
letters to nature

982 NATURE | VOL 408 | 21/28 DECEMBER 2000 | www.nature.com

Supplementary Information for more details) in serum samples (200 ml of blood)
collected at 13 and 25 weeks.

Behavioural tests and data analysis

The water maze apparatus, mouse handling and general testing procedures have been
described23. Before the ®rst spatial learning test at 11 weeks, all mice underwent non-
spatial pre-training (NSP) to assess swimming abilities and to accustom mice to the test24,25

(see Supplementary Information). Two days after the NSP phase, all mice underwent a
reference memory training with a hidden platform placed in the centre of one quadrant of
the pool for 5 days, with four trials per day. After the last trial of day 5, the platform was
removed from the pool and each mouse received one 60-s swim probe trial. Escape latency
(s), length of swim path (cm), swim speed (cm s-1), % of ¯oating (speed less then 5 cm s-1),
% of time in outer zone (near the pool wall), and % of time and path in each quadrant of
the pool were recorded using an on-line HVS image video tracking system23 (see
Supplementary Information).

For the probe trials, an annulus-crossing index was calculated that represents the
number of passes over the platform site, minus the mean of passes over alternative sites in
other quadrants. The index expresses the spatial place preference and controls for
alternative search strategies without place preferences, such as circular search paths26,27. All
mice were re-tested at 15, 19 and 23 weeks of age, one week before the next immunization.
At each re-testing, the platform was placed in the centre of a different, semi-randomly
chosen pool quadrant for all ®ve sessions of training. At the end of the experiment, all mice
were given a cue (visual platform) learning test. This was followed by the open-®eld test to
investigate spontaneous locomotor exploration. Behavioural data was analysed using a
mixed model of factorial ANOVA. Degrees of freedom were adjusted by Greenhouse±
Geisser epsilon correction for heterogeneity of variance. A Bonferroni Inequality correc-
tion was applied for multiple comparisons. Omega squared (q2) was used as a measure of
effect size caused by different factors.

Analysis of bAPP and amyloid burden in brain

Three 5-mm sections at 25-mm intervals from one cerebral hemisphere were immunos-
tained with Dako 6F/3D anti-Ab monoclonal antibody to residues 8±17 (which is
primarily reactive against dense-cored plaques) with 4G8 (ref. 28), or with sera from
immunized mice, and counterstained with haematoxylin and resin mounted as described
(M.A.C. et al., manuscript in preparation). For some samples the formic-acid treatment
step was omitted. End products were visualized with diaminobenzidine. Amyloid plaque
burden was assessed using Leco IA-3001 image analysis software interfaced with a Leica
microscope and a Hitachi KP-M1U CCD video camera. The quantitative analysis was
performed at of ´ 25 magni®cation, and the image frame and guard size was set to
0,0,639,479 (307,200 mm2) for each slide. The brain area (cortex or hippocampus) was
outlined using the edit plane function, and the area and number of plaques in the outlined
structure were recorded. Data were pooled for all three sections.

Cerebral Ab levels were assayed from formic-acid-extracted29, hemi-brain sucrose
homogenates using an ELISA method (see Supplementary Information) in which Ab was
trapped with either monoclonal antibody to Ab40 (JRF/cAb40/10) or Ab42 (JRF/cAb42/
26) and then detected with horseradish peroxidase (HRP)-conjugated JRF/Abtot/17. The
dilution of JRF/Abtot/17 and samples were optimized to detect Ab in the range of 50 to
800 fmol ml-1. ELISA signals are reported as the mean 6 s.e.m. of four replica wells in fmol
Ab per mg total protein (determined with the BioRad DC protein assay), based on
standard curves using synthetic Ab1±40 and Ab1±42 peptide standards (American Peptide
Co. Sunnyvale, CA). Cerebral bAPPs levels were analysed in supernatant of brain as
described30.
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Vaccinations with amyloid-b peptide (AB) can dramatically
reduce amyloid deposition in a transgenic mouse model of
Alzheimer's disease1. To determine if the vaccinations had dele-
terious or bene®cial functional consequences, we tested eight
months of Ab vaccination in a different transgenic model for
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Alzheimer's disease in which mice develop learning de®cits as
amyloid accumulates2,3 . Here we show that vaccination with Ab
protects transgenic mice from the learning and age-related
memory de®cits that normally occur in this mouse model for
Alzheimer's disease. During testing for potential deleterious
effects of the vaccine, all mice performed superbly on the radial-
arm water-maze test of working memory. Later, at an age when
untreated transgenic mice show memory de®cits, the Ab-vacci-
nated transgenic mice showed cognitive performance superior to
that of the control transgenic mice and, ultimately, performed as
well as nontransgenic mice. The Ab-vaccinated mice also had a
partial reduction in amyloid burden at the end of the study. This
therapeutic approach may thus prevent and, possibly, treat Alz-
heimer's dementia.

The accumulation of ®brils formed from the Ab peptide into

amyloid plaques is a de®ning characteristic of Alzheimer's disease
(AD). The Ab vaccination protocol described in ref. 1 reduced Ab
deposits, which suggested that this approach might bene®t AD
patients. However, the functional consequences of such vaccina-
tions might be deleterious. For example, plaque-associated in¯am-
mation promoted by the immunization could interfere with normal
brain functioning, and/or lead to degenerative changes in the
brain4±8. We used a novel working-memory task that combines
elements of a radial-arm maze and a water maze. This radial-arm
water maze is remarkably robust at detecting learning/memory
de®cits that develop in AD transgenic mice2 and more ef®cient in
sample size requirements than other memory tasks typically used
for rodents3.

To test the possibility that vaccinations might cause premature
memory de®cits in AD transgenic mice, we assessed learning/
memory performance in the mice at 11.5 months of age after ®ve
inoculations with Ab or the control vaccine, keyhole limpet haemo-
cyanin (KLH). All mice showed strong learning and memory
capacity, irrespective of treatment or transgene status (Fig. 1a).
All groups averaged three to four errors on the ®rst trial as they
sought out the new platform location for that day, but averaged less
than one error by trials 4 or 5, demonstrating intact working
memory for platform location between trials and during the 30-
min delay before trial 5. This strong performance by Ab-vaccinated
mice indicates that any in¯ammatory responses caused by the
vaccine were not deleterious behaviourally.

Monthly inoculations were continued until the mice were 15.5
months, when these mice were tested again in the radial-arm water
maze. At 15.5 months the KLH-vaccinated transgenic mice failed to
demonstrate learning or memory of the platform location; their
performance on all trials was the same (Fig. 1b). This is identical to
the performance of other untreated transgenic mice that had been
previously tested in this learning task at this age (Fig. 1c; ref. 3). In
contrast, the Ab-inoculated transgenic mice, although slower to learn
platform location than nontransgenic mice on trial 3 (Fischer's least

Figure 1 Radial-arm water-maze performance in vaccinated transgenic and

nontransgenic mice. a, Nontransgenic mice (circles, solid lines), transgenic mice

vaccinated with KLH (squares, dashed lines), and transgenic mice vaccinated with Ab

(triangles, dotted lines) were tested in the radial-arm water maze at 11.5 months of age

(after ®ve inoculations). All groups learned (trial 4) and remembered (trial 5) the platform

location at this time point. In the same mice at 15.5 months of age (nine inoculations; b),

the transgenic mice vaccinated with Ab continued to show learning and memory of the

platform location, whereas the transgenic mice vaccinated with KLH failed to show

learning and memory for platform location on either trials 4 or 5 (*P , 0.05, **P , 0.01;

KLH signi®cantly different from other two groups by LSD post hoc analysis after MANOVA).

This bene®t of Ab vaccination was found in both the APP-only and APP+PS1 transgenic

mice (c), with signi®cantly fewer errors on trial 5 in the Ab-vaccinated groups (solid bars)

than in the KLH-vaccinated group (open bars) of both genotypes (*P , 0.03). Included for

comparison is the trial 5 performance of another group (hatched bars) of untreated 15±

16-month-old transgenic mice that were tested separately, and are reported on fully

elsewhere2.

Figure 2 Amyloid pathology in transgenic mice vaccinated with KLH or Ab.

Immunohistochemistry for Ab in frontal cortex is shown in (KLH-vaccinated) (a) and

(Ab-vaccinated) (b) in transgenic mice with values similar to the means shown in Fig. 3c.

Congo-red staining is shown in (KLH) (c) and (Ab) (d) in mice with values corresponding

to the means in Fig. 3b. Horizontal sections are oriented with the corpus callosum in the

lower right corner and anterior to the top. Scale bar, 500 mm.
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signi®cant difference (LSD), P , 0.02), were nearly ¯awless by trial
5, and performed signi®cantly better than the KLH-vaccinated
transgenic mice on both trials 4 and 5 (multiple analysis of variance,
MANOVA: F(2,15) = 5.83, P , 0.02 and F(2,15) = 12.16, P , 0.001,
respectively; KLH transgenic group different from both other
groups by Fischer's LSD post hoc comparisons, P , 0.05 on trial
4 and P , 0.01 on trial 5). Our individual evaluation of the
performance of the two transgenic genotypes made it clear that
both APP-only and APP+PS1 transgenic mice bene®ted from the
Ab vaccinations (Fig. 1c).

Serological analysis indicated that mice injected with Ab devel-
oped antibodies against the Ab peptide. Very high titres were found
in both transgenic and nontransgenic mice immunized with Ab
(IC50 = 27,000 6 5,000 and 48,000 6 18,000, respectively; not
signi®cant). There was no anti-Ab activity in the KLH-immunized
transgenic mice, untreated transgenic mice, nor nontransgenic mice
at ®nal dilutions of serum down to 1:16, indicating that transgenic
mice did not spontaneously generate an antibody reaction to Ab.

Immunization with Ab caused a modest reduction in Ab deposits
in the frontal cortex, with a signi®cant reduction in the Congo-red-
stained area of APP+PS1 mice, and a signi®cant reduction in the
Ab-immunostained area of APP mice (Fig. 2 and Fig. 3). Reduc-
tions of a similar extent were found in hippocampus. We also
quanti®ed immunostaining using Ab40- and Ab42-speci®c anti-
sera, both of which exhibited the same modest reductions found in
total Ab immunostaining. We suspect that, with a larger sample
size, statistically signi®cant partial reductions would be found in all
these measures consistent with other recent reports9±11. In general,
the percentage reduction in Ab deposition was greater in the APP
mice than the APP+PS1 mice. The absolute reductions were greater,
however, in the doubly transgenic animals. The APP+PS1 mice
already had substantial Ab deposits by the time vaccinations were
initiated12. Further studies will test whether beginning vaccinations
at an earlier age, or combining vaccination with other Ab-lowering
treatments, will result in more complete protection from Ab
deposition, and improve the cognitive performance of 15-
months-old transgenic mice even further.

Our most important ®nding here is that Ab vaccination protects

transgenic mice from developing memory de®cits compared with
KLH-immunized (control) transgenic mice. But how important is
the learning paradigm in discerning these differences. We have
found that in using the reference-memory version of the water
maze, mice of this age (15.5 months) have de®cits in escape latency,
but not retention on the probe trial3. Thus, the more demanding
working-memory version of the water-maze task may be essential to
detect such differences. Similarly, a spatial task would require intact
function of hippocampal and, to a lesser extent, cortical structures,
the locations where plaques accumulate earliest and to the greatest
extent in these mice12±14.

This vaccination-associated protection from memory impair-
ment occurs in the presence of reduced, but still substantial Ab
deposits. The mechanism by which immunization with Ab blocks
learning and memory de®cits is not understood. One possibility is
that the antibodies neutralize Ab in some restricted compartment
or deplete a non-deposited form of Ab (for example, a soluble form)
that is responsible for the memory loss observed. Recently, soluble
Ab has been proposed as the cause of synapse loss in APP transgenic
mice, as some transgenic lines develop reductions in synaptophysin
immunoreactivity in dentate gyrus without developing Ab
deposits15. A second possibility is that microglia activated by the
inoculations1 can clear the deposited Ab, thereby permitting
normal cognitive function. This is not easily reconciled with the
relatively modest Ab clearance detected, although exhaustive
regional analyses have yet to be completed. Perhaps even mice
that have already developed extensive brain pathology and memory
de®cits can bene®t from vaccinations given later in life. In view of
the absence of adverse effects on behaviour and brain functioning,
and the protection of memory functions by the Ab vaccines, we
strongly recommend testing of this and related approaches for the
treatment and prevention of Alzheimer's disease. M

Methods
Vaccination protocols

Mice were obtained by breeding Tg 2576 APP transgenic mice16 with PS1 line 5.1
transgenic mice17, resulting in nontransgenic, APP, APP+PS1 and PS1 transgenic mice as
described by us previously12,13. Human Ab1±42 peptide (Bachem) was suspended in
pyrogen-free Type I water at 2.2 mg ml-1 then mixed with 10 ´ PBS to yield 1 ´ PBS and
incubated overnight at 37 8C. Control mice were injected with KLH that was prepared in
the same manner. The antigen suspension was mixed 1:1 with Freund's complete adjuvant
and 100 mg Ab injected subcutaneously by an experimenter who had no role in the
behavioural testing. A boost of the same material (prepared freshly) was made in
incomplete Freund's at two weeks and injected once monthly for the next three months.
Subsequent monthly boosts were made in mineral oil. Mice were vaccinated, beginning at
7.5 months of age. The sample size of each group was: 6 (3 female/3 male) nontransgenic
mice vaccinated with Ab or KLH; 7 (4 female/3 male) transgenic mice vaccinated with Ab;
7 (4 female/3 male) transgenic mice vaccinated with KLH. The ®rst post-vaccination
behavioural testing period was started 5 days after the ®fth vaccination at 11.5 months of
age. The second behavioural testing period was started at 15.5 months of age, one month
after the ninth vaccination. Mice were killed at 16 months of age. We note that transgenic
and nontransgenic mice were also tested for performance in the radial-arm water maze at
6 months of age (before vaccination) and all mice performed well.

Radial-arm water maze testing

Experimenters were unaware of the experimental conditions of the mice at the time of
testing. The maze consisted of a circular pool 1 m in diameter with six swim alleys (arms)
19 cm wide that radiated out from an open central area (40 cm in diameter), with a
submerged escape platform located at the end of one of the arms3,18. Spatial cues were
present on the walls and ceiling of the testing room. The escape platform was placed in a
different arm each day, forcing mice to use working memory to solve the task. Each day,
mice were given the opportunity to learn the location of the submerged platform during
four consecutive acquisition trials followed 30 min later by a retention trial (trial 5). On
each trial, the mouse was started in one arm not containing the platform and allowed to
swim for up to one minute to ®nd the escape platform. Upon entering (all four paws
within the swim alley) an incorrect arm or failing to select an arm after 20 s, the mouse was
gently pulled back to the start arm for that trial and charged an error. All mice spent 30 s on
the platform following each trial before beginning the next trial. On subsequent trials that
day, the start arm was varied, so the mouse could not simply learn the motor rule `second
arm to the left', but must learn the spatial location of the platform that day. After the fourth
trial was completed, the mice were placed in their home cage for 30 min, then returned to
the maze and administered the retention trial. The platform was located in the same arm
on each trial within a day, and was in a different arm across days. Over 1±2 weeks of

Figure 3 Measurement of amyloid histopathology after Ab peptide immunization.

a, b, Results for the APP+PS1 mice; c, d, results for APP-only transgenic mice. A

signi®cant reduction in Congo-red staining in frontal cortex was found in APP+PS1 mice

vaccinated with Ab (n = 4) compared to in APP+PS1 mice vaccinated with KLH (n = 5; b).

There was a signi®cant reduction in Ab immunostaining in APP-only transgenic mice

vaccinated with Ab (n = 3) compared to in KLH-vaccinated APP mice (n = 2; c).

*, P , 0.05; **, P , 0.01 by t-test. CX, frontal cortex; HC, hippocampus.
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training, control groups gradually improved performance as they learned the procedural
aspects of the task, reaching an asymptotic level of 0.5±1 errors on trials 4 and 5. In the
experiments presented here mice were trained until the nontransgenic mice reached
asymptotic performance: 9 days at 11.5 months or 11 days at 15.5 months. The scores for
each mouse on the last two days of testing were averaged and used for statistical analysis.
Sensorimotor tests identi®ed no differences among these groups in open ®eld behaviour
or string agility testing. As in earlier work, all transgenic mice were impaired on the
balance beam, a de®cit observed as early as six months of age3, but this de®cit was not
modi®ed by Ab vaccination.

ELISA analysis for serum antibodies

Ninety-six-well Immulon 4HBX (Dynex) micro plates were coated with the Ab1±42
protein (250 ng per well) for 1 h at 37 8C. They were washed four times with 0.45% NaCl +
0.05% Tween-20 (washing buffer, WB). The plates were blocked with 5% non-fat dry milk
(NFDM) in PBS overnight at 4 8C and washed the following day. Mouse serum was
prepared in PBS at an initial dilution of 1:16 and subsequent twofold dilutions were made.
All samples were run in duplicate and incubated at 37 8C for 1 h followed by washing 10
times in WB. Plates were blocked a second time with 5% NFDM in PBS for 30 min at 37 8C
followed by washing ®ve times before the addition of an anti-mouse IgG HRP-conjugate.
The secondary antibody was diluted 1:5,000 in PBS and incubated for 1 h at 37 8C. Plates
were then washed 10 times in WB and developed with 3,3,5,5-tetramethylbenzidine
substrate (Sigma) in perborate buffer (Sigma). The reaction was stopped with 2 M
sulphuric acid. Plates were read spectrophotometrically at 450 nm. The anti-Ab1±42
antibody titre was de®ned as the reciprocal of the dilution of antisera that produced 50%
of the maximum signal detected for that sample.

Histopathology

Mice were overdosed with pentobarbital, perfused with saline and their brains removed.
One hemisphere was immersion-®xed in fresh, buffered paraformaldehyde for 24 h.
Frozen sections were stained for Ab peptides by immunohistochemistry13,19 or for Congo
red. The area of frontal cortex occupied by stain was measured with a Videometric V150
image analysis system (Oncor) on a Nikon Microphot FX microscope. Stained regions
were measured using HSI segmentation by an experimenter unaware of the subject
condition. Both stain intensity and area were measured, although only areas are reported
here as this is the convention for Ab deposits (`amyloid burden'). The results were not
qualitatively different when evaluating area, stain intensity or their product (total
immunoreactivity19). Data were collected from equally spaced horizontal sections for both
frontal cortex (anterior to the corpus callosum; 12 per mouse) and hippocampus (10 per
mouse).
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Capsaicin or vanilloid receptors (VRs) participate in the sensation
of thermal and in¯ammatory pain1±3. The cloned (VR1) and native
VRs are non-selective cation channels directly activated by harm-
ful heat, extracellular protons and vanilloid compounds4±8. How-
ever, considerable attention has been focused on identifying other
signalling pathways in VR activation; it is known that VR1 is also
expressed in non-sensory tissue1,9 and may mediate in¯ammatory
rather than acute thermal pain3. Here we show that activation of
protein kinase C (PKC) induces VR1 channel activity at room
temperature in the absence of any other agonist. We also observed
this effect in native VRs from sensory neurons, and phorbol esters
induced a vanilloid-sensitive Ca2+ rise in these cells. Moreover, the
pro-in¯ammatory peptide, bradykinin, and the putative endo-
genous ligand, anandamide, respectively induced and enhanced
VR activity, in a PKC-dependent manner. These results suggest
that PKC may link a range of stimuli to the activation of VRs.

PKC is a prominent participant in pain signalling. Targeted
deletion of PKC-e in mice10 markedly attenuates thermal- and
acid-induced hyperalgesia. In turn, activation of PKC-e potentiates
heat-evoked currents in sensory neurons11,12. Further, the algesic
peptide, bradykinin, potentiates heat responses11,12, induces depo-
larization13±16, and evokes secretion17±19 from vanilloid-sensitive
neurons in a PKC-dependent manner. However, the molecular
targets for these effects have not yet been clearly identi®ed. We
therefore investigated whether these actions of PKC are mediated by
VRs. Rat VR1 was expressed in Xenopus laevis oocytes and studied
using a two-electrode voltage clamp technique. Treatment with
12-O-tetradecanoylphorbol-13-acetate (TPA) to activate endogen-
ous PKC increased the amplitude of currents evoked by capsaicin
(Fig. 1a, c), anandamide (Fig. 1b, c) and protons (extracellular pH 5;
data not shown). In addition, TPA by itself produced a slowly
developing current (Fig. 1a, b) that was not observed in uninjected
oocytes (n = 5) or oocytes expressing the NMDA (N-methyl D-
aspartate) receptor (n = 8). These actions were probably mediated
by PKC because no responses were elicited by the inactive TPA
analogue, 4a-phorbol (n = 4), and responses to TPA were inhibited
by the selective PKC inhibitor20, bisindolylmaleimide (BIM,
200 nM, Fig. 1c).

Next, we examined whether the current induced by TPA alone
was mediated by VR1. In these experiments VR1-expressing oocytes
were treated separately with either TPA or capsaicin, to avoid cross-
sensitization. Figure 1d shows the response of a TPA-treated oocyte
to a series of depolarizing pulses from -80 mV to +80 mV. Out-
wardly recti®ed currents were evoked that were similar to those
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