PBS, and immunoreactivity was visualized by 3,3′-diaminobenzidine 
tetrahydrochloride (DAB) according to the manufacturer’s specifications 
(ABC system; Vector Laboratories). Adjacent sections were stained with 4% 
thioflavin-S for 10 minutes. For cerebrovascular amyloid detection, paraf-
fin sections were stained with biotinylated Ab9 mAb (1:500 dilution) over-
night at 4°C, and then immunoreactivity was visualized by DAB according 
to the manufacturer’s specifications (ABC system; Vector Laboratories). 
Positively stained blood vessels in the neocortex were visually assessed and 
divided into 3 groups based on the severity of CAA. Vessels with more than 
80% of the perimeter stained were given the highest score (+++), partially 
stained vessels (30–80% stained) were given the median score (++), and only 
marginally stained vessels (less than 30% stained) were given the lowest 
score (+). Immunostained vessels were quantified in the neocortex of the 
same plane of section for each mouse (5–10 sections per mouse). Microhe-
morrhage in the vessels was assessed by staining of ferric iron with Perls 
staining according to a standard protocol and by H&E staining (24).

Quantitation of amyloid plaque burden. Computer-assisted quantification of 
Aβ plaques was performed using MCID Elite software (version 7.0; Imag-
ing Research Inc.). Serial coronal sections stained as above were captured, 
and the threshold for plaque staining was determined and kept constant 
throughout the analysis. For analysis of plaque burdens in the passive 

immunization experiments,  immunostained plaques were quantified 
(proportional area in old animals with vast deposition or plaque counts in 
young mice) in the neocortex of the same plane of section for each mouse 
(10–20 sections per mouse). In mice that were injected with mAb directly 
into the right hemisphere of the cortex, immunostained and thioflavin-
S–stained plaques were quantified as above specifically in the vicinity of 
the injection site (2-mm × 2-mm block). A total of 6–10 injection sites per 
treatment group were used for quantitation. An additional series of 30  
2-mm × 2-mm sites from the left hemispheres of cortices of mice that were not 
injected were also quantified and used as control values for amyloid plaque 
burden. All of the above analyses were performed in a blinded fashion.

Statistical analysis. One-way ANOVA followed by Dunnett’s multiple com-
parison test was performed using the scientific statistic software Prism 
(version 3; GraphPad). P values less than 0.05 were considered significant.
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