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Nuclear localization of Cdk5 is a key determinant
in the postmitotic state of neurons
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Cyclin-dependent kinase 5 (Cdk5) is a nontraditional Cdk that is
primarily active in postmitotic neurons. Its best known substrates
are cytoskeletal proteins. Less appreciated is its role in the main-
tenance of a postmitotic state. We show here that in cycling cells
(NIH 3T3), the localization of Cdk5 changes from predominantly
nuclear to cytoplasmic as cells reenter a cell cycle after serum
starvation. Similarly, when B-amyloid peptide is used to stimulate
cultured primary neurons to reenter a cell cycle, they too show a
loss of nuclear Cdk5. Blocking nuclear export pharmacologically
abolishes cell cycle reentry in wild-type but not Cdk5—/~ neurons,
suggesting a Cdk5-specific effect. Cdk5 overexpression targeted to
the nucleus of Cdk5~/~ neurons effectively blocks the cell cycle, but
cytoplasmic targeting is ineffective. Further, in both human Alz-
heimer’s disease as well as in the R1.40 mouse Alzheimer’s model
and the E2f1-/— mouse, neurons expressing cell cycle markers
consistently show reduced nuclear Cdk5. Thus, both in vivo and in
vitro, neurons that reenter a cell cycle lose nuclear Cdk5. We
propose that the nuclear Cdk5 plays an active role in allowing
neurons to remain postmitotic as they mature and that loss of
nuclear Cdk5 leads to cell cycle entry.

Alzheimer's disease | p-amyloid precursor protein transgenic mice
cell cycle | E2F1 | neurodegeneration

yclin-dependent kinase 5 (Cdk5) is a proline-directed serine/

threonine kinase. Structurally, it is similar to cdc2 (1) but
functions differently from traditional cyclin-dependent kinases
(2). For example, Cdk5 does not have a cyclin as its activating
partner. Instead, one of a unique pair of proteins, p35 or p39,
binds to Cdk5 and activates it (3-5). Another example of the
atypical nature of CdkS is that, despite its membership in the Cdk
family, it has no established role in a normal cell cycle. Indeed,
its most prominent roles have been linked to developmental
processes of cell differentiation and migration (6-9) and to
specialized functions in neuronal cell synapses and analogous
roles in other differentiated cells (10-13). The paradoxical
characteristics of Cdk5 were emphasized yet again by recent
observations from our laboratory suggesting that, unlike the cell
cycle-promoting functions of its Cdk relatives, Cdk5 functions in
normal neocortical neurons to hold the cell cycle in check (6).
This finding is intriguing because we and others have shown a
close association between neuronal cell death and unscheduled
cell cycle events, including DNA replication in several types of
neurodegenerative diseases, including Alzheimer’s disease (AD)
(14-18).

The implications of the return of cell cycle activity to the
neurons of the Cdk5~/~ brain are clouded somewhat by the
cooccurrence of a series of major disturbances in CNS devel-
opment, including defective migration and incomplete biochem-
ical differentiation. The implications were sufficiently important,
however, that we have pursued them both in vivo and in vitro. We
have now explored other instances where cell cycle control is lost
in “postmitotic”” neurons and determined that Cdk5 appears to
play a role in each. In AD, neurons in populations that are lost
during the course of the disease express a range of cell cycle
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proteins and replicate their DNA. Similarly, in the AD mouse
model known as R1.40, a line of mice that carries the entire
human B-amyloid precursor protein (APP) gene on a yeast
artificial chromosome, cell cycle events develop in neurons in a
pattern that strongly resembles the pattern of cell death in
human AD (19-21). We have also examined the neurons of the
E2f1~/~ mouse brain. Wang et al. (22) have recently reported
that large numbers of E2F1-deficient nerve cells begin a cell
cycle process and retain high levels of cell cycle proteins in their
cytoplasm. We report here that in each of these situations, Cdk5
exits the nucleus of cells before, or concomitant with, the
initiation of cell cycle events. Blocking the exit of Cdk5 from the
nucleus retains the cell cycle suppression. The findings suggest
that Cdk5 has an unexpected but widespread role as a negative
cell cycle regulator in postmitotic neurons.

Results

In the Cdk5~/~ mutant brain, cell cycle reentry occurs in
normally postmitotic neurons (6), implying that Cdk5 acts as a
cell cycle suppressor in these cells. To see whether this suppres-
sion also occurs in other cell types, we cultured NIH 3T3 cells
and used serum withdrawal to manipulate their cell cycle.
Log-phase cells have easily detectable quantities of CdkS present
(Fig. 14, lane 7) although reportedly not kinase activity (38).
When we separate cells into nuclear and cytoplasmic fractions,
we find that most of the Cdk5 protein is cytoplasmic (lane 4)
rather than nuclear (lane 1). When the cell cycle is arrested by
reducing the serum, the total amount of Cdk5 protein barely
changes (compare lanes 8 and 7), but the subcellular distribution
is significantly altered. The fraction of Cdk5 in the nucleus
increases >2-fold (lane 2) whereas the cytoplasmic fraction
decreases by ~one-third (lane 5). When the cell cycle is reini-
tiated by returning serum to the medium, the initial distribution
is restored within hours (lanes 3, 6, and 9). All results are
quantified in Fig. 1B and expressed as induction relative to
log-phase levels.

The data in Fig. 14 represent the behavior of the “average”
cell in the dish. Examining the cells individually reveals a more
nuanced picture. Cells were transfected with a GFP-CdkS5 fusion
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Fig. 1. Nuclear/cytoplasmic distribution of Cdk5 during cell cycle activity in
NIH 3T3 cells. (A) Cells were harvested during log phase growth (+), during cell
cycle arrest achieved by serum withdrawal (=), or 4 h after resumption of
serum add-back (+). Nuclear (lanes 1-3) and cytoplasmic (lanes 4-6) fractions
or whole-cell lysates (lanes 7-9) were analyzed on Cdk5 Western blots. Whole-
cell lysates (lanes 7-9), as well as the actin and laminB1 loading controls, were
analyzed separately. (B) Cdk5:loading control ratio in arbitrary units normal-
ized to log-phase cells. (C-E) GFP:Cdk5 fusion protein location during serum
add-back in the presence of BrdU, and Cdk5 fusion protein location during
serum add-back in the presence of BrdU. (C) GFP fluorescence shows fusion
protein localization. (D) BrdU immunostaining (red) shows that cells with a
low nuclear:cytoplasmic ratio of Cdk5 are cycling. (E) DAPI. Numbers are
described in Results.

protein, serum-starved, then restored to cell cycle activity by
serum add-back for 4 h in the presence of 10 uM BrdU. The field
of cells shown in Fig. 1 C-E reveals that it is the nuclear/
cytoplasmic balance of Cdk5 that correlates most closely with
cell cycle activity. In cell 1, the nucleus is virtually devoid of CdkS5
protein (Fig. 1C, green), whereas the cytoplasm has modest
amounts of (clumped) CdkS5. Cell 1 is also labeled with BrdU
(Fig. 1D, red). Cell 2 represents a variant of this situation. The
total amount of CdkS is high, but the nuclear cytoplasmic
balance is nearly uniform or slightly tilted in favor of the
cytoplasm. BrdU labeling indicates that this cell, too, is actively
dividing. Cells 3 and 4 illustrate the alternative situation. In these
cells, the total level of CdkS5 varies, but in both cases, the nuclear
component is stronger, and both cells are mitotically inactive
(Fig. 1D). DAPI staining reveals two cells in the field that were
not transfected (Fig. 1E, asterisks). Following cells over time in
culture reveals a dynamic picture that is consistent with these
more static results [supporting information (SI) Fig. S1]. Thus,
when CdkS is higher in the nucleus than in the cytoplasm, cell
division ceases; when Cdk3 is higher in the cytoplasm, the cell
can reenter a cell cycle. Combined with the Western blot
analysis, this finding indicates that, on average, there is a net
migration of CdkS in and out of the nucleus as the population
shifts out of and into the cell cycle.

The APP-derived B-amyloid (AB) peptide (23, 24), or condi-
tioned medium from Ap-stimulated THP-1 cells (CM) (25),
results in a cell cycle-related neuronal death (CRND), when
added to primary cortical neurons. We treated E16.5 cortical
neurons with either CM or 10 uM AB;_4; for 24 h, by which time
many Map2* neurons had incorporated BrdU. We investigated
changes in Cdk5 localization under these conditions. In un-
treated neurons, we found strong Cdk5 expression visible in the
nucleus and perinuclear region of the all neurons (Fig. 2 D,
asterisks). We then exposed cells to fresh medium with or
without AB for 24 h, after which many cells displayed Cdk5
immunostaining that was reduced or totally lost in the nucleus
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Fig. 2. Cell cycle re-entry in postmitotic neurons is accompanied by the loss
of nuclear Cdk5. (A-C) After AB treatment, Cdk5 (A) is cytoplasmic in cycling,
BrdU-positive (B) cells; (C) merge. (D and E) Confocal micrographs of neurons
stained with Cdk5 (red), BrdU (green), and DAPI (blue), before (D) and after (E)
ABi-4; treatment. (D) Two cycling Cdk5-positive cells (BrdU, green) are indi-
cated by the arrows. Note, however, that in these untreated cells the bulk of
the Cdk5 is cytoplasmic. (F) The percentage of total cells that were BrdU-
positive and had cytoplasmic Cdk5 as a function of time after CM addition.

(Fig. 2 A, C, and E), and the distribution of the antigen in the
perinuclear region appeared clumped. Western blot analysis of
whole cultures (data not shown) revealed unaltered levels of
total Cdk5 after treatment. The shift of Cdk5 localization was
related to cell cycle reentry as shown by double immunolabeling
for Cdk5 and proliferating cell nuclear antigen (PCNA) (Fig. 2
A-C), BrdU (Fig. 2 D and E), cyclin A (Fig. S2 4 and B) and
FISH (Fig. S2 C and D) as indicators of cell cycle and DNA
replication. Cell counts of BrdU and nuclear CdkS5 indicated that
by 24 h after CM treatment, 9% of Cdk5™" neurons had reduced
nuclear Cdk5 and were BrdU™ (Fig. 2F). Confocal imaging
clearly shows that the nuclear Cdk5 found in cells in untreated
cultures is lost when DNA synthesis begins (Fig. 2 D and E).
Thus, loss of Cdk5 from the nucleus occurs concomitantly with
loss of cell cycle control in neurons just as it does in 3T3 cells.

Ap-induced cell cycle reentry was observed in 15% of the
neurons (Fig. 3B); CM was even more effective (38%). Cell cycle
reentry was followed by cell death because Map2* neurons were
found that were both BrdU- and TUNEL-positive (ref. 25 and
data not shown). This observation is not unexpected because
counts indicate a loss of neurons over time with either CM or A3
treatment (Fig. 34). The neuronal death in AD has led others to
suggest that enhanced CdkS activity is pathological and that
inhibition of CdkS5 should be protective (26—29). This hypothesis
predicts that CdkS-deficient neurons should be resistant to
ApB-induced death. To test this possibility, we isolated cortical
neurons from Cdk5*'*, Cdk5*/'~, and Cdk5~/~ animals and
treated them with AR for 24 h. In all genotypes, AB induced a
fraction of the treated neurons to become positive for cleaved
caspase-3 (data not shown), and counts revealed substantial cell
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Fig.3. Thebehaviorof E16.5neurons (5DIV) after Ab;_s; treatment. (A) Both
CM and Ab1-4; (AB) lead to loss of Map2* neurons from the culture. Counts are
shown at 4, 8, and 24 h after AB addition. (B) Proportion of BrdU/Map2
double-positive cells after the indicated treatment. The absence of Cdk5 does
not protect from Ap-induced cell death. (C) Total cells per field in both
ApB-treated (red bars) and untreated (gray bars) cultures. The absence of Cdk5
leads toTuJ1+ cell loss after 24 h (6), but the effect of AB can be seen on top
of this. (D) When expressed as a percentage of the control cultures, the
percentage loss is higher in Cdk5~/~ cultures, arguing against a pathogenic
role for Cdk5 in neurodegeneration.

loss (Fig. 3C). Indeed, when these data are normalized to the
initial number of cells, a greater percentage of cells is lost in
Cdk5~'~ cultures than in either Cdk5%/~ or Cdk5*/* (Fig. 3D).
This result would be unexpected if CdkS were pathogenic.

The correlation of Cdk5 translocation with cell cycle activity
implies that the two events may be causally linked. To test this
hypothesis, we used the nuclear export inhibitor leptomycin B
(LMB) to block Cdk5 export from the nucleus. We cultured
wild-type E16.5 primary cortical neurons for 5 days in vitro (DIV),
after which the medium was changed and 10 uM BrdU, with or
without LMB and/or 10 uM A was added. In untreated (BrdU-
only) cells, Cdk5 is predominantly nuclear before treatment (Fig.
44); after AR, CdkS5 leaves the nucleus, and BrdU labeling is found
(Fig. 4B). LMB treatment leads to CdkS retention in the nucleus
(Fig. 4 C and D). In this situation, Ap-induced cycle reentry is
blocked (Fig. 4D). There was cell death in all LMB-treated cultures,
but the dying (pycnotic) cells were consistently BrdU-negative,
demonstrating that no cells died through CRND. Counts of BrdU/
Map?2 double-labeled cells are shown in Fig. 4E. To ensure that this
phenomenon was Cdk5-specific, we cultured Cdk5~'~ neurons and
treated them with AB. In these cultures, substantial numbers of
neurons could be labeled with BrdU, even in the presence of LMB
(Fig. 4F). As further proof, we transfected two modified GFP-Cdk5
expression vectors into Cdk5 '~ neurons. When a nuclear localiza-
tion signal (NLS) is added to the fusion protein, fluorescence is
restricted to the nucleus, and no transfected cell labels with BrdU
(Fig. 4G). By contrast, when a nuclear export signal (NES) is added,
fluorescence is cytoplasmic, and BrdU-labeled transfected cells
are found (Fig. 4H, shown at lower magnification to reveal the
entire cell).

These results have implications for neurodegenerative condi-
tions such as AD and suggest that the role of Cdk5 in disease
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Fig.4. Nuclear Cdk5 nuclear blocks Ag-induced cell cycle activity. (A-F) Cdk5
(red) BrdU (green) double immunostained E16.5 primary neurons after 6 DIV.
(A) BrdU labeling of untreated neurons is minimal. (B) AB treatment leads to
a substantial increase in labeling. (C) LMB retains Cdk5 protein in the nucleus,
and (D) addition of AB leads to no BrdU incorporation. (E) Cell counts of
BrdU/TuJ1 double-labeled cells as a fraction of total TuJ1. NT, untreated
cultures. (F) In Cdk5~/~ neurons, AB stimulates BrdU (green) incorporation
(arrow) in Tul1-positive (red) neurons despite the presence of LMB in the
medium. (G) GFP-CdkS5 directed to the nucleus with an NLS is never found in
a BrdU-positive (red) neuron. (H) GFP-Cdk5 constrained to the cytoplasm with
an NES can be found in a BrdU-positive neuron. Cells in G and H are from
Cdk5~/~ embryos.

might be complex, with location as well as activity playing a part
in the disease process. These results prompted us to examine the
relationship between CdkS5 localization and cell cycle reentry in
vivo. As reported, in wild-type mouse brain, CdkS immunola-
beling is detected throughout the neuropil (7), with protein in
both nucleus and cytoplasm (Fig. 5 4Aand E). We next examined
the location of CdkS in the AD mouse model, R1.40. Although
the wild-type pattern was largely maintained in the transgenics,
in brain regions where cell cycle events had begun (hippocampus
and frontal neocortex) we found that “cycling” (PCNA-positive)
neurons were largely devoid of CdkS protein in their nuclei (Fig.
5 C and D, arrows). Such nuclear/cytoplasmic translocation of
CdkS5 did not occur in R1.40 cerebellar Purkinje cells, which are
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Fig.5. Cdk5immunostaining (red) is reduced in the nucleus of neurons with
cell cycle activity in AD mouse models. (A-D) Immunostained tissue sections of
10-month wild-type (A and B) and R1.40 (C and D) mouse hippocampus. Cycle
activity is revealed with PCNA immunostaining (green) (F and H). Cycling cells
(arrows) are found only in the R1.40 material. Cdk5 immunostaining is also
responsive to cell cycle activity induced by E2F1 deficiency. (E-H) One-month
wild-type (Eand F) and E2f1~/~ (G and H) neocortex immunostained with Cdk5
(red) and DAPI (blue) (E and G) or Cdk5 and PCNA (green) (F and H). All
PCNA-positive cells have low nuclear Cdk5 (asterisks, small BrdU-labeled non-
neuronal cells). An occasional cell with low nuclear Cdk5 was also PCNA-
negative (arrows).

unaffected in human AD and do not develop cell cycle events in
the R1.40 mouse (data not shown). This finding suggests that
AB-induced CdkS translocation is related to the cell cycle
reentry. Confocal images of wild type and R1.40 reveal a similar
picture (data not shown).

We further pursued the correlation between CdkS location
and cell cycling in the cortex of the E2fI~/~ mouse. Previous
work has shown cell cycle activity in many of the neurons of the
CNS, including approximately half of those in the deeper layers
of neocortex (22). When we immunostained E2f1~/~ cortex for
CdkS5, we found that these same regions had many cells with weak
nuclear CdkS staining (Fig. 5G). Double staining with Cdk5 and
PCNA revealed that every neuron that was positive for PCNA
had little or no nuclear CdkS5. Curiously, the reverse was not true;
a minority of the neurons had low nuclear Cdk5 but did not stain
with PCNA (arrows).

To determine whether these findings with rodent neurons had
direct relevance to human disease, we immunostained neurons
in the brains of patients who had died with AD. In all stages of
AD, neurons at risk for death show cell cycle-related protein
expression (18) and DNA replication (16). As in the wild-type
mouse, neuronal Cdk5 expression is found ubiquitously in the
brain regions we examined. Within most hippocampal and locus
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Fig. 6. Expression of Cdk5 and PCNA in AD brain. Immunostaining of Cdk5
showed substantially darker hippocampal neurons of AD patients (B) com-
pared with age-matched individuals with no dementia (A). Double staining
with Cdk5 (brown) and PCNA (red) revealed that in PCNA-positive neurons,
Cdk5 was almost exclusively cytoplasmic.

coeruleus neurons from control specimens, the protein is dis-
tributed nearly uniformly, although in mainly nuclear and pe-
rinuclear (cytoplasmic) locations (Fig. 64). In the AD brain,
however, the level of Cdk5 was markedly increased with a large
part of that increase found in the nucleus (Fig. 6B). By immu-
nocytochemical criteria, the majority of cells, which are unaf-
fected by cell cycle-induced loss, continue to express high levels
of Cdk5. However, we consistently observed that CdkS was lost
from the nucleus of neurons expressing PCNA (arrows, Fig. 6B).
Thus, in all three systems that we examined (cell culture, mouse
brain, and human brain), neurons that lose cell cycle control have
lost their nuclear CdkS.

Discussion

We have explored the role of CdkS localization as a cell cycle
regulator in postmitotic neurons. Our findings suggest first, that
CdkS acts as a cell cycle suppressor under many different
circumstances in many different cell types, and second, that this
function requires its presence in the nucleus. In vitro, we exposed
5-day cultures to ABi_42 or AB-stimulated THP-1 cell CM. This
exposure induced both neuronal cell cycle reentry and cell death.
We also examined NIH 3T3 cells in both log-phase growth and
during cell cycle arrest after serum withdrawal. In both fibro-
blasts and cycling neurons, we found that most nuclear Cdk5 is
lost. The results are consistent with our findings that neurons in
the Cdk5~/~ mouse continue to cycle in vivo (6), but they suggest
that the key to cell cycle arrest is not the total amount of CdkS,
but rather its nuclear location. Our finding that cell cycle reentry
is tied to Cdk5 localization is further supported by observations
in both human AD and its mouse model (R1.40). In both
situations, cycling neurons are characterized by a predominantly
cytoplasmic distribution of CdkS. The finding that this relation-
ship also holds in the E2fI =/~ mouse is significant. Presumably,
the induction of neuronal cell cycle occurs by a different
mechanism in the absence of E2F1 than it does in AD or its
models. The consistency of the findings suggests, therefore, that
CdkS localization plays a general role in neuronal cell cycle
inhibition. The reason why a small fraction of neurons in the
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E2f1~'~ brain have cytoplasmic Cdk5 but no cell cycle activity is
currently unknown. It may indicate that the shift in CdkS5 location
precedes cell cycle initiation but is not sufficient to induce it.

We have used the nuclear export inhibitor, LMB, to determine
whether forcing nuclear retention of CdkS is able to stop the cell
cycle events. The near total absence of BrdU incorporation in the
presence of LMB suggests that cell cycling was indeed inhibited. We
have confidence in these findings because we have shown both in
vitro (25) and in vivo (30) that dying neurons can be labeled with cell
cycle markers. The block was not the result of nonspecific inhibition
of cell cycle activity because Cdk5~/~ neurons are capable of
cycling, even in the presence of drug. We have also provided
independent support for the conclusions by showing that exogenous
CdkS forced into the nucleus with an NLS is fully active as a cell
cycle suppressor, whereas CdkS is inactive when forced into the
cytoplasm with an NES.

Previous work has shown that neurons at risk for death in
AD exhibit cell cycle protein reexpression and DNA replica-
tion (16). Those phenomena are found in both late and early
stages of human AD (18). Further, in AD mouse models,
neurons begin cell cycle events in the areas that are known to
be the most severely affected in the human disease, and these
cell cycle events appear much earlier than the formation of the
Ap deposits (20). This finding indicates that the neurons detect
the stress of impending AD much earlier than the beginning of
plaque deposition. There is little known as to why or how
neurons are stimulated to reenter an unscheduled cell cycle.
We would speculate that when any toxic insult overwhelms the
system, nuclear CdkS is transported to the cytoplasm where it
might lead to further neuronal stress such as tau hyperphos-
phorylation. With the loss of nuclear CdkS5, the cell cycle is no
longer effectively blocked, and an unscheduled and ultimately
lethal cell cycle process begins. We have shown in both the
R1.40 mouse model and in human AD tissue that neurons
affected by the altered environment of the AD brain reenter
a cell cycle and lose their nuclear Cdk5. These data combined
with the findings in the E2F1-deficient mouse and our in vitro
studies in cell lines and primary neurons all clearly indicate a
link between Cdk5 localization and the cell cycle. The exact
mechanism by which Cdk5 exerts its cell cycle suppression
effect is currently unknown. Possibilities include alterations in
cytoskeletal functions and direct action on proteins with cell
cycle-specific functions. An example of the latter possibility is
the cell cycle inhibitor, p27. CdkS can stabilize p27 (31), and
the protein has been documented to affect multiple processes
in neurons, including cell migration, cell cycle suppression, and
differentiation (32-34).

The role of CdkS5 in cell death remains uncertain. Overexpression
of the Cdk$ activator, p25, in transgenic mice induces a range of
neurodegenerative phenomena (27). These and earlier findings (29)
have led to the suggestion that inhibition of Cdk5 should protect
against neurodegeneration and, in some cases this has proven to be
so. Yet, as shown in Fig. 3, the total absence of Cdk5 (in Cdk5~/~
cultures) does not protect neurons against Ap-induced death as
might be predicted. Although the interpretation is confounded
somewhat by the requirement of CdkS5 for normal neuronal differ-
entiation (6-8), the heterozygote (Cdk5*/~) data demonstrate that
even reducing the levels of Cdk5 by half provides no protection.
Thus, CdkS may be sufficient, but it is not necessary for nerve cell
death. O’Hare and colleagues (35) have shown that in excitotoxic
conditions the presence of active CdkS in the nucleus is detrimental

1. Hellmich MR, Pant HC, Wada E, Battey JF (1992) Neuronal cdc2-like kinase: A cdc2-
related protein kinase with predominantly neuronal expression. Proc Nat/ Acad Sci
USA 89:10867-10871.

2. DhavanR, Greer PL, Morabito MA, Orlando LR, Tsai LH (2002) The cyclin-dependent kinase
5 activators p35 and p39 interact with the a-subunit of Ca2*/calmodulin-dependent
protein kinase Il and a-actinin-1in a calcium-dependent manner. J Neurosci 22:7879-7891.
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to cell survival. During DNA damage-mediated cell death, how-
ever, dominant-negative Cdk5 with a nuclear localization signal was
not sufficient to protect neurons from death, suggesting that
blocking nuclear Cdk5 activity is not specific for that cell death
pathway. These results appear to conflict with our own. We note,
however, that in Drosophila neurons treated with AB there is
translocation of CdkS5 from the membrane to the perinuclear region
that is p25-independent (36). It is likely that different model systems
are stressing different aspects of the system. Thus, although the
present results make it clear that nuclear CdkS acts as a cell cycle
suppressor, it must be left to future studies to reconcile different
models of the involvement of CdkS in neuronal death. At present,
because neuronal cell cycle events are tightly correlated with
neuronal cell death in a number of neurodegenerative diseases (for
arecent review see ref. 37), both our in vitro and in vivo work suggest
that inhibiting Cdk5 without regard to its localization might carry
risks and promise for a patient.

Methods

Animals. Cdk5*/~mice were maintained on a mixed (C57BL6/JX129/51) back-
ground (7). Embryos were genotyped by PCR as described in ref. 6. The primers
used were Cdk5F1 (ATTGTGGCTCTGAAGCGTGTC), Cdk5R1 (CTTGTCACTATG-
CAGGACATC), and PGK1 (TCCATCTGCACGAGACTAGT). All animal procedures
were carried out in accordance with and Case Western Reserve University and
Rutgers University IACUC standards. R1.40 animals were obtained as a con-
genic C57BL/6 breeding stock from Dr. Bruce Lamb (Cleveland Clinic Founda-
tion) and were maintained by homozygous mating. E2f1~/~ animals were
obtained as homozygous breeding pairs from The Jackson Laboratory and
maintained by homozygous mating.

Primary Neuronal Cultures. Neuronal cultures were prepared as described in
ref. 6. For Cdk5-deficient cultures, all embryos from a Cdk5*/~ X Cdk5*/~
mating were treated separately. All cultures were grown for a minimum of 5
DIV before any treatment. To assess cell cycle activity, 10 uM BrdU was added
for 24 or 48 h. All experiments were performed on a minimum of three litters;
each condition was examined in triplicate.

Preparation of AB. The 42-aa isoform of AB peptide (AB1-42) (American Peptide)
was reconstituted in sterile double-distilled H,0, allowed to fibrillarize at 37°C for
5 days, and then vortexed and diluted to the equivalent of 10 uM into culture
media. Conditioned medium was prepared as described in ref. 25.

Immunocytochemistry. Cultured cells were rinsed once with PBS and then fixed
in buffered 4% paraformaldehyde in 0.1 M phosphate buffer for 30 min at
room temperature followed by three rinses with PBS. For BrdU immunolabel-
ing, cells were exposed to 2 N HCl for 10 min, then neutralized in 0.1 M sodium
borate before staining. Antibody concentrations used for cell culture were:
1:1,000 for mouse anti-PCNA (Santa Cruz Biotechnology), 1:100 for rat anti-
BrdU (Abcam), 1:500 for mouse anti-Map2a/c (Sigma), 1:1,000 for mouse
anti-Tuj1 (Covance), and 1:500 for rabbit anti-Cdk5 (C-18; Santa Cruz Biotech-
nology). Secondary antibodies used were: goat anti-rat rhodamine (1:300;
Jackson Laboratories), goat anti-mouse Alexa Fluor 488 (1:1,000; Molecular
Probes), goat anti-rat LRSC (1:500; Jackson Laboratories); goat anti-rabbit FITC
(1:500; Jackson Laboratories). Cells were counterstained with 1 ug/ml DAPI.

Human Tissue. All human tissues were obtained from the Neuropathology
Core of the Alzheimer’s Disease Research Center of Cleveland (P50 AG08012).
Brain tissue from eight pathologically confirmed cases of AD had been fixed
in 10% formalin (average of postmortem interval, 12.5 h). Six age-matched
controls were verified as free of CNS disease (postmortem interval, 11 h).
Specimens were embedded in paraffin, sectioned at 10 um, stained as de-
scribed in ref. 18, and coverslipped with Permount. Control sections were
treated identically except for the omission of the primary antibody.
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