Behavioural Brain Research 267 (2014) 6-11

Contents lists available at ScienceDirect

Behavioural Brain Research '
journal homepage: www.elsevier.com/locate/bbr B

Short Communication

Long-term atorvastatin treatment leads to alterations in behavior,
cognition, and hippocampal biochemistry
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HIGHLIGHTS

e We present a mouse model of a 7 months treatment with atorvastatin.

® Atorvastatin treatment resulted in behavioral and cognitive alterations.

e Syntaxin-la and synaptophysin were changed in hippocampal buoyant fractions.
® Suggestion for mechanism of statin-associated cognitive impairment.
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Membrane/lipid rafts (MLR) are plasmalemmal microdomains that are essential for neuronal signaling
and synaptic development/stabilization. Statins inhibit HMG-CoA reductase, the rate-limiting enzyme
in the biosynthesis of mevalonic, a precursor to cholesterol via the mevalonate pathway. Because there
has been controversy over the effects of statins on neuronal and cognitive function, we investigated the
impact of long-term atorvastatin treatment (5 mg/kg/d for 7 months by oral gavage) on behavior, cog-
nition, and brain biochemistry in mice. We hypothesized that long-term statin treatment would alter

gg’ ivr\:ords" lipid rafts and cognitive function. Atorvastatin treatment resulted in behavioral deficits as measured
Cholesterol in paradigms for basic exploration (open field activity) and cognitive function (Barnes maze, startle

Atorvastatin response) without impairment in global motor function (Rotor Rod). Furthermore, significant changes in
Lipid MLR-associated proteins (syntaxin-1a and synaptophysin) and a global change of post-synaptic density
Hypercholesterolemia protein-95 (PSD95) were observed. The observed decreases in the MLR-localized pre-synaptic vesi-
Pharmacology cle proteins syntaxin-la and synaptophysin suggest a molecular mechanism for the statin-associated

impairment of cognitive function that was observed and that has been suggested by the clinical literature.

Published by Elsevier B.V.

Statins are used widely in the treatment of hypercholes-
terolemia. Statins exert their cholesterol lowering effects through
inhibition HMG-CoA reductase (3-hydroxy-3-methyl-glutaryl-CoA
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the mevalonate pathway [1].

Prevention of myocardial infarction and stroke by statins has
been demonstrated convincingly [2] (meta-analysis including one
investigation of simvastatin, three of pravastatin, and one of lovas-
tatin). It has been estimated that more than 30 million Americans
currently receive statins [3]. However, there has been increas-
ing concern that statins may have adverse effects on cognitive


dx.doi.org/10.1016/j.bbr.2014.03.014
http://www.sciencedirect.com/science/journal/01664328
http://www.elsevier.com/locate/bbr
http://crossmark.crossref.org/dialog/?doi=10.1016/j.bbr.2014.03.014&domain=pdf
mailto:azemljicharpf@ucsd.edu
mailto:bhead@ucsd.edu
dx.doi.org/10.1016/j.bbr.2014.03.014

J.M. Schilling et al. / Behavioural Brain Research 267 (2014) 6-11 7

function [4]. While long-term investigations in large populations
suggest that statins reduce the incidence of Alzheimer’s disease
(AD) and other dementias [5-7] (meta-analyses: Swiger et al.
including three investigations of simvastatin, five of pravastatin,
and five of lovastatin; Jick et al. including investigations of sim-
vastatin, pravastatin, atorvastatin, fluvastatin, and cerivastatin;
Rockwood et al. including investigations of lipid-lowering agents
not further specified), other work suggests that cognitive impair-
ment may occur in some individuals. Specifically, simvastatin has
been shown to cause deficits in attention and psychomotor speed,
decline in neuropsychological performance [8], and case reports
describe statin associated memory loss [9] (Case reports includ-
ing 36 patients receiving simvastatin, 23 receiving atorvastatin,
and one patient receiving pravastatin). Statin associated memory
loss may be especially relevant to those with preexisting demen-
tia or neurodegenerative diseases such as AD [10-12] (Evans et al.
describes a survey of patients including atorvastatin (n=118), sim-
vastatin (n=69), pravastatin (n=42), lovastatin (n = 20), fluvastatin
(n=10), rosuvastatin (n=10), and cerivastatin (n=9). Feldman et al.
is a randomized controlled trial investigating atorvastatin. Padala
et al. describe a prospective pilot investigation including ator-
vastatin (n=38), simvastatin (n=5), fluvastatin (n=2), pravastatin
(n=1), rosuvastatin (n=1), and lovastatin (n=1). The supporting
information has been sufficient to prompt a warning by the U.S.
Food and Drug Administration about the hazard of statin-associated
cognitive deterioration [13].

To our knowledge there exists no pre-clinical model for the
assessment of the effect of statins on cognition. It has been sug-
gested that the adverse cognitive effects of statins are likely to
be greatest with lipophilic statins, though this idea is the sub-
ject of debate [14,15] (King et al. investigating atorvastatin and
simvastatin). In our study we evaluated the effect of long-term
treatment with the lipophilic statin atorvastatin on behavior and
cognition in mice. Pre-clinical findings from other laboratories and
our group have demonstrated a protective role for cholesterol
and MLR against neuronal toxicity and ischemic injury [15]. We
therefore simultaneously examined the effect of atorvastatin on
MLR-associated protein expression and on biochemical markers of
synaptic function in the hippocampus.

All studies performed were approved by the Institutional Ani-
mal Care and Use Committee of the Veteran Affairs Medical Center,
San Diego, and conform to relevant National Institutes of Health
guidelines. Prior to behavioral testing and biochemical analy-
sis inbred mice (C57BL/6], 129/Sv and Black Swiss background)
were treated daily with atorvastatin, as previously described [16]
(Atorva, 5 mg/kg/day in 10% EtOH in tap water, 200 p.l; n=9/group)
or vehicle (Veh, 10% EtOH in tap water, 200 I, n=10/group) for
7 months via oral gavage. All data were analyzed to determine
parametric or non-parametric distribution and then analyzed by
unpaired t tests or 2-way/3-way ANOVA followed by appropriate
post hoc tests using Prism 6 (GraphPad Software, Inc.). Significance
was set at p<0.05.

To determine whether statin treatment caused alterations in
motor function and agility, the accelerating (0-40 rpm over a period
of 300s) Rota-Rod (Med-Associates, VT) was used. It revealed
no significant differences in task acquisition time and total aver-
age duration that both groups remained on the rod (Fig. 1A and
B). In order to examine basic activity and general behavior, we
assessed Open Field activity by computerized video tracking system
(Polytracker, San Diego Instruments, San Diego, CA) software. We
observed no difference between treatments in the total distance
moved (Fig. 1C). However, atorvastatin administration was asso-
ciated with a significant increase in center entries (t(16)=—2.288,
p=0.036) (Fig. 1D). Startle chambers (San Diego Instruments, San
Diego, CA) were used to assess baseline and context potentiated
startle. No difference between groups was observed during baseline

startle (Fig. 1E). As we have reported previously [ 17], startle poten-
tiation is largest with the 90 dB intensity trials and that intensity
was used in this study. A 3-way ANOVA of shock, statin treatment
and startle intensity (Fig. 1E and F), revealed a shock x intensity
effect [F(6,102)=6.15, p<0.001] and a statin x intensity interac-
tion[F(2,34)=3.48,p < 0.05] (Fig. 1F). Analysis of percentage change
in startle reactivity across vehicle and statin treated animals
revealed that statin treated animals had a trend toward reduced
startle potentiation after shock [F(2,34)=2.34, p=0.087] in statin
treated animals. In a post hoc analysis, statin-treated animals
showed significantly less context-potentiation after the 0.8 mA
shock (t(15)=2.14, p=0.049, Welch’s test, Fig. 1F).

The Barnes maze was used to assess spatial learning and
memory. Atorvastatin significantly increased primary escape
latency (Fig. 2A-F, df(17)=2.156, p=0.046) and lowered time
in the quarter of the escape tunnel on probe trial day 5
(t(17)=2.218, p=0.041). Atorvastatin treated mice were more
likely to employ a random strategy to find the escape tunnel
during the acquisition phase of the experiment [F(1, 17)=28.07,
p<0.0001]. During the acquisition phase a significant effect
of time was observed for the primary escape latency [F(3,
45)=21.22, p<0.0001], primary errors [F(3, 48)=4.043, p=0.012],
and search strategy [F(3, 51)=5.402, p=0.003]. No difference
between groups was observed for primary escape latency, pri-
mary errors during acquisition and primary errors during the probe
trials.

In aggregate the behavioral data reveal that atorvastatin altered
general behavior, as well as learning and memory without impact-
ing motor function.

MLR, plasmalemmal cholesterol, and the cholesterol binding
protein caveolin-1 (Cav-1) have previously been shown to play a
critical role in the structural organization of receptors involved
in post-synaptic neurotransmitter and neurotrophin signaling and
in neurite growth [18]. We therefore assessed the effect of ator-
vastatin on the protein expression of Cav-1 and the post-synaptic
density (PSD) marker PSD-95. There was no significant differ-
ence in Cav-1 protein expression in the whole cell lysate (WCL)
or buoyant fractions (BF) following sucrose density fractionation
between the groups [Fig. 3A Cav-1: Veh (n=6) vs. Atorva (n=5),
t(9)=0.425, p=0.68 (mean4+SEM 0.574+0.11 vs. 0.64 +£0.12) for
WCL; £(9)=0.221, p=0.83 (mean &+ SEM 1.58 + 0.23 vs. 1.50+ 0.22)
for BF]. Although we observed only a trend toward a decreased
PSD-95 in the BF for Atorva, there was a significant increase in
WCL PSD-95 expression with Atorva, suggesting that this total cel-
lular increase was localized to non-MLR regions [Fig. 3B, Veh (n=6)
vs Atorva (n=5), t(9)=1.888, p=0.09 (mean + SEM 2.04 +0.28 vs.
1.33+£0.24) for BF; t(9)=2.960, p=0.016 (mean + SEM 0.47 +0.05
vs. 0.64 +0.04) for WCL].

MLR and cholesterol have also been implicated in the regu-
lation of the exocytotic machinery, specifically in the regulation
of synaptic vesicle fusion with the plasma membrane and release
of vesicle contents [19,20]. We therefore assessed protein expres-
sion of syntaxin-la and synaptophysin, two established markers
of pre-synaptic vesicles [20,21]. Although there was no significant
change in protein expression in the WCL [Fig. 3C - Syntaxin 1a:
Veh (n=6) vs. Atorva (n=5), t(9)=1.739, p=0.116 (mean+SEM
0.79£0.08 vs. 0.99 £0.075); Fig. 3D - Synaptophysin: Veh (n=6)
vs. Atorva (n=5), t(9)=0.220, p=0.831 (mean+SEM 1.70+0.16
vs. 1.65+0.154)], there was a significant decrease in BF expres-
sion of syntaxin-la and synaptophysin [Fig. 3C - Syntaxin la:
Veh (n=6) vs. Atorva (n=5), t(9)=2.608, p=0.028 (mean+SEM
2.03+£0.18 vs. 1.20+0.28); Fig. 3D - Synaptophysin: Veh (n=6)
vs. Atorva (n=5),t(9)=2.764, p=0.022 (mean + SEM 2.42 + 0.21 vs.
1.47 £0.29)]. WCLs were all normalized to GAPDH and fractions
were generated from equal protein loading (1 mg/ml) for all sam-
ples.
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