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Abstract

Daily, systemic injections of a positive AMPA-type glutamate receptor modulator (ampakine)
have been shown to reduce synaptic plasticity defects in rodent models of aging and early-stage
Huntington’s Disease (HD). Here we report that long-term ampakine treatment markedly slows
the progression of striatal neuropathology and locomotor dysfunction in the R6/2 HD mouse
model. Remarkably, these effects were produced by an ampakine, CX929, with a short half-life.
Injected once daily for 4—7 weeks, the compound increased protein levels of brain-derived
neurotrophic factor (BDNF) in neocortex and striatum of R6/2 but not wild-type mice. Moreover,
ampakine treatments prevented the decrease in total striatal area, blocked the loss of striatal
DARPP-32 immunoreactivity and reduced the area of intranuclear huntingtin aggregates in R6/2
striatum by 36%. The CX929 treatments also markedly improved motor performance of R6/2
mice on several measures (rotarod, vertical pole descent) but did not influence body weight or
lifespan. These findings describe a minimally invasive, pharmacologically plausible strategy for
treatment of HD and, potentially, other neuropathological diseases.
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Introduction

Ampakines are centrally active, small molecule compounds that slow deactivation and
desensitization kinetics of AMPA-type glutamate receptors (AMPARS). Thus, the
compounds prolong the opening of ligand bound AMPARSs and increase the size and
duration of fast, excitatory post-synaptic potentials (EPSPs) (Lynch, 2006). Recent work has
shown that a relatively short series of daily ampakine injections rescues hippocampal
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synaptic plasticity in rodent models of aging (Rex et al., 2006), low estrogen levels (Kramar
et al., 2010) and Huntington’s Disease (HD) (Simmons et al., 2009). In the latter case,
treatment of CAG140 knock-in mice with a short half-life ampakine (CX929) also reduced
memory deficits associated with early stage HD. Since testing in these experiments was
performed one day after the last injection, the positive results can be ascribed to long-term
changes initiated by the ampakine. Related to this point, excitatory drive is known to
modulate the expression of several neurotrophic factors including BDNF (Gall and
Lauterborn, 2000), a releasable neurotrophin that plays a pivotal role in long-term
potentiation, a form of synaptic plasticity thought to underlie memory (Bramham and
Messaoud, 2005; Lynch et al., 2007a; Rex et al., 2007). Through effects on AMPAR-
mediated fast EPSPs, ampakines increase BDNF levels (Lauterborn et al., 2003) and thereby
establish conditions that promote synaptic plasticity.

The above findings raise the question of whether prolonging the transcriptional effects of
ampakine treatment can slow the progression of HD. While mechanisms underlying the
onset and development of HD phenotypes are uncertain, evidence suggests that
transcriptional dysregulation and BDNF deficits are important contributors (Canals et al.,
2004; Cha, 2000; Sugars and Rubinsztein, 2003; Zuccato and Cattaneo, 2007, 2009). This
view is reinforced by evidence that BDNF transgene expression reduces motor impairments
and striatal neuropathology in HD-model R6/1 mice (Gharami et al., 2008). The above
described short-term ampakine treatments that rescued synaptic plasticity did not improve
the modest motor abnormalities (e.g., movement speed) found in young adult CAG140 mice
(Simmons et al., 2009), but this result may not be predictive of outcomes using longer drug
treatments or HD mice with more severe motor impairments. The present studies addressed
these issues and, specifically, tested if chronic ampakine treatments can sustain elevated
BDNF levels and slow the progression of HD pathology.

The R6/2 mouse model of HD was employed because it has rapidly developing, well-
characterized pathological features and easily measured functional endpoints (Menalled et
al., 2009; Menalled and Chesselet, 2002) against which drug effects could be tested. To
maximize clinical relevance, we used a minimally invasive treatment regimen and a short
half-life ampakine that nonetheless elevates forebrain BDNF levels (Rex et al., 2006;
Simmons et al., 2009). Because ampakines have few side-effects, are well tolerated with
longer term treatments (Murray et al., 2003) and are in clinical development for various
indications (Greer and Ren, 2009; Lynch, 2006), tests of their effects on degenerative
diseases are potentially important for the development of novel therapeutic strategies.
Results described here provide the first evidence that chronic ampakine treatments can be
used to slow the progression of an inherited neurodegenerative disease.

Materials and Methods

All animal procedures were conducted in accordance with the National Institutes of Health
Guide for the Care and Use of Laboratory Animals and with protocols approved by the
Institutional Animal Care and Use Committee of the University of California at Irvine. This
includes efforts to minimize animal suffering and numbers of mice used.

Mouse husbandry

Breeding pairs of R6/2 mice were purchased from Jackson Laboratories [Bar Harbor, ME;
B6CBA-TgN (HD exonl)62; JAX stock number: 006494]. Male R6/2 mice, which are
transgenic for the 5’ end of the human HD gene carrying about 100-150 glutamine (CAG)
repeats (for actual CAG sizes see below), and their wild-type (WT) littermates were used
starting at 3 or 6 weeks of age. Mice were maintained with a 12 hr light/dark cycle (on 2 am,
off 2 pm) and received rodent chow ad libitum. Genotypes were identified before weaning
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using polymerase chain reaction (PCR) of tail-tip DNA. Tail DNA taken at the time of
sacrifice was used to confirm genotypes via real-time PCR and CAG repeat numbers were
measured with ABI GeneMapper 4.0 by Laragen, Inc. (Los Angeles, CA). R6/2 mice used in
this study had an average of 104 + 6.5 (mean = SD) CAG repeats.

Study design and drug treatments

Male R6/2 and WT mice were divided into two groups/genotype (total of 4 groups, n = 8-
17/group): (1) Controls received vehicle [10% (2-Hydroxypropyl)-p-cyclodextrin (Sigma,
St. Louis, MO) in 0.45% saline, 10 ml/kg intraperitoneal (IP)] and (2) Experimentals
received the ampakine CX929 (5 mg/kg in vehicle; 10 ml/kg IP); in all cases mice received
one injection per day, at about 9 am. The ampakine CX929 (provided by Cortex
Pharmaceuticals, Irvine, CA) and the dose used was chosen for the present studies because it
was previously found to elevate forebrain BDNF levels in rat and mouse in vivo (Rex et al.,
2007; Simmons et al., 2009). In rat, blood values following IP injections rose quickly to a
maximum and then fell back towards baseline with a calculated half-life of 15 minutes. Mice
were weighed bi-weekly and assessed for morbidity and mortality twice daily.

Three different cohorts of the 4 groups of mice were run. Cohort 1 received ampakine (or
vehicle) treatment for 4 weeks (from 6 to 10 weeks of age) and was tested for rotarod
performance and BDNF levels. Cohort 2 was given CX929 or vehicle for 7 weeks (from 3 to
10 weeks of age), received all behavioral tests, and was processed for neuropathology and
BDNF measures. Finally, Cohort 3 received treatments for their entire lifespan starting from
3 weeks of age, was tested for rotarod performance, and was used to test survivability. For
the latter, survival cohort, mice were euthanized if they could no longer right themselves
within 30 seconds after being placed on their sides. Deaths that occurred overnight were
recorded the following morning.

Rotarod and clasping performance

Beginning 4 days after the first injection, mice were tested for motor impairment once a
week using a Rotarod (Med Associates Inc., St. Albans, VT). Rotarod test sessions consisted
of three 120 sec trials at 24 rpm, as employed elsewhere (Apostol et al., 2008; Carter et al.,
1999; Pallier et al., 2009). For each trial, the latency to fall from the apparatus was recorded;
daily results represente an average of the three trials. Clasping behavior was tested at the
time of sacrifice: mice were suspended by the tail for 60 sec and the latency for the
hindlimbs or all 4 paws to clasp was recorded.

Vertical Pole Descent Test

The vertical pole test was performed at 9 weeks of age as described previously (Hickey et
al., 2008; Matsuura et al., 1997). For testing, mice were placed on the top of a coarse,
vertical wooden pole (diameter: 1 cm; height: 55 cm) with head up; mice typically turn and
descend. The total time to descend to the floor over 5 trials was recorded; the final 4 trials
were analyzed. If the mouse did not turn downwards, dropped or slipped down, a default
value of 60 sec was recorded.

Western Blotting

The parietal neocortex and striatum were dissected from brains of mice from Cohorts 1 and
2 the day after their last injection (i.e., >18 hrs later). Tissue was processed for western blot
analysis of BDNF levels using rabbit anti-BDNF (1:1,000; #SC546; Santa Cruz, CA) as
described (Lynch et al., 2007b; Simmons et al., 2009). Recombinant human BDNF
(Chemicon) was loaded on the same gels as the samples. Blots were stripped and reprobed
with anti-actin (1:2,000; Sigma) to control for loading variations. Immunoreactive bands
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were measured from films using NIH Image software: bands at 14-15 kDa were measured
to assess mature (m) BDNF monomer levels (Lee et al., 2001; Matsumoto et al., 2008).
Densities of BDNF-immunoreactive bands were expressed as a fraction of the actin-
immunoreactive band in the same lane; for individual animals samples were run 2-3
separate times and results averaged. Statistical analyses used the one tailed Students t test to
conduct specific planned comparisons with predicted direction of change.

Immunocytochemistry

Mice were deeply anesthetized with sodium pentobarbital and transcardially perfused with
4% paraformaldehyde in 0.1 M phosphate buffer (PB; pH 7.4). Brains were postfixed (1-2
hours), cryoprotected in 20% sucrose/PB and sectioned (30 um, coronal) using a freezing
microtome. Free-floating sections were processed for immunohistochemical localization of
dopamine- and cyclic AMP-regulated phosphoprotein with molecular weight of 32 kDa
(DARPP-32; 1:1,000; Chemicon AB1656) or huntingtin protein (1:200; clone EM48,
Chemicon) using the Vectastain Elite ABC kit (Vector Labs) and the DAB Peroxidase
Substrate Kit (Vector Labs) as described (Simmons et al., 2007).

Microscopy and Quantitative Analyses

The area of the striatum was measured bilaterally in 2 coronal sections, spaced by about 12
sections (~360 um) and matched for rostrocaudal level (~0.86 to 0.50 mm Bregma), that
were processed for DARPP32 immunocytochemistry. The perimeter of the striatum was
traced manually using a Zeiss Axioskop 2 microscope, an AxioCam Hrc camera, and
Neurolucida v.7 image analysis software (MBF Bioscience). The anatomical landmarks of
the corpus callosum, external capsule, and lateral ventricle were used to define the top,
lateral and medial sides of the dorsal striatum, respectively. The bottom of the anterior
commissure was used to define the ventral boundary of the structure. For quantification of
immunostaining, striatal sections (2—3 sections per mouse in each hemisphere; therefore, 4—
6 sample fields per mouse) were viewed and digitized using a Zeiss Axioskop 2 microscope,
an AxioCam Hrc camera, and Axiovision software. Within the striatum, fixed size sample
fields (see below for specifics) were placed at rostral to mid-striatal levels (+1.18 to +0.62
mm relative to Bregma) and dorsally (beneath and abutting the corpus callosum) for all
animals, since HD pathology progresses from dorsal to ventral, anterior to posterior, and
medial to lateral within this brain area (Vonsattel et al., 1985).

For DARPP-32 immunostaining, images of the 0.36 x 0.46 mm? sample field were collected
using a 20X microscope objective. To assess total nuclear huntingtin staining (diffuse and
aggregate), a sample area of 0.85 x 0.70 mm? was photographed using a 10X objective. For
both diffuse and aggregate measures, immunostaining was quantified from the digital
images using the histogram thresholding command of Image Pro Plus v6.3 software (Media
Cybernetics). The threshold was manually set to identify densely immunolabeled elements
(cells and/or nuclei) that were distinct from low density labeling within the neuropil, and
then the proportionate are and number of elements labeled above threshold was quantified.
The same image exposure times and threshold settings were used for sections from all
treatment groups within a given comparison.

To assess nuclear huntingtin aggregates only, all densely immunoreactive puncta within a
sample field of 75 x 67 um? (on each side of the brain) were manually traced while viewing
with a 63X oil objective for 2 sections (i.e., 4 fields) per mouse using Neurolucida v.7 image
analysis software (MBF Bioscience); the mean number of aggregates traced per mouse was
17 + 7 (SD).
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Statistical analyses employed Statview (SAS Institute, Inc., Cary, NC) or GraphPad Prism v.
5 (GraphPad Software, San Diego California) software. Significance was determined using
an analysis of variance (ANOVA) with repeated measures (RM) for rotarod analyses;
Student’s t-tests were used for planned comparisons in this and other behavioral analyses.
Analyses of histological measures used the two-way ANOVA and/or a Student’s t-test for
paired comparisons (both with adjustments for unequal variance when needed). For western
blots, statistical analyses were run on actin-normalized measures using the two-way
ANOVA and, for planned comparisons with explicit predictions as to direction of
difference, the one-tailed Student’s t-test. Results are expressed as group mean + SEM
(unless otherwise stated) and statistical significance was set at p < 0.05.

CX929 increases BDNF protein levels in neocortex and striatum

Western blots were used to determine if daily ampakine treatments influenced BDNF levels
in parietal neocortex of R6/2 mice used for behavioral testing. Values were obtained for
subgroups of transgenic and WT mice given four to seven weeks of daily ampakine or
vehicle injections (Cohorts 1 and 2). In all cases, the brains were collected >hours after the
last injection of vehicle or CX929. The analysis tested the explicit predictions that cortical
BDNF expression in the R6/2 mice would be depressed relative to WTs, and increased by
ampakine treatment, as observed in other HD mouse models (Simmons et al., 2009). In blots
from both genotypes, BDNF immunoreactivity (ir) was distributed across several bands
corresponding to larger pro-BDNF forms and proteolytic fragments, and to the 14-15 kDa
mature (m) BDNF protein (Matsumoto et al., 2008)(Fig. 1A). Measures of mBDNF-ir bands
determined that cortical BDNF protein levels were 35 + 5% lower in vehicle-treated R6/2 (n
= 8) than in WT mice (n = 10; p = 0.002, one-tail Student’s t-test; Fig. 1C). This agrees with
previous studies showing that BDNF mRNA levels are reduced in neocortex of R6/2 mice as
early as at 6 weeks of age (Zuccato et al., 2005). In contrast, in cortical samples from R6/2
mice given CX929 (n = 9), mBDNF levels were significantly greater than levels in R6/2s
given vehicle (p=0.01, one-tail t-test), and were comparable to levels in vehicle-treated WTs
(p = 0.11). CX929 did not significantly alter mBDNF levels in WT mice (p=0.66, two-tail t-
test). These results demonstrate that CX929-treated R6/2 mice had normalized cortical
BDNF levels at the time during which the behavioral tests were conducted.

Evidence for ampakine-induced increases in cortical BDNF expression suggested that
striatal BDNF protein levels, which largely reflect anterograde transport via cortical
afferents (Altar et al., 1997; Conner et al., 1997; Fumagalli et al., 2007), would be increased
as well. Western blots confirmed this prediction for mice treated for 7 weeks (Fig. 1B).
BDNF protein levels were lower in R6/2s than in WTs given vehicle (p<0.04, one-tail t-
test); CX929 treatment increased R6/2 striatal BDNF protein levels by 40% (p<0.02, one-
tail t-test)(Fig. 1C).

Neuropathological changes in striatum are reduced by CX929

Marked atrophy of the striatum occurs in human HD patients (Vonsattel et al., 1985) as well
as in R6/2 mice (Chopra et al., 2007; De March et al., 2008; Hockly et al., 2002; Stack et al.,
2006). Thus, we examined whether the area of striatum was decreased in the R6/2 mice used
in this study and if CX929 treatment influences this measure. There were significant effects
of genotype (p= 0.0004, F=15.54) and treatment (p=0.008, F=8.17) on striatal area (two-way
ANOVA,; Fig. 2). R6/2 mice given vehicle exhibited a 22 + 3% decrease in striatal area
compared to vehicle-WTs (p<0.001, Student’s t-test) and this reduction was prevented by
treatment with CX929 (p=0.02 vs. R6/2-vehicle mice). The decreases in striatal area in
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vehicle-treated R6/2s were similar to the reductions in volume seen by others (Chopra et al.,
2007; De March et al., 2008; Peng et al., 2008).

Levels of DARPP-32, a dopamine D1 receptor-activated molecule that regulates
phosphatase and kinase activity, are substantially reduced in striatal medium spiny neurons
in multiple HD mouse models (Bibb et al., 2000; Hickey et al., 2008; van Dellen et al.,
2000). In agreement with this, DARPP-32 immunostaining was noticeably lighter in
striatum of 10 week-old R6/2 mice compared to their WT littermates (Fig. 3A,B). To
quantify the effects of genotype and ampakine treatment on DARPP-32-ir neurons, the
proportionate area occupied by dense DARPP-32 immunolabeling was assessed for a sample
region within the dorsolateral striatum. For these measures, the detection-threshold was set
to capture perikaryal, but not neuropil, labeling in tissue from vehicle-treated WT mice and
the parameters of image capture and analysis were held constant for tissue from all groups in
the comparison. Measures demonstrated that there was a significant interaction between
genotype and treatment (p=0.003, F=10.18, two-way ANOVA). The area occupied by
DARPP-32-ir neurons was 23% lower in vehicle-treated R6/2 mice (p=0.02 vs. WT; Fig.
3D) as was the number of DARPP-32-positive cells (394 + 27 vs. 344 + 13 for vehicle-
treated WT and R6/2 mice, respectively), however the latter difference did not reach
statistical significance (p=0.06). Seven weeks of daily ampakine treatment (starting during
the 3" post-natal week) caused a marked increase in DARPP-32-ir neurons in the R6/2s
(Fig. 3C,D): Measures of the proportion of the sample field occupied by dense
immunostaining were increased by 41% over vehicle-R6/2 mice (p=0.003; Fig. 3D).
Moreover, R6/2s given CX929 had significantly more immunolabeled cells (418 + 24) than
those given vehicle (p=0.01). The same 7-week ampakine treatment regimen had no
detectable effect on DARPP-32 immunostaining in striatum of WT mice (vehicle vs.
CX929: p=0.4 for both area and labeled cell number; Fig. 3D). It thus appears that a daily
regimen of short-acting ampakine treatments potently interacts with HD-related changes in
the metabolism of a critical target of dopamine signaling.

Nuclear aggregates of huntingtin (Htt) protein are hallmark pathologies of HD (Davies et al.,
1997; DiFiglia et al., 1997) although their role in disease progression is not clear (Arrasate et
al., 2004; Gutekunst et al., 1999; Hatters, 2008; Kuemmerle et al., 1999; Landles and Bates,
2004). Diffuse nuclear mutant htt protein and intranuclear Htt aggregates are not present in
WTs but are prominent features of the R6/2 striatum starting from 3-4 weeks of age (Davies
et al., 1997; Mangiarini et al., 1996). To assess effects of ampakine treatment on nuclear Htt
immunoreactivity, the proportion of the dorsolateral striatum sample field occupied by (i)
diffuse nuclear Htt-ir and (ii) intranuclear Htt-ir aggregates was measured in sections from
R6/2 mice sacrificed after 7 weeks of daily CX929 or vehicle treatment. In transgenics
treated with CX929, the area occupied by diffuse nuclear Htt-ir was 52% less than in
vehicle-treated transgenics (p=0.00003; Student’s t-test; Fig. 4B, left). Similarly,
immunolabeled intranuclear Htt aggregates were smaller and less intensely stained in tissue
from R6/2 mice given CX929 as compared to those receiving vehicle (Fig. 4A): quantitative
analyses established that in CX929-treated transgenics the mean Htt-ir aggregate area was
reduced by 36% (2.39 + 0.3 vs. 1.52 + 0.2 um?, for vehicle- and CX929-treated R6/2 mice,
respectively; p=0.03, Student’s t-test) and the sample field area occupied by aggregates was
reduced by 49% (p=0.02, Student’s t-test; Fig. 4B, right).

not affect body weight or long-term survival

Body weight and survival were assessed in a subset of R6/2 mice (Cohort 3) given daily
CX929 or vehicle treatment (n = 8 and 12, respectively) starting at weaning (3 weeks of age)
and continuing throughout their lifespan (Fig. 5). Vehicle-treated R6/2 mice weighed
significantly less than WTs by 10 weeks of age (p=0.01, Student’s t-test) and the weight
difference increased thereafter. Ampakine treatment did not affect the body weight of mice
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of either genotype (Fig. 5A), indicating that the dose of CX929 used was well tolerated.
Similarly, the ampakine did not affect the survival duration of R6/2 mice (Fig. 5B): mice
given CX929 lived 16.4 £ 1.5 weeks (mean + SD) compared to 15.7 + 1.4 weeks for those
that received vehicle (p=0.36, Student’s t-test).

R6/2 motor performance is improved by CX929 treatment

Rotarod—Motor performance was evaluated in separate cohorts of mice given CX929
beginning at 6 weeks of age, to evaluate effects in symptomatic mice, and at 3 weeks of age,
to assess effects prior to the onset of major motor impairments. In the first group tested
(Cohort 1), CX929 was administered to 6 week old R6/2 and WT mice (n=7-8/group) for a
period of 4 weeks. Motor performance was assessed using a rotarod one week before
(baseline) and once per week during treatment; the latter trials occurred 18 hours after the
preceding ampakine injection. Vehicle-treated R6/2 mice exhibited substantial rotarod
impairment by 6 weeks post-natal: pre-treatment latency-to-fall scores for WT and R6/2
mice were 69.8 + 14.4 sec and 34.1 £+ 7.7 sec, respectively (p=0.04; RM-ANOVA). After 4
weeks of treatment and testing, scores for R6/2 mice treated with CX929 were significantly
higher than scores for R6/2s given vehicle (16.1 £ 6.4 sec vs. 8.5 + 1.5 sec, respectively;
p=0.011, Student’s t-test) but were well below WT values (65.9 £ 15.1 sec). This pattern
also held for comparisons of mean scores for each of the 4 weeks of testing (not shown).
Thus, 4 weeks of ampakine treatment, initiated after the onset of locomotor deficits,
improved scores in a test of motor coordination and balance in R6/2 mice.

Following the above 4-week treatment evaluation, we conducted a larger study to determine
if initiating the CX929 treatment earlier, before motor symptoms were well developed, and
continuing it for a longer period, would produce more robust improvements in motor
function (Cohort 2). As assessed prior to the start of treatments at 3 weeks postnatal, R6/2
mice tended to have shorter falling latencies than WTs (baseline: 54.0 £ 9.4 vs 77.1 £ 12.1
sec., respectively) but this difference did not reach statistical significance (p=0.11, Student’s
t-test). Moreover, before treatment, the performance of the two groups of R6/2 mice
(selected to receive vehicle or CX929 treatment) was comparable (p=0.46, Student’s t-test).
As assessed over treatment weeks 5 to 9, CX929 had no detectable effect on WT
performance (p>0.8). However, in R6/2 mice the ampakine treatments markedly improved
rotarod times (RM-ANOVA p<0.0001, F=9.48). In particular, by the third week of
treatment, R6/2 mice given CX929 (n = 17) stayed on the rotarod 2-5 times longer than
those given vehicle (n=14; RM-ANOVA p=0.02, F=5.94; Fig. 6A). Mean scores for the 5
week treatment, encompassing post-natal weeks 5-9, were 52.7 £ 15.7 sec and 16.7 £ 2.9
sec for R6/2 mice given CX929 and vehicle, respectively (p=0.007, Student’s t-test). Over
the same period WT mice had a mean falling latency of 101.5 + 12.8 sec. The enhanced
motor ability of CX929- versus vehicle-treated R6/2 mice continued through the seventh
weak of treatment, after which both groups of R6/2 mice began exhibiting premorbid signs.

Clasping test—R6/2 mice exhibit a characteristic limb clasping phenotype when
suspended by the tail and this response worsens with age (Mangiarini et al., 1996). Mice
were tested for their latency to clasp their hindlimbs or all 4 paws when suspended at 10
weeks of age, after 4 and 7 weeks of treatment in the rotarod experiments. After 4 weeks,
the latency to clasp was prolonged by about 61% in ampakine- versus vehicle-treated R6/2
mice (20.4 £ 3.6 and 12.5 + 2.8 sec, respectively; p = 0.05, Student’s t-test). Comparable
results were obtained in tests of mice treated with CX929 for 7 weeks (Cohort 2): clasping
occurred after 23.7 + 4.1 sec in the CX929 group and after 13.8 + 2.8 sec in the vehicle
group (p=0.03, Student’s t-test).
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Vertical pole descent test—Recent work suggests that the sensorimotor vertical pole
descent test may be particularly appropriate for assessing motor problems in mouse models
of HD. Deficits on this test are evident prior to the deterioration of rotarod scores or grip
strength (Hickey et al., 2008) and climbing performance is particularly sensitive to striatal
damage (Matsuura et al., 1997); moreover, practiced mice rapidly complete the task with
moderate intra-group variability. Accordingly, we ran additional groups of mice using 7
weeks of daily CX929 treatment beginning in the third post-natal week with testing
conducted during week 9. Vehicle-treated R6/2 mice had a severe impairment in the pole
descent task: WTs descended with a mean time (over 4 tests) of 6.1 + 0.8 sec whereas
vehicle-treated transgenics required 38.9 + 6.5 sec (p=0.0006, Student’s t-test; Fig. 6B).
Furthermore, 70% of vehicle-treated R6/2 mice failed to complete the task on the final trial,
while all of the WTs did. Scores for ampakine-treated WTs (4.8 £ 0.5 sec) were not reliably
different from those given vehicle (p=0.26, Student’s t-test). However, for R6/2 mice, the
CX929 treatments had dramatic effects on the performance: Mean pole-descent times were
reduced to 9.1 £ 1.8 sec, a value that was significantly less than that of matched vehicle-
injected R6/2 mice (p<0.001, Student’s t-test; Fig. 6B) and not reliably different from WTs.
Indeed, the only difference between WT and ampakine treated R6/2 mice was that some
animals in the latter group failed to complete the task on trial numbers 3 and 4; thus, for the
majority (92.5%) of the transgenics, chronic treatment with CX929 completely offset the
severe impairment in vertical descent behavior.

Discussion

Successful pharmacological strategies for treating slowly developing neuropathological
diseases require compounds that are not only efficacious but that also do not produce
significant disturbances to brain functions when administered over long periods. The present
results describe a possible route for satisfying these difficult requirements in the treatment of
HD. We began with a class of compounds, ampakines, which have no known peripheral
targets and that are not reported to have significant side effects in preclinical and clinical
studies (Ingvar et al., 1997; Lynch, 2004). In an effort to minimize cumulative effects of
drug actions over several weeks of daily treatments, these studies used a variant that has a
short half-life but nevertheless influences brain BDNF expression (Rex et al., 2006;
Simmons et al., 2009; Kramar et al., 2010). Thus, the treatment strategy took advantage of
the short latency and temporally extended response of neurotrophin expression to excitatory
activity to create circumstances in which the test drug has minimal direct effects, but
produces sustained elevations in naturally occurring neurotrophin levels and signaling
(Lauterborn et al., 2003; Lauterborn et al., 2009).

As assessed after four or seven weeks of daily ampakine treatments, and always > 18 hours
after the last injection, cortical and striatal BDNF protein levels were increased in CX929-
compared to vehicle-treated R6/2 mice. Previous studies obtained comparable increases in
hippocampus after twice-daily injections for 4 days with the same compound in middle-aged
rats (Rex et al., 2006) and CAG140 mice (Simmons et al., 2009). We therefore conclude that
this treatment regimen causes a rapidly developing, stable increase in BDNF levels in the
R6/2 mouse model of HD. These results provide a first demonstration that increases in
BDNF levels can be sustained for a significant portion of the lifespan, a point that is
critically important with regard to strategies involving the use of enhanced BDNF trophic
effects to treat chronic central nervous system disorders. Interestingly, ampakine treatment
did not increase cortical BDNF protein levels in the WT mice. Although the basis for the
differential genotypic response is not known, the results encourage speculation that the
higher resting BDNF levels in behaviorally tested WT (as compared to R6/2) mice are near a
ceiling beyond which regulatory mechanisms may limit production or levels of the
neurotrophin.
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Quantification of histological preparations demonstrated that semi-chronic ampakine
treatments spanning 7 weeks reduced or blocked three of the most characteristic
neuropathological features of HD including striatal atrophy, increases in huntingtin protein
aggregates, and decreases in DARPP-32 immunoreactivity (Davies et al., 1997; Li, 1999;
Gharmi, 2008). In ampakine-treated R6/2 mice, the cross sectional area of individual
immunolabeled Htt aggregates was reduced by 36% whereas the proportion of the sample
field encompassed by more diffuse Htt-ir was reduced by 52% (relative to vehicle-treated
R6/2s). The latter value is likely to be an overestimate because CX929 treatment prevented
the 22% reduction in striatal area present in vehicle-treated R6/2 mice whereas measures of
aggregate size should not have been influenced by this volumetric change. A more precise
quantification of the effect of treatment on overall Htt load would require measures of
striatal volume, and perhaps more importantly, of both neuron volume and number to
generate an index of the incidence of Htt aggregates among the surviving neuronal
populations. Nevertheless, the present results indicate that the ampakine reduced the
production or nuclear accumulation of toxic Htt oligomers. While the role of huntingtin
nuclear inclusions in HD pathogenesis is unclear (Luo et al., 2008), these aggregates are
indicators of pathological processes such as aberrant huntingtin cleavage, disrupted
proteasomal activity, and protein misfolding (Gutekunst et al., 1999; Hatters, 2008;
Kuemmerle et al., 1999; Landles and Bates, 2004). Furthermore, decreased aggregate
formation is reported to be neuroprotective in vitro and to accompany motor improvement in
in vivo HD models (Chopra et al., 2007; Dedeoglu et al., 2002; Ehrnhoefer et al., 2006;
Ferrante et al., 2000). Thus, the observed protection of striatal cross-sectional area and
positive effects on motor function could be related to ampakine treatment effects on
huntingtin pathology.

A dramatic effect of treatment was also obtained for DARPP-32 immunostaining in
striatum. Daily CX929 injections fully offset the reductions in DARPP-32 immunoreactivity
otherwise evident in R6/2 mice (Bibb et al., 2000; Mangiarini et al., 1996; van Dellen et al.,
2000). This effect is likely to be secondary to increases in BDNF protein content. BDNF up-
regulates DARPP-32 in medium-spiny striatal neurons by activating phosphatidylinositide
3-kinase and two downstream signaling pathways (Akt/mTOR, Cdk5/p35) (Bogush et al.,
2007). Moreover, BDNF transgene expression is reported to normalize striatal DARPP-32
levels, prevent reductions in striatal volume and reduce Htt inclusions in R6/1 HD model
mice (Gharami et al., 2008). Thus, chronic, CX929-induced increases in BDNF protein
content and trophic activity likely account for the reductions in these HD pathologies in the
present work.

Most notably, ampakine treatments initiated prior to, or soon after, the appearance of
significant locomotor impairments markedly reduced deficiencies in motor function in R6/2
mice. After the third postnatal week, rotarod performance deteriorated steadily in vehicle-
but not ampakine-treated transgenics so that differences in group scores were pronounced
after 2-3 weeks of treatment. Overall, the R6/2 mice receiving CX929 remained on the
rotarod about 3 times longer than their vehicle-treated counterparts. An even more dramatic
effect of ampakine treatment was obtained in the vertical pole descent test. VVehicle-treated
R6/2 mice had a severe deficit on this measure at 9 weeks of age, as evidenced by the failure
of 70% of the group to complete the task on the final trial. In contrast, CX929 treatment
rescued task performance in the transgenics: by the final trial CX929-treated R6/2 mice
performed equally well as both of the WT groups. It bears repeating that for both rotarod
and vertical pole descent tests, trials were run =18 hours after the last injection, a time point
at which the short half-life ampakine had been metabolized hours earlier but BDNF levels
were still elevated. Why the ampakine had a greater positive effect on performance in the
pole descent test than the rotarod is unclear. Performance on the pole descent test has been
shown to reflect striatal dopamine content in Parkinson Disease model mice (Matsuura et al.,

Neurobiol Dis. Author manuscript; available in PMC 2012 February 1.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Simmons et al.

Page 10

1997). The marked protective effects of the ampakine on DARPP-32 levels seen here
suggests that CX929 treatments may have also attenuated the severe dopamine depletion
otherwise present in R6/2 mice (Hickey et al., 2002) and, thereby, improved performance on
the descent task. Moreover, the rotarod test depends on stamina and rapid motor
coordination to a greater degree than the pole descent test that is primarily sensorimotor. In
CAG140 knock-in HD-model mice, we found that ampakine treatment normalized the
distribution of movements within an open field but did not normalize the speed or length of
spontaneous movements (Simmons et al., 2009). Thus, systems coordinating more rapid
movements may be less affected by ampakine treatments and increases in BDNF content. It
is also possible that there are differences in stress induced by the motor tasks employed, and
that differential effects of ampakine treatment reflect, in part, the anti-anxiety effects of
increases in BDNF expression (Deltheil et al., 2008).

Finally, ampakine treatments had no effect on body weight or long term survival in R6/2
mice. In this regard, the effects of ampakine treatment are similar to results obtained using
several other treatment regimens in which significant reductions in neuropathology and
improvements in motor performance are noted despite the lack of effect on weight or
lifespan (Chopra et al., 2007; Chou et al., 2005; Li et al., 2009). In exception to this pattern,
an increase in lifespan has been observed with semi-chronic, systemic FGF2 treatment (Jin
et al., 2005). For the ampakines, the absence of an effect on lifespan is not surprising in light
of the almost exclusive action of the compounds on central glutamatergic synapses. Body
weight loss in HD patients and R6/2 mice has been traced to increased metabolism. While
the origins of this effect are still uncertain, R6/2 mice have abnormalities in brown adipose
tissue and blood borne signaling factors that influence metabolic rate (van der Burg et al.,
2008) and a tendency to develop diabetes (Hunt and Morton, 2005). It is thus most likely
that the weight loss and other signs of generalized deterioration are of peripheral origin and
not responsive to ampakine-driven increases in neurotrophin signaling in brain regions
controlling complex movements. It is of interest in this regard that weight loss does not
correlate with various motor and cognitive scores in HD patients.

In summary, daily treatments with a short-lived ampakine are sufficient to markedly reduce
HD-related pathologies in striatum and these changes are accompanied by equally
pronounced improvements in a striatum-dependent motor task. The treatments did not offset
the body weight losses characteristic of R6/2 mice, which may explain, in part, their
incomplete restoration of motor coordination. Future studies will extend the analysis of
ampakine effects to other measures of HD pathology (e.g., neuropeptide expression changes,
striatal volume) and test if newer, more potent ampakines can further alleviate motor
impairments and normalize spontaneous movements in both R6/2 mice and in mouse models
expressing full-length mutant huntingtin which have more slowly emerging pathology
(Menalled and Chesselet, 2002). Finally, it remains to be determined if the short-acting drug
strategy used here can be employed in other models of neurodegenerative diseases and if
there are development problems associated with clinical use of very short half-life
ampakines. More generally, the evolution of this strategy will require additional evidence on
the extent to which BDNF or its relatives are responsible for the neuroprotection described
here and, if so, how they produce such effects.
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Figure 1.

Cortical BDNF protein levels are elevated in R6/2 mice that received ampakine treatments.
(A) Representative western blot from Cohort 2 mice (treated for 7 weeks beginning at 3
weeks of age), shows that mature (m) BDNF (~14-15 kDa) protein levels are lower in
parietal cortex of vehicle (veh)-treated R6/2 mice compared WTs at 10 weeks of age and
that the difference was attenuated in R6/2s given CX929 (929) (mice were killed 18 hours
after the last injection). Corresponding actin immunobands from the stripped and re-probed
blot is shown at bottom (n=8 for WT-CX929, n=10 for WT-Veh, n=8 for R6/2-Veh, n=9 for
R6/2-CX929). (B) Representative western blot of striatal samples from a subset of Cohort 2
mice treated with vehicle or ampakine (n=3/group). (C) Densitometric analysis of western
blots showed that for neocortex (black bars) mMBDNF protein levels were lower in vehicle-
treated R6/2 mice relative to WTs (**p = 0.002) and that CX929 treatment elevated BDNF
protein levels in the R6/2s (**p = 0.01) to WT levels (p>0.05): Group mean striatal BDNF
levels (grey bars) were 40% higher in R6/2 mice given CX929 versus those given vehicle
(*p = 0.019). All p-values are from one-tail Student’s t-tests.
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Figure 2.

Striatal area is preserved in R6/2 mice given CX929 treatment. Bar graph shows that the
mean cross sectional striatal area is decreased in vehicle (\Veh)-treated R6/2 mice compared
to similarly treated WTs (**p<0.001, Student’s t-test). This decrease was prevented by
treatment with CX929 (*p=0.02 for Veh- vs. CX929-treated R6/2 mice, Student’s t-test;
numbers in bars denote animals per group).
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Figure 3.

Ampakine treatments offset the loss of striatal DARPP-32 in R6/2 mice. (A-C)
Photomicrographs of DARPP-32 immunostaining in dorsolateral striatum of a vehicle-
treated WT mouse (A) and R6/2 mice that received daily vehicle (B) or ampakine (C)
injections for 7 weeks (Cohort 2). As shown, DARPP-32 immunostaining was less dense in
both the neuropil and neuronal perikarya of the vehicle-treated R6/2 mouse (B) as compared
to WT (A) and R6/2-CX929 treated (C) mice. Scale bar = 20 um. (D) Bar graph shows that
the proportion of the sample area occupied by dense DARPP-32 immunoreactivity (ir) was
23% lower in vehicle (Veh)-treated R6/2 mice relative to WTs and that ampakine (929)
treatments eliminated the deficit in the mutants (*p=0.02 and **p=0.003 compared to R6/2
Veh, Student’s t-test; n=16 for WT-Veh, n=14 for R6/2-Veh, n=11 for R6/2-CX929, n=11
for WT-CX929).
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Figure 4.

Chronic ampakine treatment reduced intra-nuclear huntingtin levels in R6/2 mice. (A)
Photomicrographs show nuclear huntingtin (Htt) immunostaining in striatum of R6/2 mice
that received daily vehicle (Veh, left panel) or ampakine (right panel) injections for 7 weeks
(Cohort 2). Immunostaining of intra-nuclear Htt aggregates (arrowheads) appeared smaller
and less densely labeled in CX929- vs. vehicle-treated R6/2 mice (Scale bar =5 pum). (B)
Bar graphs show that in ampakine-treated, as compared to vehicle-treated, R6/2 mice the
area (pixels) occupied by diffuse nuclear Htt immunoreactivity (ir) was decreased by 52%
(left) whereas the area within the sample field occupied by intra-nuclear Htt aggregates was
reduced by 49% (right; *p=0.02 and ***p=0.00003 for comparison to Veh-R6/2s, Student’s
t-test; n=14 for Veh-R6/2, n=11 for CX929-R6/2 groups).
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Figure 5.

Body weight and survival are not affected by ampakine treatment. (A) The body weight of
vehicle (Veh)-treated R6/2 mice significantly differed from WTs starting at 10 weeks of age
(n=12 and 13, respectively; p=0.01, Student’s t-test) and progressively declined throughout
their lifespan. CX929 treatment did not affect body weight in R6/2 or WT mice (n=15 and
11, respectively). (B) The lifespan of R6/2 mice treated with CX929 did not significantly
differ from those given vehicle (Cohort 3). See text for details of statistical comparisons.
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Figure 6.

Ampakine treatments improve motor performance by R6/2 mice. (A) Rotarod scores (time
on apparatus) from 3'd to 9t postnatal week in WT and R6/2 mice given vehicle (Veh) or
ampakine (CX929) injections beginning during week 3 (n > 10/group; Cohorts 2 and 3).
Pre-morbid changes in behavior were first evident at week 10. The mean score for tests on
weeks 5-9 were significantly higher in the R6/2 mice given CX929 compared to the vehicle
group (52.7 £ 3.8 sec vs. 16.7 £0.7 sec; p=0.007, Student’s t-test). However, values for the
CX929-treated R6/2 group were still well below WT levels (101.5 £+ 12.8 sec; p=0.01,
Student’s t-test). (B) Time to descend a vertical pole in WT and R6/2 mice: both graphs
show group mean descent times (+ SEM) in seconds. Left plot: Mean descent times for 4
trials were far greater for vehicle-treated R6/2 mice than for WTs (p=0.0006, Student’s t-
test). Seven weeks of ampakine treatment (Cohort 2) brought R6/2 performance to WT
levels (R6/2-CX929 vs. combined WT, p>0.05); ***p<0.001 for comparison to both WT-
Veh and R6/2-CX929 values (Student’s t-test). Right graph shows mean pole descent time
per trial. Performance of vehicle-treated R6/2 mice did not improve over successive vertical
pole trials; scores for ampakine-treated transgenics were comparable to scores for WTs on
the last trial (p>0.05, Student’s t-test).
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