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AD AND EPILEPSY —JOINED AT THE
SYNAPSE?

One disease presents as electrical jolts that sporad-
ically seize the brain, the other as forgetfulness and
disorientation that progressively worsen. “At first pass,
you’d think they are different universes,” said Helen
Scharfman, Nathan Kline Institute for Psychiatric Re-
search, Orangeburg, New York, in a symposium on
epilepsy and Alzheimer disease (AD) at the Society for
Neuroscience (SfN) annual meeting held 17-21 Octo-
ber 2009 in Chicago. In the past two years, howev-
er, a closer look at these two conditions has revealed
some fundamental similarities. “In both diseases, neu-
ronal activity has gone awry in timing and synchro-
nization,” Scharfman told the assembly of epilepsy and
AD researchers. The symposium’s four presentations,
as well as several posters on the topic, gave attendees
plenty to chew on — highlighting links in electrophys-
iology, epidemiology, and animal models of the two
diseases. “We believe there is some compelling clin-
ical and experimental evidence suggesting that there
could be an overlap between epilepsy and dementia,
and that there could be a fruitful ground for collabora-
tion for investigators in these areas,” said symposium
organizer Lennart Mucke of the Gladstone Institute of
Neurological Disease in San Francisco, California.

Mucke and colleagues provided the spark for this
interface when they teamed up with epileptologist Jef-
frey Noebels of Baylor College of Medicine in Hous-
ton, Texas, to reveal epileptiform activity in an AD
mouse model [1]. These abnormal discharges escape

casual observation but readily showed up in electroen-
cephalography (EEG) recordings done on freely mov-
ing J20 mice. “This confirmed our suspicion that,
against what people expected, amyloid-3 (A3) wasn’t
shutting the network down,” Mucke told the SfN au-
dience. Instead, A3 was inducing peaks of overexci-
tation, which then trigger suppressive mechanisms, he
suggested. “The system flips and flops between these
states, resulting in an imbalance between overexcita-
tion and inhibitory pathways in memory centers that we
predict are key components of AD pathophysiology,”
Mucke said.

His laboratory then asked whether this network in-
stability affects adult neurogenesis. Using retrovirus to
label newborn neurons in the dentate gyrus of J20 mice,
the researchers followed the cells’ morphological and
functional development from birth. The newborn gran-
ule cells seemed to develop on a fast track in the early
stages, but later their maturation slowed down as com-
pared to wild-type granule cells, Mucke reported. His
team was able to restore normal neurogenesis by either
blocking GABAergic signaling early on or inhibiting
calcineurin at later stages [2].

In addition to demonstrating that the network insta-
bility in AD mice has functional consequences, Mucke
noted that his laboratory has found sodium channel ab-
normalities in J20 inhibitory interneurons. These find-
ings, currently under review, could help reconcile the
conundrum that A3, which is thought to dampen synap-
tic activity [3], can in fact make networks hyperactive.
If inhibitory interneurons are impaired, the end result
is network disinhibition, Mucke told the Alzheimer
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Research Forum (ARF) in a post-symposium inter-
view. Work published earlier this year by Dennis
Selkoe, Brigham and Women’s Hospital, Boston, and
colleagues suggests that AB-induced neuronal over-
stimulation can disrupt uptake of extracellular gluta-
mate, making neurons more prone to long-term depres-
sion [4].

A recentinvivo calcium imaging study led by Arthur
Konnerth at Technical University Munich in Germany
also lent credence to the notion that A3 can make some
neurons hyperactive [5]. In that analysis, researchers
imaged cortical neurons from AFPP23xPS45 mice and
showed that while a third of the neurons were less ac-
tive, about a fifth of them actually became more active.

At SfN, Konnerth presented new data from his lab-
oratory showing that these changes in activity status
seem to have functional consequences. His team ana-
lyzed neurons from the primary visual cortex of wild-
type and ABPP23xPS45 mice. They chose the visual
system because the relationship between physical input
(i.e., shape and orientations of images) and how the neu-
rons typically respond to it is well described. Plus, the
researchers had found amyloid plaques and impaired
spontaneous neuronal activity in the mice’s visual cor-
tex in their earlier study. In the new analysis, some
cells in the ABPP23xPS45 visual cortex were hypoac-
tive and some were hyperactive, as expected. But more
than that, the silent neurons in the AD mice showed
no response to sensory stimuli. This was in contrast to
wild-type mice, where a proportion of the silent cells
were still responsive. More serious problems showed
up in the ABPP23xPS45 hyperactive neurons. These
cells essentially lost their ability to respond precisely to
specific orientations, compared with hyperactive cells
in the wild-type visual cortex, Konnerth reported.

The Mucke laboratory presented several SfN posters
with mechanistic data on the relationship between
synaptic dysfunction, network hyperexcitability, and
behavioral deficits. Julie Harris and colleagues tried
to get a handle on where Ag first acts within the
entorhinal-hippocampal network to wreak havoc on
networks and behavior. To that end, the scientists ana-
lyzed transgenic mice expressing human mutant AGPP
primarily in layer 2/3 pyramidal cells of the medial en-
torhinal cortex. These neurons signal to granule cells
of the dentate gyrus, which had no detectable AGPP
expression. By the time they were six months old, the
transgenic mice had molecular changes in the dentate
gyrus, as well as defects in several behavioral assays,
but with still hardly any A3 deposition in the dentate
gyrus. From these findings, they determined that Ag

acts trans-synaptically to induce molecular and func-
tional impairments. In a separate poster, Jorge Palop
and colleagues showed that exacerbating AS-induced
epileptiform activity in J20 mice further intensified the
remodeling of hippocampal circuits and other molecu-
lar abnormalities they had characterized in their previ-
ous study [1]. The data suggest to the authors that these
changes are indeed a downstream consequence of the
neuronal overexcitability.

Scientists in Finland have recently extended the ob-
servations of hyperactivity to another AD transgenic
line, PS-AGPP [6]. In an SfN poster, researchers at
Pfizer Global Research and Development, Princeton,
New Jersey, report epileptiform activity in that same
strain as well as another, Tg2576. Steve Leiser —
who has since moved to AstraZeneca in Wilmington,
Delaware — and colleagues found hyperexcitability in
PS-ABPP mice at 21, 34, and 47 weeks, and in Tg2576
mice at 27 and 34 weeks. Like the J20 mice, the Tg2576
and PS-ABPP animals showed freezing behavior but
had no tremors, convulsions, or other visible signs of
overt seizures. Both strains showed epileptiform ac-
tivity only after A deposition had begun but before
measurable cognitive decline, Leiser wrote in an e-mail
to ARF. The EEG recordings also revealed a shift from
delta (slow-wave) toward theta activity in the trans-
genic mice, suggesting their brains are in a hyperex-
cited state. Leiser noted that this pattern parallels that
of AD patients, who show an increase in theta power
early in the disease, and later shift back to a high delta
state. “These EEG features could indicate a hyperex-
citable state predictive of seizures, and might serve as
a biomarker for preclinical AD,” he wrote.

AD AND EPILEPSY —LESSONS FROM THE
CLINIC, ANIMALS

SfN featured a rare convergence of epilepsy and AD
researchers at a symposium focused on shared features
of these two disorders. There is accumulating animal
data for such a connection: At least three strains of
AD transgenic mice show epileptiform activity on EEG
recordings, and the data hint that the EEG changes
could be a signature for impending cognitive decline.
There is also growing suspicion that the same may be
true for AD patients. In a slide talk, Jeffrey Noebels,
an epilepsy researcher at Baylor College of Medicine
in Houston, Texas, reviewed clinical and pathological
evidence for overlap between AD and temporal lobe
epilepsy (TLE). He proposed that seizures may be a
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common feature of AD that escapes detection by con-
ventional EEG. Physicians spend a lot of time figuring
out whether patients have AD or TLE, Noebels said,
noting, “It’s actually possible to have both.”

Epidemiological data points in this direction. Epilep-
sy is generally a childhood disease but seems to occur
more frequently in seniors with dementia [7]. More
than half of the rare early-onset AD patients with AGPP
duplications have seizures [8], and for those with very
early onset of dementia (i.e., under 40 years of age),
the incidence of epilepsy rises to 83 percent [9].

When made to hyperventilate, people who carry an
apolipoprotein E4 (ApoE4) allele, which puts them
at increased AD risk, show epileptiform activity on
EEG [10]. An SfN poster by Jesse Hunter, Eli Lilly
and Co., Indianapolis, Indiana, and colleagues showed
mouse data that support this view. The scientists ana-
lyzed E2, E3, and E4 targeted replacement mice (i.e.,
transgenic mice that express a given human ApoE allele
in the endogenous locus) and report that old E4 females
developed seizures whereas E2 and E3 mice did not.

Meanwhile, the overall proportion of people with
AD and mild cognitive impairment (MCI) patients who
have non-convulsive seizures remains unknown — in
large part because probing the right brain regions is
difficult. It is much easier to pick up epileptiform ac-
tivity in mice, where the cortex is just a millimeter
thick and the hippocampus is disproportionately large,
Noebels said. In the human brain, surface EEG readily
misses abnormal activity in the temporal lobe, the main
site of early AD pathology, because this brain struc-
ture is small and deep — buried within a comparatively
thick cortex. Noebels described a case where nothing
showed up on a surface EEG recording, but implanted
depth electrodes revealed a full-blown seizure. Mind-
ful of these challenges, scientists at the University of
California, San Francisco, launched a study earlier this
year to determine the incidence of epileptiform activity
in dementia patients by doing 36-hour EEG and mag-
netoencephalography (MEG) on study volunteers with
AD and MCI, said symposium chair Lennart Mucke of
the Gladstone Institute of Neurological Disease in San
Francisco, California.

The notion of an interface between AD and TLE
appears to be gaining traction among AD researchers.
“People | talked with were fascinated by the overlap,
which seems wider than is realized by the experimental
and clinical evidence that has accumulated in a fairly
short period of time,” Mucke told ARF. Steve Barger of
the University of Arkansas, Little Rock, said the over-
lap with TLE might explain the vacillating clinical be-

havior of some AD patients, who can seem complete-
ly disoriented for a time and then snap back into an
almost-normal state. “Maybe you don’t really get cog-
nitive deficits until you get something that approaches
epileptiform activity,” he said.

Helen Scharfman of the Nathan Kline Institute for
Psychiatric Research, Orangeburg, New York, pro-
posed several potential shared mechanisms between
AD and TLE. The first was inflammation. Clinical da-
ta suggest that infection is a risk factor for TLE, and
animal studies have shown that cyclooxygenase-2 in-
hibitors can help restore long-term potentiation in an
AD model [11] and decrease seizures in a TLE mod-
el [12]. Another common mechanism could be neuro-
genesis, Scharfman said. In rodents, the dentate gyrus
makes new neurons after seizures [13], and the neu-
rogenesis seems to contribute to hippocampal network
reorganization [14]. Neurogenesis is also increased
early — by three to four months of age — in Tg2576 AD
mice [15].

Some TLE models might actually be unique tools for
studying AD because they model features that amyloi-
dosis models do not capture, Scharfman suggested. For
example, the loss of basal forebrain cholinergic neu-
rons is a common feature in AD patients, yet is hardly
detectable in mouse models based on AGPP mutations
and overexpression. However, cholinergic deficits do
appear in the kindling model of TLE. (Kindling refers
to repeated stimulation that leaves neurons oversensi-
tized and prone to seizures). The kindling model also
shares a number of common dentate gyrus features with
the ABPP/PS1 mouse, including reduced dentate hilar
cells, interneuron loss, survival of granule cells, mossy
fiber sprouting, and increased expression of neuropep-
tide .

The experimental and clinical support for an AD-
TLE overlap begs the obvious question of whether anti-
epileptic drugs can stem the network dysfunction that
presumably leads to dementia. So far, this has not been
the case. When Mucke and colleagues treated J20 mice
with the anti-epileptic drug phenytoin, a sodium chan-
nel blocker, the animals had even more seizure activi-
ty. The findings were perplexing, he said, but perhaps
not so unreasonable given that some epilepsy patients
with loss-of-function mutations in voltage-gated sodi-
um channels also respond poorly to phenytoin. That
observation led his team to look for sodium channel
abnormalities in the cortex of their J20 mice.

Thus far, AD patients treated with epilepsy drugs
have not fared any better. Phenytoin (sold under the
trade name Dilantin) is often given to stop seizures
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in AD, but it tends to worsen cognition, Mucke told
ARF. And a recent Phase 111 trial of the anticonvulsant
valproate failed to improve neuropsychiatric symptoms
in AD patients. Principal investigator Pierre Tariot of
Banner Alzheimer’s Institute, Phoenix, Arizona, pre-
sented the trial results at this year’s International Con-
ference on Alzheimer’s Disease (ICAD) in Vienna.
Much work remains to contrast and compare the
mechanisms at work in epilepsy and network dysfunc-
tion in AD, Mucke said. “But at least people felt there
was good reason to pay attention to that interface.”

THE VAMPIRE PRINCIPLE —YOUNG BLOOD
REJUVENATES AGING BRAIN?

Bram Stoker would have loved it. One hundred
twelve years after the Irish author penned Dracula, his
bone-chilling masterpiece, scientists at the SfN confer-
ence confirmed the vampire principle, whereby young
blood keeps an aging organism vigorous. Of course,
the qualifications that must follow such a breezy anal-
ogy are manifold. To begin with, the research involved
not fair maidens and an ancient count but young and
old mice, none of them evil. But in essence, scientists
did report that admixing young blood to old rejuvenat-
ed the aging brain’s otherwise flagging output of new-
ly generated neurons. The scientists identified some
of the molecular factors, to boot. Presented in a talk
by Saul Villeda, a Ph.D. student in the laboratory of
Tony Wyss-Coray at Stanford University, the research
features a combination of the laboratory’s parabiosis
(i.e., blood-mixing) experiments with proteomics and
follow-up studies invitroand invivo. The data present-
ed to date are about aging, not AD, but the scientists
are actively studying what their findings could mean
for this neurodegenerative disease.

Aging remains the biggest risk factor for AD, and it
can be viewed as a shift over time in the body’s balance
of regenerative capacity versus degeneration, Villeda
said. The immune system, in particular, changes with
aging. Indeed, many of the signaling proteins active in
aging, in stressed neurons, and in activated glial cells
are proteins that were originally named by immunol-
ogists but function in the brain, as well. “It has been
shown that as we age, and in AD, inflammatory pro-
teins in blood correlate with degenerative brain disease
in certain ways. The drive behind my work is that |
am interested particularly in the regenerative aspect of
blood-derived factors, and | view neural stem cells as a
readout of that,” Villeda said.

The importance of adult neurogenesis is not fully
established, but scientists increasingly believe the new
neurons are functionally relevant to olfaction and per-
haps learning [16]. Adult neurogenesis in young and
old animals also responds to external stimuli such as
exercise, which increases blood supply to the brain and
benefits learning and memory.

Wyss-Coray’s group has found, as have published
studies before, that adult neurogenesis in the hippocam-
pal subgranular zone of mice dwindles as they age, to
where it hovers near zero by the time they are two years
old. To pinpoint peripheral factors that might corre-
late with the age-related decline in neurogenesis, the
Wyss-Coray laboratory conducted a proteomics study
of blood from healthy humans at different ages and then
tested if the protein signature that came up in this exper-
iment was able to predict age in a similar proteomics run
in mice. (Asin an earlier proteomics study [17,18], the
Stanford scientists restricted their comparison to pro-
teins involved in what they call the “communicome,”
i.e., the several hundred secreted proteins known to be
involved in signaling among cells of the immune sys-
tem. This narrows by about a factor of 100 to 1,000,
respectively, the challenge of drawing biological mean-
ing out of changes in the entire transcriptome or pro-
teome.) This new proteomics experiment generated a
short list of some 12 plasma proteins, of which eotaxin
and MCP-1 looked most intriguing, Villeda said.

To take these correlative clues to a functional level,
the researchers availed themselves of a technique called
parabiosis, where a scientist opens the peritoneum of
two mice and sutures them together. This is not vas-
cular surgery; rather, the capillary beds of both mice
fuse as their tissue heals. Jian Luo in the Wyss-Coray
laboratory in this way conjoined several dozen pairs of
one two-month old and one 18-month old mice. The
pairs then lived as unequal Siamese twins of sorts (one
small and fluffy, one large and a bit scruffy). They
did that for two months while old blood mixed with
young. Parabiosis is not new in science [19]. The new
aspect here is the combination of young, old, and a
neurogenesis readout.

When the mice were four and 20 months old, respec-
tively, Villeda assessed several readouts in the brain.
The scientists were startled to find that the young mice
exposed to old blood had a drop in neurogenesis as mea-
sured by doublecortin-positive cells in the hippocam-
pus, whereas the old mice exposed to young blood en-
joyed a threefold boost in their neurogenesis. The new-
ly differentiated neurons in these “Dracula” mice grew
longer neurites, too. Also in the hippocampus, the 20-
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month-old mice were spared the increase in activated
microglia that is typically seen in aging mice, whereas
the four-month-old mice did show that increase.

Next, the scientists probed whether the candidate
factors eotaxin and MCP-1 might play a role in this
phenomenon. The concentration of both proteins went
up in the brain of young mice connected to old blood,
as indeed it does in normally aging mice. These pro-
teins also increase with age in human plasma and cere-
brospinal fluid, Villeda noted. When tested in vitro,
eotaxin slowed stem cell proliferation and neurosphere
growth. Similar results came out of in vivo imaging
using a transgenic mouse that expresses the luciferase
reporter gene under the control of the doublecortin pro-
moter. In this model, differentiation of neural progeni-
tor cells lights up in living animals placed under a biolu-
minescence camera [20]. This readout dimmed within
days after these mice were injected with eotaxin. The
mice were made in the laboratory of Ludwig Aigner of
Paracelsus Medical University in Salzburg, Austria, a
coauthor of this study.

“We think these proteins are bad guys in aging,”
Villeda said. Eotaxin has its own literature, though
hardly any published work in brain [21,22]. At the
conference, the Stanford scientists presented no exper-
imental data on MCP-1, which is receiving growing at-
tention in AD research [23,24]. In an interview, Ville-
da noted that experiments with MCP-1 are ongoing, as
well as studies with AD models and repeat parabiosis
experiments in other mouse strains.

Villeda emphasized that he believes eotaxin and oth-
er such signals enter the brain from the periphery. In
fact, the neurogenic niche —a specialized microenviron-
ment in the subventricular zone and the dentate gyrus —
appears particularly well positioned to receive molec-
ular cues from the blood. These niches occupy a phys-
ical space in which the blood-brain barrier appears to
be altered. Several recent studies on the microanatomy
of the neurogenic niche have concluded that not only
do neural stem cells in the niche make intimate contact
with the vascular surface, but they also react to soluble
factors released from vascular endothelial cells. Stem
cells in vivo were reported to proliferate right next to
blood vessels. By comparison, the rest of the brain
is more solidly walled off from blood by the classic
blood-brain barrier comprising pericytes and astrocytes
endfeet, both of which cover the outside of the vascular
endothelium [25,26].

Besides neurogenesis, what else did the scientists
observe about the parabiotic mice? The laboratory did
not conduct a comprehensive examination, but Villeda

did notice one curious change. By the end of the blood-
sharing period, the old mice, which had gone into it
with quite a bit of gray hair, had regrown the dark fur of
the C57 black 6 strain used in the experiment. They also
had lower mortality than their naturally aging fellow
mice and looked a little less — well — old. “There is a
rejuvenating ability in young blood onto an aged brain,”
said Villeda. Then he quipped, “Maybe Dracula was
right: Suck young blood and live forever.”

NFATs, CALCINEURIN —MEDIATORS OF AD,
PARKINSON DISEASE PATHOGENESI S?

At the SFN conference, several posters beefed up the
concept that signaling via calcineurin and nuclear fac-
tors of activated T cells (NFATSs) may play a central
role in neurodegenerative disease pathogenesis. One
study puts forth calcineurin activation as a critical step
linking soluble Aj to downstream spine morphologi-
cal changes in neurons. Other analyses reveal elevat-
ed levels of activated calcineurin in people with MCI,
suggesting that this pathway starts to malfunction early
in the disease course. And work from a third research
group indicates that calcineurin may function similarly
in Parkinson disease, mediating the neurotoxic effects
of a-synuclein oligomers.

Using multiphoton imaging, Brad Hyman and col-
leagues at Massachusetts General Hospital, Charlestown,
have reported dramatic changes in dendrites and
dendritic spines in the vicinity of amyloid plaques
in Tg2576 AD transgenic mice [27]. Paul Green-
gard’s laboratory at Rockefeller University, New
York, showed that interfering with extracellular signal-
regulated kinase (ERK) or calcineurin pathways was
sufficient to block AS-induced spine changes in vit-
ro [28]. And more recent work led by Massachusetts
General colleague Brian Bacskai demonstrated that A3
plaques have even more far-reaching effects — namely,
chronic elevations of resting calcium levels in surround-
ing astrocytes that spread as calcium waves across large
distances [29]. Taken together, these findings “led to
the plausible hypothesis that one of the things calcium
does is activate calcineurin,” Hyman told ARF. “That
would be a nice way to link Greengard’s observations
in vitro with our observations in vivo.”

In their SfN poster, first author Haiyan Wu and col-
leagues showed that A3 exposure led to dendritic spine
changes, as well as activation and nuclear translocation
of NFATc4, in cultured cortical neurons. They were
able to block all these effects using calcineurin or NFAT
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inhibitors. “That suggests that calcineurin activation
was a critical signaling mechanism that converts solu-
ble Ag to neuronal abnormality,” Hyman said. Further-
more, his team was able to phenocopy the Ag-induced
changes in wild-type neurons by transfecting them with
a constitutively active form of calcineurin, showing that
calcineurin is not only necessary but sufficient to me-
diate the A effects.

Hyman and colleagues have some evidence to sug-
gest these findings are relevant to AD. They found accu-
mulation of NFATc4 and an active form of calcineurin
in nuclear extracts from AD compared to control brain
tissue.

This supports new data from Chris Norris’s labora-
tory at the University of Kentucky in Lexington. In
a study published last month, first author Hafiz Abdul
and colleagues found higher amounts of several acti-
vated NFATSs in nuclear fractions of postmortem brain
tissue from MCI and AD patients, relative to healthy
seniors [30].

At SfN, Abdul and colleagues presented a poster
showing a corresponding increase in activation of cal-
cineurin — the phosphatase that regulates NFAT activi-
ty — in the same MCI and AD samples. Previous work
had demonstrated increases in calpain-mediated prote-
olysis and activation of calcineurin in severe AD [31],
and the new data from Norris’s group suggest that these
abnormalities begin in earlier stages of disease. Specif-
ically, Abdul and colleagues found that MCI cytosolic
fractions had higher levels of calpain-1 and the 45 kDa
activated calcineurin-Aa. fragment. Treatment with
oligomeric AS was able to induce proteolysis of cal-
cineurin to the 45 kDa fragment in mixed hippocampal
cultures, and the calpain inhibitor calpeptin tempered
this activity.

On another poster from the Norris lab, Jennifer Fur-
man and colleagues reported looking at production
of inflammatory cytokines, the downstream effect of
NFAT-mediated signal transduction. They found that
GM-CSF, TNFq, and IL-15 are upregulated in AD,
and to some extent in brain samples from MCI and
milder “preclinical” patients, too. (Patients were clas-
sified as control, MCI, or preclinical based on pathol-
ogy and cognitive status as determined by the Mini-
Mental State Examination (MMSE). The control and
preclinical groups had MMSE scores of 28-29, and
MCI participants had scores around 24.) Levels of the
three upregulated cytokines seemed to correlate with
nuclear accumulation of NFAT1, but not NFATSs 2 or 3.
As reported on the poster, these findings suggest that
“at least some components of neuroinflammation are

increased in the very early stages of AD and are due,
in part, to elevated NFAT1 activation.”

Last but not least, work by Giulio Taglialatela and
colleagues at University of Texas Medical Branch,
Galveston, suggests that the calcineurin/NFAT path-
way may play a central role in Parkinson disease, too.
Earlier, his group showed that oligomeric A5 induces
calcineurin activity and triggers downstream neurotox-
ic events in Tg2576 neurons [32]. In their SfN poster,
Taglialatela and colleagues show that oligomers of a-
synuclein that are structurally similar to A3 oligomers
mediate similar calcineurin-dependentevents in human
neuroblastoma cells and mice. Furthermore, they re-
port increased calcineurin activity in the brains of trans-
genic mice overexpressing mutant a-synuclein and in
brain tissue from people with dementia with Lewy bod-
ies, a dementia spectrum disorder that combines ele-
ments of AD and Parkinson disease.
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