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Dysregulation of cyclin-dependent kinases (cdks) and
cytoskeletal protein hyperphosphorylation charac-
terizes a subset of human neurodegenerative dis-
eases, including Alzheimer’s disease, amyotrophic
lateral sclerosis, and Niemann-Pick Type C (NPC). It is
thought that these cytoskeletal changes lead eventu-
ally to development of hallmark cytoskeletal lesions
such as neurofibrillary tangles and axonal spheroids.
Although many studies support an involvement of
cdks in these neurodegenerative cascades, it is not
known whether cdk activity is essential. The naturally
occurring npc-1 mutant mouse mimics human NPC,
in displaying activation of cdk5, mitotic cdc2, and
cdk4, with concomitant cytoskeletal pathology and
neurodegeneration. We availed of this model and spe-
cific pharmacological inhibitors of cdk activity, to
determine whether cdks are necessary for NPC neu-
ropathology. The inhibitors were infused intracere-
broventricularly for a 2-week period, initiated at a
pathologically incipient stage. While an inactive ste-
reoisomer, iso-olomoucine, was ineffective, two po-
tent inhibitors, roscovitine and olomoucine, attenu-
ated significantly the hyperphosphorylation of
neurofilament, tau, and mitotic proteins, reduced the
number of spheroids, modulated Purkinje neuron
death, and ameliorated motor defects in npc mice.
These results suggest that cdk activity is required for
neuropathology and subsequent motor impairment
in NPC. Studies aimed at knocking down individual
cdks in these mice will help identify the specific
cdk(s) that are essential, and delineate their precise
roles in the neurodegenerative process. (Am J
Pathol 2004, 165:843—853)

Cytoskeletal lesions like neurofibrillary tangles (NFT) and
axonal spheroids are hallmarks of many human neurode-

generative diseases.”® NFT characterize Alzheimer’s
disease (AD), axonal spheroids typify amyotrophic lateral
sclerosis (ALS), and NFT and spheroids mark affected
brain regions in Niemann-Pick disease Type C (NPC).
NFT are composed primarily of hyperphosphorylated
tau,® whereas spheroids are rich in hyperphosphorylated
neurofilament proteins.* In general, hyperphosphoryla-
tion precedes formation of cytoskeletal lesions, which has
led to the well-accepted notion that aberrant post-trans-
lational modification is a prerequisite for cytoskeletal pa-
thology and neurodegeneration.®® Multiple members of
the cyclin-dependent kinase (cdks) family have been
implicated in this pathogenic cascade. Cdc2 and cdk4
are cdks that function in cell division, but are not normally
expressed in post-mitotic neurons.” Their unscheduled
activation in degenerating neurons taken together with
the presence of duplicated DNA in similar cells, has
established the hypothesis that inappropriate re-entry
into the cell cycle results in neurodegenerative patholo-
gy.%° Cdk5 is a neuronal-specific cdk that does not play
a role in cell division but is normally active in differenti-
ated neurons influencing neuronal migration and devel-
opment. Hyperactivation of cdk5 in degenerating neu-
rons may be a result of accumulation of the pathological
activator, p25, a calpain-generated proteolytic fragment
of the normal neuronal cdk5 activator, p35."° P25 dereg-
ulates cdk5 activity by prolonging its activation and
changing its cellular location.™

Concurrent activation of cdc2, cdk4, and cdk5 in de-
generating neurons has emerged as a unifying theme in
AD,”® ALS," and NPC."® A connection between these
cdks and neuronal death has been substantiated by
several in vitro and in vivo studies. Aberrant activation of
cdc2 and cdk4 has been implicated in neuronal apopto-
sis triggered by a range of neurotoxic insults.™~'¢ Cdk4
is activated in neurons damaged by ischemic stroke in
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vivo, and pharmacological inhibitors of cdk activity re-
verse this damage.’”'® Cdc?2 activation marks dying do-
paminergic neurons after intrastriatal injection of the neu-
rotoxin 6-hydroxydopamine or medial forebrain bundle
axotomy.'® In addition, co-activation of cdc2, cdk4, and
cdk5 has been observed after axotomy-induced retinal
ganglion cell death.?° The cdk5 kinase is activated in
cultured neurons following p25 overexpression, and
leads to tau hyperphosphorylation and apoptosis.?’ In
vitro, certain neurotoxic insults, including exposure to
B-amyloid (AB), trigger p25 accumulation, cdk5 activa-
tion, and neuronal death, which is averted by pharmaco-
logical cdk inhibitors.?"?2 Moreover, extracellular AB
deposits induce cdk5 activation and tau hyperphospho-
rylation in mutant APP transgenic mice.?® It has been
shown that double transgenic mice expressing mutant
tau and p25 show even more extensive NFT formation
than those expressing mutant tau alone.2* Thus, while the
bulk of these studies are consistent with an involvement
of cdks in neuropathology, identifying the precise ki-
nase(s) and mechanism leading to cytoskeletal pathol-
ogy in specific neurodegenerative disorders has been
hampered by the paucity of comprehensive animal mod-
els for these disorders, particularly for NFT production
from normal, rather than mutant, tau. Fortunately, excel-
lent mouse models for human NPC and ALS are avail-
able. These models not only recapitulate the neuropatho-
logic features and symptoms of their cognate human
diseases, but also the activation of cdc2, cdk4, and cdk5
in affected neurons.’®2% They are therefore excellent
models for exploring the roles of these cdks in neurode-
generative pathology.

The npc™™ mouse (henceforth referred to as “npc
mouse”) arose from a spontaneous mutation in the npc-1
gene,?® the orthologous gene mutated in human NPC
and encoding for a late endosomal/lysosomal lipid trans-
porter. NPC is essentially a ubiquitous lipid storage dis-
order culminating in a profound neurological syndrome,
which results in premature death.?” The neurological syn-
drome is characterized by progressive demyelination,
neuroaxonal dystrophy with formation of spheroids, NFT
formation, and extensive neurodegeneration.?” Although
neurodegeneration in NPC is quite widespread, Purkinje
neurons are particularly vulnerable, and their loss ac-
counts for NPC-associated ataxic gait.?® The NFT of NPC
are ultrastructurally and antigenically similar to those of
AD, and have a similar regional distribution.?® Although
npc mice replicate most of the human NPC phenotype,
they fail to develop frank NFT.'>3° Nevertheless, they
exhibit the characteristic tau hyperphosphorylation pro-
file that precedes and signifies development of NFT in
human NPC and AD, ®*° suggesting that they enlist sim-
ilar neuropathological signaling mechanisms. Accord-
ingly, p25 levels are increased and cdk5 activity is ele-
vated in affected brain regions.®' Additionally, cdc2/
cyclin B and cdk4/cyclin D are up-regulated, and many of
their cell cycle regulatory substrates are hyperphospho-
rylated'® [Klunemann H, Bitao B, Zhang M, Vincent I,
unpublished observations].

Pathological cdk activation in npc mice is detected
before development of cytoskeletal lesions or any motor

defects, and cdks co-localize with hyperphosphorylated
cytoskeletal proteins in axon spheroids and degenerating
neurons suggestive of a cause and effect relationship.>’
These observations support an involvement of cdks in
cytoskeletal pathology in NPC. As a first step in deter-
mining whether cdk activity is necessary for NPC neuro-
pathogenesis, we have analyzed the effects of pan-cdk
inhibitors on the progression of cytoskeletal pathology in
npc mice. Roscovitine and olomoucine are two selective
active site cdk inhibitors®? that have been used exten-
sively for inhibiting cdks in dividing tissues®® and for
inhibition of brain cdk5 activity.®* We infused these inhib-
itors directly to the brains of npc mice, to minimize toxicity
that could result from cdk inhibition in dividing tissues.
Because NPC is a progressive disease, we opted for
continuous infusion into the lateral ventricle. Our study
shows that each of these inhibitors, but not an inactive
stereocisomer, iso-olomoucine, markedly attenuates pro-
tein phosphorylation and cytoskeletal pathology in npc
mice, providing a mechanistic view of the involvement of
cdk activity in neurodegenerative pathology in this dis-
ease model.

Materials and Methods
Npc Mice

A breeding pair of heterozygous npc1™™ mice of the
BALB/c"" strain was obtained from the Jackson Labora-
tory (Bar Harbor, ME) and bred to generate homozygous
mice for this study. Genotyping was done by PCR.2¢ All
animal procedures for this study were approved by the
Animal Use and Care Committee of the University of
Washington.

Cdk Inhibitors

Roscovitine, olomoucine, and iso-olomoucine, obtained
from LC laboratories (Woburn, MA), were dissolved in
100% dimethyl sulfoxide (DMSO, Sigma, St. Louis, MI)
and diluted with saline to the desired concentrations.
Two-week infusions were performed with four different
concentrations of roscovitine, 72, 144, 300, and 600
nmoles/day, and 4-week roscovitine infusion involved de-
livery of 200 nmoles/day. In initial studies, we found that
roscovitine above 600 nmoles/day in wild-type mice
caused tremor, malaise, and weight loss and had to be
euthanized within 1 week. Therefore, doses higher than
600 nmoles/day were discontinued. Olomoucine and iso-
olomoucine were infused at 2.5 umoles/day. All controls
received the vehicle solution containing the appropriate
percentage of DMSO.

Intracerebroventricular Infusion

ALZET microosmotic pumps (Model 1002, DURECT, Cu-
pertino, CA) were used to infuse cdk inhibitors as de-
scribed previously.®® Two-week pumps filled with 100 ul
inhibitor solution except for higher doses (600 nmoles/
day roscovitine, and 2.5 umoles/day olomoucine and



iso-olomoucine each), which were placed in a coiled tube
connected with the pump, because the higher percent-
age of DMSO (75%) required to maintain solubility at
these concentrations is not compatible with the osmotic
pumps. Because the weight of npc mice does not meet
the criteria for implantation of the larger 4-week pumps,
all 4-week treatments were performed using 2-week
pumps, with replacement of the empty pump with a fresh
one at the 2-week midpoint. Following the infusion, treat-
ment mice were euthanized and the brains were removed
rapidly and divided mid-sagittally. One half was fixed and
paraffin-embedded for immunohistochemistry, and the
other half was frozen at —80°C for immunoblotting anal-
ysis.®

Antibodies and Immunological Analysis

SMI31 and SMI34 (recognizing distinct phospho-NF-H
epitopes) and SMI32 (recognizing a dephosphoyrlated
NF-H phosphoepitope) were from Sternberger Mono-
clonals (Lutherville, MD); TG-3 (Phospho-Thr 231 of tau),
TG-5, PHF-1, MC-15, and CP-13 were a kind gift from Dr.
Peter Davies (Albert Einstein Medical College, New York,
NY); AP-18 was from Dr. Lester Binder (Northwestern
University, Evanston, IL); AP20 and MPM-2 (mitotic phos-
phoepitopes) were obtained from Sigma (St. Louis, MI)
and Upstate, New York, respectively; RMd09 (dephos-
pho-NF-H), RMO24 (P-NF-H), RMO32 (P-NF-M), and
RMO255 (P-independent-NF-M) were kindly provided by
Dr. Virginia Lee (University of Pennsylvania, Philadelphia,
PA). The antibodies recognizing total ERK1/2; P-ERK1/2,
ERK substrates (total ELK1, P-ELK1, P-BAD, and P-RSK),
total GSK-3B8 and P-GSK-3B were obtained from Cell
Signaling Technology (Beverly, MA); NeuN from Chemi-
con (Temecula, CA); cdk5 from Santa Cruz Biotechnol-
ogy (Santa Cruz, CA). Immunohistochemical analyses of
paraffin-embedded mouse brain sections and immuno-
blot analyses of brain lysates were done as described
before.3" Enhanced chemiluminescence films were
scanned and the appropriate band densities were mea-
sured using ImageQuant (Molecular Dynamics, Sunny-
vale, CA). The band intensities for a particular phospho-
or non-phospho-epitope were pooled from triplicate gel
runs of samples from 6 to 10 mice, and normalized
against band intensities for loading control antigens,
NeuN or cdk5, on the same blots. While significant dif-
ferences were observed with many of the phospho-
epitopes as indicated, none of the non-phospho-epitopes
was significantly altered by any concentration of inhibitor.
Hence, for simplicity, only one loading control is shown in
most figures.

Body Weight and Motor Activity

Before infusion and at weekly intervals till the end of the
treatment, mice were weighed and evaluated for limb
motor activity using the coat hanger test.®® Before and
every 4 days during the drug treatment, these mice were
tested for motor activity and overall muscle strength. The
animals were allowed to grab a metal coat hanger sus-
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pended 20 cm above a flat surface, observed for 2 min-
utes, and the length of time the mouse remained on the
hanger measured (hanging time). The ratio of the hang-
ing time at the end of the treatment and before treatment
served as a measure of the decline (control) or suste-
nance (cdk inhibitor). These analyses were performed
blinded.

Spheroid and Purkinje Cell Counting

Axon spheroids visualized by SMI32 as well as hematox-
ylin and eosin (H&E) staining were counted and images
collected digitally (Olympus DP10 camera attached to an
Olympus BX40F4 microscope, Tokyo, Japan). Four dif-
ferent subregions of the brain (see Figure 4A; region 1 in
the white matter of cerebellum, regions 2 and 3 in the
dorsal and ventral regions of the pons, and region 4 in the
midbrain inferior colliculus) from sections 30 um lateral
from the midline were analyzed. Spheroid counting was
performed by two separate individuals, both blinded to
the experimental details. The two sets of numbers were
averaged, and then statistical analyses were performed
using the Student’s t-test.

Purkinje cells were counted in H&E-stained sections
from control and inhibitor-treated mice. To standardize
the counting, the same lobe was selected in each sec-
tion, and all visible Purkinje neurons were counted in that
lobe. The data were analyzed statistically as described
below.

Statistics

At least 6 to 10 mice in each category were analyzed for
all of the experiments described here, and usually con-
tained equivalent numbers of each gender. For each
assay, the data from each gender were analyzed sepa-
rately and also in a combined fashion. Statistical differ-
ences were observed in both cases so only the combined
results are presented here. Throughout, a P value of 0.05
was used for statistical significance but in some in-
stances lower values were obtained.

Results

Roscovitine Causes a Decrease in
Phosphoepitopes Generated by cdkb

The IC50 of roscovitine for inhibition of cdk5-p25 is 0.16
wmol/L, and for cdc2-cyclin B is 0.45 umol/L. The extra-
cellular signal-regulated kinases, ERK1 and ERK2, are
inhibited at 5- to 100-fold, and cdk4 and GSK3g at 1000-
fold higher concentrations.®” Thus, roscovitine is more
likely to inhibit cdk5 and cdc2 than any other kinase in
brain. In our previous study, we suggested that deregu-
lation of cdk5 contributes to NPC neuropathology by
extensive hyperphosphorylation of cytoskeletal proteins
such as tau, NFs, and MAP2a, b.3" We therefore exam-
ined the phosphorylation status of cdk5 consensus sites
in cytoskeletal proteins in npc mice after administering a
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Figure 1. Roscovitine inhibits phosphorylation of cytoskeletal proteins in
npc mice. Mice either treated with different doses of roscovitine or the
vehicle only for 2 weeks were analyzed for the presence of various epitopes.
The antibodies used are indicated on the right of the corresponding blots. A:
Immunoblots of control or roscovitine-treated mice (duplicate animals from
a total of 6 to 10 treated with 72 or 144 nmoles/day shown only). Cdks is the
representative loading control for all antigens. B: Samples from the untreated
(=/=), control mice (control), or 300 nmoles/day roscovitine-treated mice
(300) are compared with samples from wild-type (+/+) to illustrate normal-
ization of protein phosphorylation in npc mice after roscovitine treatment
(NeuN, loading control). The bands corresponding to NF-H and NF-M are
labeled as H and M, respectively.

similar dose of roscovitine, ie, 144 nmoles/day that was
used previously to prove that cdk5 plays an essential role
during opiate withdrawal ** We found that a 2-week in-
traventricular infusion of roscovitine, initiated in 5-week-
old npc mice, alleviates hyperphosphorylation of cy-
toskeletal proteins, whereas a control DMSO vehicle
treatment of npc mice was ineffective. Cdk5-phosphory-
lated motifs in the C-terminal region of NF were probed
by using the SMI31 and SMI34 monoclonal antibodies.
We observed a 150 to 200% decrease in SMI31 immu-
noreactivity with NF-H and NF-M, and a decrease in
SMI34 immunoreactivity with NF-H, following 144 nmoles/
day and higher doses of roscovitine (Figure 1A, SMI31
and SMI34, shown for 144 nmole/day only). Dephospho-
NF-H antibodies SMI32 and RMd09 as well as phospho-
independent antibody to NF-M showed no significant
changes, indicative of equivalent NF-H and NF-M levels
in the roscovitine-treated and untreated groups. Similarly,
cdk5-generated phosphoepitopes on tau were examined
using the PHF-1, CP13, and MC15 antibodies.®" A 50 to
100% decrease in PHF-1, CP-13, and MC-15 immunore-
activity was observed starting with 72 nmoles/day and
higher doses of roscovitine (Figure 1A, Tau). The tau
primary sequence antibody, TG-5, showed a predomi-
nance of hypophosphorylated tau, consistent with tau
dephosphorylation with increasing doses of roscovitine.
We also found that a dose of 300 nmoles/day roscovitine
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Figure 2. Roscovitine treatment can rescue abnormal mitotic phospho-
epitopes in npc mice. Mice treated either with the indicated doses of rosco-
vitine (top) or the vehicle (control) for 2 weeks were analyzed for the
presence of various cdc2 generated epitopes. Cdk5 has been used as loading
control for both the blots. The antibodies used are indicated on the right of
the corresponding blots.

treatment reverted the hyperphosphorylated status of NF
and tau in npc mice (—/—) to their normal levels as seen
in wild-type mice (+/+) (Figure 1B, shown for SMI31 and
PHF-1 only). The TG-5 antibody showed that the relatively
hypophosphorylated 43-kDa tau band was the major tau
band in mice treated with 300 nmoles/day roscovitine. In
contrast to these roscovitine-mediated decreases in NF
and tau phosphorylation, phosphorylation of MAP2b at
the AP-18 epitope increased even beyond its typical
increase in NPC, while the levels of MAP2a and MAP2b
as visualized with AP-20 were unchanged (Figure 1A,
MAP-2). In summary, these results suggest that cdk ac-
tivity promotes hyperphosphorylation of NF and tau, but
may have a negative effect on phosphorylation of MAP2
in npc mice.

Roscovitine Treatment Causes a Decrease in
Phosphoepitopes Generated by cdc2

Neurofibrillary degeneration in NPC has been character-
ized by accumulation of cdc2-generated mitotic phospo-
epitopes.®® The MPM-2 monoclonal antibody reacts with
a phosphoepitope present in a discrete set of proteins
that function in mitosis, and is present in AD and NPC .28
Additionally, the TG-3 antibody reacts with cdc2-phos-
phorylated nucleolin.®® Compared to control npc mice
infused with DMSO, npc mice receiving a 2-week regi-
men of roscovitine at doses ranging from 72 to 300
nmoles/day showed dramatic reductions of TG-3 and
MPM-2 immunoreactivity (Figure 2).

Ameliorating Effects of Roscovitine on NPC
Pathology Are Mediated by cdk Inhibition

Because roscovitine inhibits cdks reversibly, it is not fea-
sible to verify the extents of in vivo inhibition by subse-
quent immunoprecipitation and kinase activity assays in
vitro. As an attempt to rule out possible effects of rosco-
vitine on non-cdk kinases that might also modulate cy-
toskeletal function,®4° we compared in vivo indices of
ERK or GSK3p activity in roscovitine-treated and control
mice. We analyzed the immunoreactivities of phospho
site-specific antibodies recognizing proven phospho-



A B
kDa control 72 144 300 600 kDa control _72 144 300 600

44- G—
g — 1 UL

46 w— e —— . = - GSK-3B
44- &.. - —— — B P-ERK1/2 i -~ P-ser-9
42 B~ - 46 w— ——JGSKJB
62- M u?" ELK1 00 | —— e a— - Catenin

B EEE e TR

23- e 4 G - . DEAD 3] o s e @ e oS

Figure 3. Immunoblotting analyses of ERK (A), and GSK-33 (B), and their
phospho-substates in control and inhibitor-treated mice. Mice treated with
roscovitine for 2 weeks were analyzed for the presence or absence of either
ERK or GSK3B-generated epitopes (cdk5, loading control). The epitopes
being detected are indicated on the right of the corresponding blot. The
figures on top indicate the inhibitor dose (nmoles/day). The bands corre-
sponding to NF-H and NF-M are labeled as H and M, respectively.

epitopes generated by these kinases in brain. Activated
ERKs phosphorylate cytosolic proteins eg, the p90RSK*'
or the pro-apoptotic Bad protein,*? and also nuclear tran-
scription factors, eg, ELK-1.*" A modest increase in tyrosine
phosphorylation, indicative of ERK activation, was observed
after roscovitine treatment, but none of the ERK-generated
phosphoepitopes in p9ORSK (not shown), BAD, or ELK-1,
increased appreciably (Figure 3A).

GSK3p is a PDK that phosphorylates cytoskeletal pro-
teins on sites that are also potentially recognized by
cdks.*® GSK-3B produces the RMO24 phosphoepitope
in NF, and phosphorylates B-catenin leading to its deg-
radation by proteasomes. The kinase is inactivated by
phosphorylation of its Ser-9 residue by the Akt kinase,
leading to neuronal apoptosis. Following treatment of npc
mice with 72 and 144 nmoles/day of roscovitine, GSK3p3
kinase was hyperactivated, as evidenced by reduced
immunoreactivity with the P-Ser9 antibody, and a simul-
taneous decrease of B-catenin levels. However, RMO24
immunoreactivity remained unaltered under these condi-
tions (Figure 3B). Thus, roscovitine treatment does not
lead to inhibition of ERK or GSK3g. Rather, transient
activation, occurring simultaneously with the inhibition of
NF or tau phosphorylation, makes it unlikely that ERK or
GSK3pB contribute to the effects of roscovitine in npc
mice. Instead, the inhibition of NPC pathology by rosco-
vitine occurs most probably via cdk inhibition, a conclu-
sion supported by the effects with another inhibitor, olo-
moucine (see Figure 8 below)

Roscovitine Ameliorates Cytoskeletal Lesion
Formation in npc Mice

To test the hypothesis that hyperphosphorylation of cy-
toskeletal proteins is a precursor for cytoskeletal lesion
formation, we examined the distribution of axon sphe-
roids in the brains of roscovitine-treated mice having
decreased phosphorylation and control mice having hy-
perphosphorylation. Mouse brain sections were immuno-
stained with SMI32. Total SMI32 immunoreactivity was
not affected at any dose of roscovitine (Figure 1A) mak-
ing this antibody a reliable reagent for comparing spher-
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oid numbers in control and roscovitine-treated mice (Fig-
ure 4). H&E staining of the spheroids essentially yielded
similar results (data not shown). Spheroids were counted
in four subregions of the hindbrain that are affected
prominently in NPC (Figure 4A, schematically repre-
sented in a). Using anatomically matched sagittal brain
sections from 2-week roscovitine-treated mice (Figure
4A, d, f, and h) and control mice (Figure 4A, c, e, and g),
we found a dramatic decrease in spheroid number fol-
lowing roscovitine treatment. This decrease was signifi-
cant at roscovitine doses of 144 nmoles/day or higher in
regions 1, 3, and 4, and at 300 nmoles/day or higher in
region 2 (Figure 4A, i). Following a 4-week 200 nmoles/
day roscovitine infusion, spheroid numbers were also
significantly reduced in the four regions analyzed (Figure
4B, a to d). Roscovitine treatment also led to a reduction
in number of spheroids recognized by the MPM-2 anti-
body (Figure 5b) relative to controls (Figure 5a, arrows).
Overall, these data show that a decrease in the number of
spheroids at 144 nmoles/day (Figure 4A, i) coincides with
a decrease in phosphorylation of NF, tau, and mitotic
proteins (Figure 1A). However, no significant decrease in
spheroid number (Figure 4A, i) is apparent at a dose 72
nmoles/day, when tau phosphorylation is reduced signif-
icantly (Figure 1A). Thus, spheroid numbers correlate
better with the extent of cdk5- and cdc2-mediated phos-
phorylation of NF and mitotic proteins than with tau or
MAP2. This is consistent with previous reports of hyper-
phosphorylated NF being the major protein constituent of
spheroids.*

Roscovitine Ameliorates But Does Not Spare
Purkinje Cell Loss in npc Mice

Progressive loss of Purkinje cells in npc mice starts at 6.5
weeks, leading to gradual ataxia and paralysis. The num-
ber of Purkinje neurons in a selected lobe of the cerebel-
lum was scored in DMSO- and roscovitine-treated mice.
These cells, stained with H&E, were barely detected in
DMSO-treated 7-week-old npc mice where empty
spaces were apparent in locations where Purkinje cells
once lived (Figure BA, a, arrows). In contrast, significant
numbers of Purkinje neurons were apparent in 7-week-
old mice that received roscovitine for 2 weeks initiated at
5 weeks of age (Figure 6A, b, arrows). This effect was
evident from doses of 144 nmoles/day and above (Figure
6A, c). However, in mice receiving roscovitine for 4
weeks, there was no sparing of Purkinje neuron loss
(Figure 6B, a and b). These results suggest that introduc-
ing roscovitine between 4 to 5 weeks of age in npc mice
modulates the rate of, but does not prevent, death of
Purkinje neurons. They also indicate that the entire Pur-
kinje neuronal layer is lost rapidly in npc mice, during a
3-week interval starting at about 5 weeks of age.

Roscovitine Alleviates Motor Defects and
Decreases Weight Loss in npc Mice

The sparing of Purkinje cells following 2-week treatment
of npc mice with roscovitine, corresponded with visible
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Figure 4. Roscovitine reduces axon spheroid number in npc mice. A: Results of 2-week roscovitine infusion. a, Schematic showing 4 regions (regions 1 to 4)
used for spheroid counting; b, axon spheroids (arrows) stained by SMI32 (brown, bar, 25 um); c—h, SMI32 staining showing spheroid distribution in regions
1, 2, and 4 of control (c, e, and ) or roscovitine-treated (d, f, and h) mice (bar, 50 pm); i, summary of spheroid numbers from regions 1 to 4, normalized against
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4-week roscovitine infusion. SMI32 staining shows spheroid distribution in control, a and ¢, and mice treated with 200 nmole/day roscovitine, b and d.
Quantitative data for the 4-week roscovitine treatment is shown in e. Roscovitine caused a significant decrease in spheroids in all subregions.

improvement in ataxia. To assess whether axon sphe-
roids underlie the characteristic weakness in the limbs of
npc mice, we performed quantitative analyses of motor
activity using the coat hanger test.>® Npc mice treated
with DMSO vehicle alone displayed the expected decline
in motor activity at 7 weeks of age compared to 5 weeks,
but this symptom was improved in a dose-dependent

fashion on roscovitine treatment during this interval (Fig-
ure 7A). Similar results were obtained when roscovitine
was administered at 200 nmoles/day for 4 weeks, starting
at 5 weeks and ending at 9 weeks of age. Here, rosco-
vitine improved the performance of the mice by almost
300% relative to control mice (Figure 7B). With respect to
body weight, no significant difference was noted in either



Figure 5. Immunohistochemical analyses of mitotic phosphoepitopes in
roscovitine-treated and control mice. A 2-week roscovitine treatment ame-
liorates MPM-2 phosphoepitopes (b), compared to the control animals
treated with vehicle alone (a) (bar, 50 um). Arrows indicate MPM-2-labeled
spheroids. The photomicrographs were taken at X40 magnification.

control or roscovitine-treated groups after a 2-week
roscovitine treatment. However, following a 4-week treat-
ment, the control mice lost 21% of their original weight,
and administration of roscovitine abolished this decrease
(Figure 7C). These combined results suggest that rosco-
vitine inhibits the progression of motor dysfunction, and
also the weight loss associated with NPC.

Roscovitine-Induced Changes Are Replicated
by Another Specific cdk Inhibitor, Olomoucine

To further verify that the effects of roscovitine treatment
are specifically mediated by cdk inhibition, we infused
npc1 mice with another cdk inhibitor, olomoucine, or its
inactive stereoisomer, iso-olomoucine.** Olomoucine is a
potent and very selective, competitive inhibitor of cdc2
(IC50 = 7 wmol/L) and cdk2/cdk5 (IC50 = 3 umol/L) at
the ATP binding site. It inhibits ERK1 with a IC50 of 30
wmol/L and is inactive against cdk4 and cdk6.** The
effects of olomoucine treatment were essentially similar to
those observed with roscovitine. A 2-week intraventricu-
lar treatment regime of 2.5 umoles/day of olomoucine
resulted in a tremendous improvement in motor activity
(Fig. 8, a). There was a concomitant decrease in spheroid
number (Figure 8, b to d), amelioration of Purkinje neuron
loss (data not shown), and a significant decrease of
cdkb5-generated NF and tau phosphoepitopes (Figure
8e). A similar treatment group that received equivalent
doses of the inactive stereoisomer, iso-olomoucine, did
not show any significant change in these neuropatholog-
ical states (Figure 8, d and e). As before, a correspond-
ing group of mice receiving only DMSO did not show any
improvement in either motor activity or the pathological
parameters tested (Figure 8a). These effects of olo-
moucine lend further credence to the essential role of cdk
activity in NPC neuropathology.
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Figure 6. Roscovitine infusion effectively reduces Purkinje neuron loss in
npc mice. Mice treated with either roscovitine or DMSO only (control) for 2
weeks (144 nmoles/day) (A) or 4 weeks (200 nmoles/day) (B) were ana-
lyzed for the presence or absence of Purkinje neurons Aa: H&E staining
showing Purkinje neurons missing in control (arrow). Ab: H&E staining
showing Purkinje neurons surviving in roscovitine-treated mice (arrows).
Ac: Quantitative summary of Purkinje cell numbers in control and 2-week
roscovitine-treated mice. The x-axis shows the dose of roscovitine treatment
(nmoles/day). Note, mean values at 144, 300, and 600 nmoles/day roscovi-
tine, are not statistically different from each other, but are statistically in-
creased relative to control and 72 nmoles/day roscovitine. B: H&E staining
showing missing Purkinje neurons (arrows) in 4-week control (a), and in
roscovitine-treated mice (b). All of the photomicrographs were taken at X40
magnification.

Discussion

In previous studies, we determined that elevation of cdk5
and cdc?2 activity coincides spatially and temporally with
the appearance of hyperphosphorylated cytoskeletal
proteins in NPC. These cdks and their hyperphosphory-
lated cytoskeletal protein products precede development
of, but are eventually incorporated into, cytoskeletal le-
sions called spheroids. Here we show that administration
of cdk inhibitors to npc mice during the period of cdk
activation but before spheroid formation results in atten-
uation of protein hyperphosphorylation and reduced for-



850 Zhang et al
AJP September 2004, Vol. 165, No. 3

>

[a—
\®]
i

a)

|
*

]
(e

B
Al

Hanging time (second)

72 144 300 600

oe)
=
=

21201 =

g

gso: )

240

an

2

o0 L - ,
control ros

C

20]

Body Weight (g)
S o

(9]

0 control TOS control _ ros
«—2wks—> <«—4wks—>

Figure 7. Roscovitine (ros) improves motor activity and inhibits weight loss in npc
mice. The hanging time on a coat hanger and body weight were compared before
(white bars) and after treatment (black bars) with either control or roscovitine-
treated mice. Az Motor activity before and after 2-week infusion with roscovitine at
the indicated concentrations (144 and 600 nmoles/day, 7 = 10 and 7 respectively,
for the other doses tested, 7 = 6). B: Motor activity before and after 4-week
roscovitine treatment at 200 nmoles/day, 7 = 8, P= 0.03. C: Body weight after 2- or
4-week roscovitine treatment at 200 nmoles/day, 7 = 8, P = 0.007.

mation of spheroids, reduced neurodegeneration, and
reduced motor defects. These findings support the hy-
pothesis that cdk activity is essential for progression of
cytoskeletal pathology in NPC.
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Figure 8. Olomoucine can ameliorate the neuropathological phenotype in npc
mice. Two-week olomoucine (olo), but not iso-olomoucine (iso), treatment im-
proves motor activity (a). Olomoucine treatment (¢) (bar, 50 wm), decreased
SMI32-stained spheroid count compared to iso-olomoucine-treated mice (b). The
results from regions (reg) 1 to 4 are summarized (d); spheroid numbers are ex-
pressed as percentage control; control mice, blue bars; iso-treated mice, red bars;
olo-treated mice, yellow bars. Olomoucine treatment resulted in a decrease of
SMI31 and PHF-1 immunoreactivity compared to iso-olomoucine treated mice (e).
NeuN shows the loading control in this panel.

Concurrent activation of cdk5 and cdc2 appears to
trigger hyperphosphorylation of a variety of neuronal pro-
teins including NF, tau MAP2, and mitotic substrates. Our
studies suggest that of these, only NF and mitotic protein



hyperphosphorylations contribute directly to formation of
axonal spheroids. Decreases in NF and mitotic protein
hyperphosphorylation, and spheroid number, following
cdk inhibition, coincide with a marked improvement in
performance on the coat-hanger test, indicating that the
prevalence of axonal spheroids underlies limb weakness
in npc mice. On the other hand, cdk inhibition only mod-
ulates the rate of, but does not prevent, the death of
Purkinje neurons, suggested that the signaling pathways
leading to loss of these cells may be somewhat different
from those involved in spheroid formation. It has been
found that in npc mice Purkinje neurons die in waves
patterned as “stripes” throughout the region.*® Zebrin
Il-negative “stripes” die earlier, the alternate zebrin II-
positive stripes being more resistant. It is possible that
cdk activity only plays a role in death of some of these
cells but does not affect the others. More detailed studies
of the effects of cdk inhibition on the pattern of Purkinje
death would be important. Evidence has linked cdk5
activation to NF phosphorylation and axonal transport
and trafficking,*® and it has been proposed that disrup-
tion of this normal scheme gives rise to cytoskeletal pa-
thology.*” Defects in axonal transport have been impli-
cated in cytoskeletal pathology in AD*® and ALS*® as
well. Thus it seems reasonable that aberrant cdk5 acti-
vation in NPC interferes with cytoskeletal protein function
and axonal transport and trafficking, culminating in
spheroid formation and neurodegeneration, both of
which contribute to motor defects. On the other hand, the
activation of cdc2 in post-mitotic neurons is thought to
signal an abortive attempt at cell cycle re-entry.” Mitotic
changes are also likely to impact cytoskeletal protein
function and axonal transport, thereby contributing to
spheroid formation as well. At present it is not clear why
cdk inhibition prevents weight loss in npc mice, and it is
unknown whether roscovitine or olomoucine have any
effects on lipid storage in NPC. Nevertheless, to our
knowledge, this is the first in vivo study demonstrating an
ability of cdk inhibitors to retard development of multiple
neuropathological hallmarks and symptoms of a neuro-
degenerative disease. The confirmation of an essential
role for cdk activity in NPC opens the way to identify
which cdk(s) are crucial, and in what aspects of the
disease. RNA-mediated interference (RNAi)-based ap-
proaches aimed at specific knockdown of cdk5 or cdc2
might be useful in determining which phosphoepitopes are
produced by each of these cdks, and how phosphorylation
of specific substrates participates in NPC neuropathology.
Similar approaches would facilitate evaluation of a role for
cdk4 in NPC. Furthermore, studies with cdk inhibitors in
other neurodegenerative disease models such as the SOD1
mutant ALS mice and P301L tauopathy mice would help
determine whether hyperactivation of cdks is paramount in
these neuropathological states as well.

In agreement with the pathological scheme suggested
above, p25 overexpression driven by the PDGF promoter
in transgenic mice leads to cdk5 activation and axonopa-
thy with formation of axon spheroids and motor defects.®°
Cytoskeletal changes were observed in the absence of
spheroid formation in another line overexpressing p25,
under control of the neuron-specific enolase promoter,
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but this pathology was not accompanied by a net in-
crease in cytoskeletal protein phosphorylation.®' Condi-
tional, neuronal-specific p25 expression resulted in tau
hyperphosphorylation, neuronal death, and NFT forma-
tion but no evidence of spheroids.®® Because similar
increases of cdk5 activity were reported in all these lines,
it appears that the outcome of cdk5 activation depends
more heavily on which neurons are targeted, and on the
timing and subcellular localization of cdk5 activation dur-
ing the period of gestation through adulthood. Other
studies also support a connection between cdc?2 activa-
tion and neurodegeneration in vivo.'9?°%% However, a
more detailed analysis of cell cycle and apoptotic mark-
ers in NPC will be necessary for understanding the mech-
anism by which cdc2 operates in this disease.
Presently, it is unclear why a mutation in NPC-1, a
protein involved in intracellular transport of cholesterol to
postendosomal/lysosomal destinations, leads to activa-
tion of multiple cdks, and perhaps even other types of
protein kinases.>* A possible means of hyperactivation of
cdkb is chronic, accelerated calpain-mediated conver-
sion of p35 to p25.2" NPC-1, calpain, and p35 all appear
to be membrane-associated proteins colocalizing in “sig-
nal transduction centers”, which are distinct entities lo-
cated in lipid rafts.®" Thus, it is possible that NPC-1
interacts with and influences the functions of calpain and
p35 in localized vesicle or membrane structures. NPC-1
mutations precipitate defects in transport and trafficking
of cholesterol in neurons.®® It would be worth investigat-
ing possible direct effects of NPC-1 mutations on calpain
activation and p25 production, which may occur inde-
pendently of their effects on lipid transport. Curiously,
APP and SOD1 are also localized in vesicle and mem-
brane fractions,*®*” and may trigger neurodegenerative
changes similarly by impacting p25 production in these
subcellular locations. How NPC-1 mutations cause acti-
vation of cdc2 in degenerating neurons is more difficult to
explain. In dividing cells, cdc2 activation is orchestrated
with successful and fidelous completion of DNA replica-
tion.®® Duplicated chromosomes, along with accumula-
tion of mitotic phosphoepitopes, have been detected in
degenerating neurons in AD,%® but there have been no
reports to date regarding the status of DNA in other
neurodegenerative disorders. Cdc2 activation in post-
mitotic neurons has also been implicated in certain types
of neuronal apoptosis, but without involvement of prior
DNA synthesis.®® Thus cdc2/cyclin B activation may not
necessarily signify cell cycle dysregulation, but may con-
stitute a more general response to adverse conditions
and insults. In earlier studies we found that normal differ-
entiated neurons express all of the known upstream cdc2
regulators, the Wee1 tyrosine kinase, and the Cdc25A
and B phosphatases, in a constitutive fashion even
though they lack cdc2 and cyclin B.” In the brain, these
enzymes may support full activation of cdc2, even in the
absence of prior DNA synthesis or cell cycle entry. Oth-
ers have shown that the cdc2 activating cdk7 kinase and
the CIP-1-associated regulator of cyclin B have elevated
expression in affected neurons in AD.®"%2 Examining
similar cell cycle and apoptotic markers in NPC will be
necessary for understanding how cdc2 becomes acti-
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vated and induces its downstream neuropathological ef-
fects. Such studies should also provide new insights into
potential therapeutic targets for the treatment of NPC.

In light of the efficacious management of lipid abnor-
malities in NPC using lipid-lowering drugs,®®-6° an excit-
ing possibility for comprehensive treatment of NPC might
be a lipid-lowering drug for normalizing lipid levels used
in conjunction with a specific cdk inhibitor such as rosco-
vitine for normalizing neuronal cytoskeletal protein func-
tion. Current phase Il clinical trials with roscovitine for
human cancer therapy®® promise that the application of
cdk inhibitors as a general mode of intervention for neu-
rodegeneration may materialize in the near future.
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