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AAG®.. In addition to this, for five of the mutants
studied, it was possible to perform an independent
check of the AAG®; value obtained by comparing
the AAG®, with the relative free energy difference
determined from electrochemical measurements
of the reaction center (AAG pyp., Fig. 4 and table
S1). In these mutants, only the P/P" midpoint
potential (and not the midpoint potentials of
Ba/Ba- or Ha/H-) are thought to change. There-
fore, the relative driving force for each of these
mutants should be directly related to the measured
P/P" midpoint potential via the Nemst equation
(26, 27). AAG%; and AAG pp. agree to within
about 30 meV in all five mutants (Fig. 4), dem-
onstrating that the relative free energies determined
from the reaction-diffusion formalism are in line
with independently measured values.

These results provide strong experimental
evidence for the concept that the complex non-
exponential charge separation kinetics in reaction
centers largely reflect the time course of protein
dynamics rather than the inherent electron transfer
rate between two static states. This evidence
supports the concept that protein movement plays
a key role in the kinetics of the primary electron
transfer reaction, as previously modeled in struc-
turally based simulations of electron transfer in
reaction centers (14, 15). Apparently, the observed
kinetics are determined by protein conformational
changes initiated by the light absorption event
rather than a static barrier crossing between two
potential surfaces. The dependence of electron
transfer dynamics on protein movement lends a
robustness to the electron transfer process that is
likely very advantageous; changes in the local
environment that alter the free energy of the
charge-separated states (such as membrane poten-
tials, for example) will only have minor effects on
the speed and efficiency of the electron transfer
reactions, because the protein effectively relaxes
through a regime in which the activation energy is
nearly zero, almost irrespective of the initial
energetics. Given the similarity of the core fea-
tures of the photosynthetic complexes from bac-
teria and plants, it is very likely that this same
framework holds true for the initial electron
transfer reaction of photosynthesis in general and
possibly for other protein-mediated electron trans-
fer reactions on similar time scales.
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Reducing Endogenous Tau Ameliorates
Amyloid p—Induced Deficits in an
Alzheimer's Disease Mouse Model
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Many potential treatments for Alzheimer’s disease target amyloid-B peptides (AB), which are widely
presumed to cause the disease. The microtubule-associated protein tau is also involved in the disease,
but it is unclear whether treatments aimed at tau could block AB-induced cognitive impairments. Here,
we found that reducing endogenous tau levels prevented behavioral deficits in transgenic mice
expressing human amyloid precursor protein, without altering their high AB levels. Tau reduction also
protected both transgenic and nontransgenic mice against excitotoxicity. Thus, tau reduction can
block AB- and excitotoxin-induced neuronal dysfunction and may represent an effective strategy for

treating Alzheimer's disease and related conditions.

eposits of amyloid-B peptide (AB) and
tau are the pathological hallmarks of
Alzheimer’s disease (AD). Treatments
aimed at AP production, clearance, or aggrega-
tion are all in clinical trials. However, interest in

tau as a target has been muted, partly because
tau pathology seems to occur downstream of Af
(I—4), making it uncertain whether tau-directed
therapeutics would prevent AB-induced impair-
ments. Also, tau is posttranslationally modified in
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AD (5-8), and debate continues about which mod-
ifications should be targeted. Reducing overall tau
levels might be an alternative approach (9). As tau
haplotypes driving slightly higher tau expression
increase AD risk (/0), reducing tau levels might
be protective. Therefore, we determined the effect
of reducing endogenous tau expression on cogni-
tive deficits in transgenic mice expressing human
amyloid precursor protein (hAPP) with familial
AD mutations that increase A production.

We crossed hAPP mice (I/) with Tau '
mice (/2) and examined hAPP mice with two
(hAPP/Tau™), one (hAPP/Tau™"), or no
(hAPP/Tai™") endogenous tau alleles, compared
with Tau™, Tau™", and Tau”~ mice without hRAPP
(13). Tau reduction did not affect hippocampal
hAPP expression, and conversely, hAPP did not
affect hippocampal tau levels (fig. S1). The six
genotypes showed no differences in weight, gen-
eral health, basic reflexes, sensory responses, or
gross motor function.

To test learning and memory, we used the
Morris water maze. In the cued version, mice learn
to find the target platform using a conspicuous
marker placed directly above it. At 4 to 7
months of age, Tau™, Tau™~, and Taw™™ mice
learned quickly, but as expected (/4, 15),
hAPP/Tau™" mice took longer to master this
task (Fig. 1A; P<0.001). In contrast, hAPP/ T
and hAPP/Tau™~ mice performed at control
levels.

The more difficult hidden-platform version of
the water maze demands spatial learning. Mice
without hAPP leamned this task over 3 days of
training regardless of tau genotype, whereas
hAPP/Taus™* mice showed no evidence of leaming
until days 4 and 5 (P < 0.001; Fig. 1B). Notably,
hAPP/Tuu"~ mice were less impaired than
hAPP/Tau™ mice (P < 0.02), and hAPP/Tau ™"~
mice did not differ from controls without hAPP
(Fig. 1B). Probe trials, in which the platform was
removed and mice were given 1 min to explore
the pool, confirmed the beneficial effect of tau
reduction (Fig. 1, C to E). In an initial probe trial
24 hours after 3 days of training, hAPP/Tau'"
mice had no apparent spatial memory of the
platform location, crossing the target platform
location no more than they crossed equivalent
areas in nontarget quadrants (Fig. 1D). How-
ever, hAPP/Tau '~ mice, similar to mice with-
out hAPP, did cross the target platform location
more often (P < 0.01; Fig. 1D). After two ad-
ditional days of training, hAPP/7au"~ mice also
had more target than nontarget crossings (P <
0.01), whereas hAPP/Zz ™" mice still showed no
spatial learning and memory (Fig. 1E). Thus, the
tau reduction gene dose-dependently ameliorates
AP-dependent water maze learning and memory

Increased exploratory locomotor activity is
seen after entorhinal cortex lesions and may
reflect deficits in spatial information processing
(16); hAPP mice show similar hyperactivity (15).
hAPP/Tau'™" mice were hyperactive in the Y
maze (P <0.001; Fig. 2A), a new cage (P <0.05;
Fig. 2B), and the elevated plus maze (P < 0.001;
Fig. 2C). In contrast, these abnormalities were
not seen in hAPP/7au™~ and hAPP/Tau™~ mice
(Fig. 2, A to C). To determine whether the
benefits afforded by tau reduction were sustained,
we examined older mice. Hyperactivity persisted
in hAPP/Tau™" mice and remained absent in
hAPP/Tau™" mice at 12 to 16 months (P < 0.05;
Fig. 2D).
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Premature death of unclear etiology was
also observed in hAPP mice (P < 0.005; Fig. 2E)
(17, 18). Again, both hAPP/Ttni”~ and hAPP/Tan ™
mice were protected from this early mortality.
Thus, tau reduction prevented major AB-dependent
adverse effects in hAPP mice. We examined sev-
eral plausible mechanisms by which tau reduction
might exert protective effects and we eventually
discovered an unexpected role for tau.

We first ruled out the possibility that tau
reduction altered AP levels or aggregation. Tau
reduction did not alter hAPP expression (fig. S1),
soluble AR or AB_4 levels, or the AB_4/AB
ratio (fig. S2). In addition, hAPP/Zau ™", hAPP/Ten: ™",
and hAPP/Tau”~ mice had similar plaque load at
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platform crossings versus crossings of the equivalent area in the three other quadrants differed by
genotype (target crossing by genotype interaction, P < 0.001). In post-hoc comparisons, all genotypes
except hAPP/Tau*™ and hAPP/Tau*"™ exhibited a preference for the target location over equivalent areas
in the other three quadrants (*P < 0.05; **P < 0.01; ***P < 0.001). (E) Probe trial 72 hours after
completion of 5 days of hidden-platform training. Target platform preference differed by genotype (target
crossing by genotype interaction, P < 0.001; target crossing by hAPP by tau interaction, P < 0.05). In post-
hoc comparisons, all genotypes except hAPP/Tau™* exhibited a preference for the target location (**P <
0.01; ***P < 0.001). Error bars show SEM.
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4 to 7 months (fig. S3) and 14 to 18 months (Fig.
3, A and B). We also found no effect of tau
reduction on levels of AB*56, a specific AR

in AB burden, suggesting that tau reduction
uncouples AR from downstream pathogenic
mechanisms.

Next, we looked for abnormal forms of tau
that might act as downstream eftectors of Af in

assembly linked to memory deficits (/9) (fig.
S4). Thus, the beneficial effects of reducing
tau were observed without detectable changes
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tau reduction on premature mor-
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mice differed from all other groups (P < 0.005).
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of tau modification, or a small pool of modified
tau in a restricted subcellular compartment or
cellular population, could play a role downstream
of AB.

To begin addressing this possibility, we stained
brain sections from 7zu'”" and hAPP/Tau™" mice
with phospho-tau antibodies. We saw little dif-
ference overall between Tau™" and hAPP/Tau™*
mice in phospho-tau immunoreactivity, but we
did observe scattered phospho-tau—positive
punctae in dystrophic neurites surrounding amy-
loid plaques (fig. S7). We thus wondered whether
the benefits of tau reduction in hAPP mice could
relate to prevention of neuritic dystrophy, which
may contribute to AD-related cognitive decline
(24). Despite the differences in their behavior,
hAPP/Tau'"", hAPP/Tau"", and hAPP/Tau
mice had similar amounts of neuritic dystrophy
(Fig. 3C). Thus, tau is not required for the
formation of plaque-associated dystrophic neu-
rites. Given that tau reduction prevented behav-
ioral deficits but not neuritic dystrophy, these
may represent parallel, rather than causally
linked, disease manifestations, or tau reduction
may act downstream of neuritic dystrophy.

Tau has a well-characterized role in axonal
outgrowth (/2), so we tested whether tau re-
duction prevented the aberrant sprouting of
hippocampal axons observed in AD (25) and
hAPP mice (/8). Similar degrees of sprouting
were observed, regardless of tau genotype (Fig.
3D). Thus, although tau reduction affected impor-
tant outcome measures related to AP-induced
neuronal dysfunction, not all effects of Ap were
blocked.

Excitotoxicity is implicated in the pathogene-
sis of AD (26, 27). Consistent with the increased
incidence of seizures in AD patients (28),
TgCRND8 hAPP mice are more susceptible
to the y-aminobutyric acid type A (GABA,)
receptor antagonist pentylenetetrazole (PTZ)
(29). Using a similar paradigm, we found that
hAPP/Tau”" mice were also abnormally sensitive
to PTZ, with 20% suffering fatal status epilepticus
at a dose that was not lethal to mice without
hAPP (P < 0.05). Tau reduction prevented this
effect, as no hAPP/Tau""~ or hAPP/Tuu™~ mice
died. Seizures in hAPP/Tau~ and hAPP/Tau ™'
mice were less severe and occurred at longer
latencies than in hAPP/Tau™" mice (P < 0.01;
Fig. 4, A and B).

Tau reduction also increased resistance to
PTZ in hAPP-nontransgenic mice, lowering
seizure severity and delaying seizure onset (P <
0.01; Fig. 4, A and C). To confirm that tau reduc-
tion could reduce aberrant neuronal overexcita-
tion, we challenged mice with excitotoxic doses
of the glutamate receptor agonist kainate. As ex-
pected, intraperitoneal injection of kainate dose-
dependently induced seizures in Zau™" mice (Fig.
4D). In contrast, Tau™ and Tau™™ mice were re-
sistant to kainate across a range of doses (P <
0.05; Fig. 4D). Thus, tau modulates sensitivity to
excitotoxins and may be involved in regulating
neuronal activity. The excitoprotective effect of
tau reduction in mice without hAPP is more
likely related to a physiological function of tau
than to the removal of a pathological form of
the protein. Sensitization of neurons to AP by
physiological forms of tau could explain why

Fig. 4. Tau reduction
increased resistance to A 61 B 20 —
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of kainate at the doses indicated, occurrence of generalized tonic-clonic seizures was scored. Tau
reduction lowered susceptibility to kainate, shifting dose-response curves to the right (n = 19 to 24 mice

per genotype; age 2 to 5 months; logistic regression:
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P < 0.05).

tau reduction is effective in hAPP/Tau
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mice

despite their lack of obvious tau modifications.

Our findings raise the possibility that tau re-

duction could protect against AD and other neu-
rological conditions associated with excitotoxicity.
Of course, the therapeutic implications of our
findings must be interpreted with caution. First,
there are differences between the mouse model
and AD, including the absence of substantial
neuronal loss or neurofibrillary pathology in
hAPP mice. The contribution of these abnor-
malities to AD-related cognitive impairment,
relative to the role of reversible AB-induced neu-
ronal dysfunction that is modeled in hAPP mice,
remains to be determined (30). Second, micro-
deletions of chromosome 17q21 encompassing
the tau gene are associated with learning dis-
abilities in humans (37), although abnormalities
in these individuals may relate to insufficiency of
other genes in the region, such as the corticotropin-
releasing hormone receptor gene, which is im-
plicated in neuropsychiatric disease (32). We
found no adverse effects of tau reduction on
health or cognition in mice, and the evidence that
even partial tau reduction robustly protected mice
from AP and excitotoxic agents highlights its
potential benefits.

1.
. ]. Lewis et al., Science 293, 1487 (2001).
. M. Rapoport, H. N. Dawson, L. I. Binder, M. P. Vitek,

References and Notes
R. Tanzi, L. Bertram, Cell 120, 545 (2005).

A. Ferreira, Proc. Natl. Acad. Sci. U.S.A. 99, 6364
(2002).

. S. Oddo, L. Billings, ]. P. Kesslak, D. H. Cribbs,

F. M. LaFerla, Neuron 43, 321 (2004).

. C. X. Gong, F. Liu, I. Grundke-Igbal, K. Igbal, J. Neural

Transm. 112, 813 (2005).

. K. Igbal et al., Biochim. Biophys. Acta 1739, 198

(2005).

. W. H. Stoothoff, G. V. Johnson, Biochim. Biophys. Acta

1739, 280 (2005).

. |. Khlistunova et al., J. Biol. Chem. 281, 1205 (2006).
. C. A. Dickey et al., FASEB . 20, 753 (2006).

. A. ). Myers et al., Hum. Mol. Genet. 14, 2399 (2005).
. L. Mucke et al., ]. Neurosci. 20, 4050 (2000).

. H. N. Dawson et al., ]. Cell Sci. 114, 1179 (2001).

. Materials and methods are available as supporting

material on Science Online.

. 1. ). Palop et al., Proc. Natl. Acad. Sci. U.S.A. 100, 9572

(2003).

. D. T. Kobayashi, K. S. Chen, Genes Brain Behav. 4,

173 (2005).

. 0. Steward, ]. Loesche, W. C. Horton, Brain Res. Bull.

2, 41 (1977).

. K. K. Hsiao et al., Neuron 15, 1203 (1995).

. ]. Chin et al., ]. Neurosci. 24, 4692 (2004).

. S. Lesné et al., Nature 440, 352 (2006).

. E. Planel et al., ]. Neurosci. 24, 2401 (2004).

. S. Y. Park, A. Ferreira, J. Neurosci. 25, 5365 (2005).
. T. Liu et al., ]. Neurochem. 88, 554 (2004).

. K. SantaCruz et al., Science 309, 476 (2005).

. R. B. Knowles et al., Proc. Natl. Acad. Sci. U.S.A. 96,

5274 (1999).

. ]. W. Geddes et al., Science 230, 1179 (1985).
. M. P. Mattson, Nature 430, 631 (2004).
. ]. W. Olney, D. F. Wozniak, N. B. Farber, Arch. Neurol.

54, 1234 (1997).

. ]. C. Amatniek et al., Epilepsia 47, 867 (2006).
. R. A. Del Vecchio, L. H. Gold, S. J. Novick, G. Wong,

L. A. Hyde, Neurosci. Lett. 367, 164 (2004).

. 1. ]. Palop, ]. Chin, L. Mucke, Nature 443, 768 (2006).
. J. R. Lupski, Nat. Genet. 38, 974 (2006).

753



REPORTS

754

32. F. Holsboer, Curr. Opin. Investig. Drugs 4, 46

(2003).

We thank M. Vitek and H. Dawson for tau knockout mice;
P. Seubert and P. Davies for antibodies; H. Solanoy,

X. Wang, and Y. Zhou for technical assistance;

C. McCullough for advice on statistics; D. McPherson and

33.

consulting fees from Merck and honoraria from Amgen,
Elan, and Pfizer. E.D.R. received consulting fees from
Rinat Neuroscience. Supported by NIH grants AG011385
and AG022074 (L.M.), MH070588 (K.S.L), and
NS054811 (E.D.R); the Giannini Foundation (E.D.R.); the
S.D. Bechtel Jr. Young Investigator Award (E.D.R.); and

Supporting Online Material
www.sciencemag.org/cgi/content/full/316/5825/750/DC1
Materials and Methods

Figs. S1 to S7

References

L. Manuntag for administrative support; and G. Howard
and S. Ordway for editorial review. L.M. received

the NIH National Center for Research Resources grant
RR18928-01.

26 February 2007; accepted 27 March 2007
10.1126/science.1141736

Regulation of NF-xB Activation in
T Cells via Association of the Adapter
Proteins ADAP and CARMA1

Ricardo B. Medeiros,** Brandon J. Burbach,™* Kristen L. Mueller,* Rupa Srivastava,®
James ]. Moon,? Sarah Highfill,* Erik ]. Peterson,® Yoji Shimizu®t

The adapter protein ADAP regulates T lymphocyte adhesion and activation. We present evidence for a
previously unrecognized function for ADAP in regulating T cell receptor (TCR)—mediated activation of
the transcription factor NF-kB. Stimulation of ADAP-deficient mouse T cells with antibodies to CD3 and
(D28 resulted in impaired nuclear translocation of NF-kB, a reduced DNA binding, and delayed
degradation and decreased phosphorylation of I«B (inhibitor of NF-kB). TCR-stimulated assembly of the
CARMA1—-BCL-10—MALT1 complex was substantially impaired in the absence of ADAP. We further
identified a region of ADAP that is required for association with the CARMA1 adapter and NF-kB
activation but is not required for ADAP-dependent regulation of adhesion. These findings provide new
insights into ADAP function and the mechanism by which CARMA1 regulates NF-«kB activation in T cells.

Membrane localization of PKCO was similar in
ADAP"" and ADAP " T cells upon stimulation
with antibodies to CD3 and CD28 (Fig. 1, A
and B). Stimulated ADAP™~ and ADAP"~ T
cells also showed similar levels of PKC6
phosphorylation (Fig. 1C). Thus, ADAP is not
required for TCR signaling events leading to
and including PKCO activation. Because PKC6O
regulates NF-xB activation downstream of the
TCR (11, 13), we next examined NF-«xB signal-
ing in ADAP T cells. Image scanning flow
cytometry (/4, 15) (fig. S1) revealed a striking
defect in p65 nuclear translocation after stimu-
lation of ADAP™~ lymph node T cells (Fig. 2,
A and B) or CD4 T cells (fig. S2) by CD3 and
CD28 (CD3/CD28). In contrast, no impairment
in NF-xB activation was detected after stimula-
tion with tumor necrosis factor—o, (TNF-a), which
activates NF-xB independently of the TCR.
These results were confirmed with electrophoretic

dapter proteins nucleate multimolecular
Acomplexes that are essential for effec-

tive transmission of intracellular signals
during an adaptive immune response (/). In T
lymphocytes, the adhesion- and degranulation-
promoting adapter protein (ADAP) regulates T
cell receptor (TCR)-dependent changes in the
function of integrin adhesion receptors (2, 3).
ADAP-deficient (ADAP ") T cells also exhibit
impaired proliferation and cytokine production
after stimulation of the TCR and the CD28 co-
stimulatory receptor (2, 3). Stimulation of these
receptors leads to activation of the NF-xB family
of transcription factors, which are critical for T cell
activation and survival (4). A multiprotein complex
consisting of the membrane-associated adapter
protein CARMAL (5, 6), the caspase-like protein
MALTI (7, 8), and the adapter protein BCL-10 (9)
is critical for TCR-dependent activation of the IxB
kinase complex and subsequent NF-kB nuclear
translocation (/0).

Like ADAP-deficient T cells, protein kinase
CO (PKCO)—deficient T cells exhibit defective
TCR-mediated proliferation, even though prox-
imal TCR signaling events, such as extracellu-
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mobility shift assays (Fig. 2C). ADAP T cells
also displayed defective NF-«xB translocation after
treatment with phorbol 12-myristate 13-acetate
(PMA), which activates PKC (Fig. 2, A and B).

lar signal-regulated kinase (ERK) activation,
are normal (11). Therefore, we examined PKC6-
dependent signaling in ADAP™™ T cells (/2).
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Fig. 1. TCR-dependent membrane localization and activation of PKCO in ADAP = T cells. (A)
Localization of PKCO (bottom) in ADAP*'~ and ADAP™ T cells to the contact site with beads coated with
antibodies to CD3 and CD28. Differential interference contrast (DIC) images are shown in top panels.
(B) Quantification of PKCO localization. T cell-bead conjugates (minimum 90 per group) were scored
for PKCO polarization from two independent experiments. Graph shows the average percent of T cell—
bead conjugates with polarized PKC6 (+SD). (C) Phosphorylation of PKC6 after CD3/CD28 stimulation
of ADAP*'~ and ADAP™~ T cells for the indicated time points was assessed by Western blotting of whole-
cell lysates with antibody to phosphorylated PKCO (Thr**®) (top panels). Blots were also probed with
antibody to B-actin (bottom panels).
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