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Abstract

Overexpression of pro-inflammatory cytokines and cellular energy failure are associated with neuroinflammatory disorders,
such as Alzheimer’s disease. Transgenic mice homozygous for human ApoE4 gene, a well known AD and atherosclerosis
animal model, show decreased levels of ATP, increased inflammatory cytokines level and accumulation of beta amyloid in
the brain. All these findings are considered responsible for triggering cognitive decline. We have demonstrated that a single
administration of the bacterial E. coli protein toxin CNF1 to aged apoE4 mice, beside inducing a strong amelioration of both
spatial and emotional memory deficits, favored the cell energy restore through an increment of ATP content. This was
accompanied by a modulation of cerebral Rho and Rac1 activity. Furthermore, CNF1 decreased the levels of beta amyloid
accumulation and interleukin-1f expression in the hippocampus. Altogether, these data suggest that the pharmacological
modulation of Rho GTPases by CNF1 can improve memory performances in an animal model of Alzheimer’s disease via a
control of neuroinflammation and a rescue of systemic energy homeostasis.
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Introduction

The apolipoproteins E (apoE) are cholesterol transporters of
high importance for neuronal plasticity, glucose utilization,
mitochondrial functions and modulation of inflammation [1,2].
However, individuals homozygous for one dysfunctional variant of
apoL, the apoli4 allele, are known to be at major genetic risk for
developing atherosclerosis [3] and sporadic Alzheimer’s Disease
(AD) [4,5]. ApoE4 allele is also associated with an enhanced risk or
severity of several other neurodegenerative disorders [6], with a
faster progression of certain neuromuscular diseases, including
diabetic neuropathy and human immunodeficiency viral neurop-
athy [7], and with neuroinflammation, in pathologies like multiple
sclerosis [8], Parkinson’s disease [9,10] and those neurological
diseases involving excitotoxic mechanisms [11]. In fact, apoE4
genotype has a profound influence on the extent of disease-related
synaptic deterioration due to its dumping effects on dendritic
growth [12], and therefore, on neuronal plasticity. In addition,
apol4 uniquely undergoes neuron-specific proteolysis, resulting in
bioactive toxic fragments that enter the cytosol, alter the
cytoskeleton and disrupt mitochondrial energy balance [13].
Transgenic mice homozygous for human apoE4, show mitochon-
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drial dysfunction, with decreased production of metabolic energy
in terms of decreased levels of adenosine triphosphate (ATP) and
show accumulation of beta amyloid (A or Abeta) in the brain
[14,15,16]. Moreover, pro-inflammatory cytokines, important
markers of the inflammatory component of apoE4 [17] and, in
general, of AD [18], are strictly connected with brain energy
metabolism [19].

Recently, we have demonstrated that an Escherichia coli protein
toxin, named Cytotoxic Necrotizing Factor 1 (CNF1), improves
the mitochondrial activity and regulates pro-inflammatory cyto-
kines levels in a mouse model of Rett’s syndrome [20]. These
effects, accompained by a long-lasting amelioration of cognitive
performances, were strictly Rho GTPases-dependent. The Rho
GTPases, ubiquitously expressed molecular switches that cycle
between a GDP-bound inactive and a GTP-bound active state in
cukaryotic cells, encompass the three subfamilies Rho, Rac and
Cdc42 that control different signalling pathways. All of them are
constitutively activated by CNF1 through deamidation of a critical
glutamine residue that lock them in their activated, GTP-bound
state [21,22]. The threeshold of this activation is subsequently
attenuated because high levels of activated Rho GTPases are
recognized by cells that ubiquitinate and degrade them to more
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physiological levels [23]. The ability of Rho GTPases to control
actin polymerization [24], plays important roles in the morpho-
genesis of the dendritic spines in the brain [25,26,27] as well as in
the synaptic plasticity [28,29,30,31,32,33]. Our previous studies
showed the ability of CNF1 to trigger structural remodelling and
functional plasticity in rodents [34,35]. Deficits in neuronal
plasticity have been reported in several pathologies of the central
nervous system (CNS) characterized by energy and cognitive
deficiencies, including Rett syndrome [36] and AD [37]. Very
recently, it has been reported that CNF1 can ameliorate cognitive
performances in four-month old TgCRNDS8 mice, an AD model
with early-onset AP deposits [38], thus confirming our previous
hypothesis [39]. It remains totally unexplored, however, the
mechanism by which CNFI can improve the AD-linked behav-
ioural deficits, and whether CNF1 can counteract the presence of
AP tangles that are considered the main cause of cognitive
impairment.

To address these questions, we used clearly symptomatic (12
months old) apoE4 hemizygous (hz) male mice that show, on a
normal diet, altered relative quantities of different plasma
lipoprotein particles, and delayed clearance of very low density
lipoprotein (VLDL) particles, with only half the clearance rate
observed in the apoE3 targeted replacement mice [40]. Further-
more, apoli4 mice, if compared to apoE3, are characterized by a
more rapid, age-related cognitive decline associated with neuroin-
flammatory responses [41]. Finally, apoE4 mouse model is
considered useful for studying the role of human apoE polymor-
phism in atherosclerosis, lipid metabolism [3] and Alzheimer’s
disease [2].

Using this animal model, we found that a single dose of
intracerebroventricular (icv) administration of CNFI1 improved
spatial and emotional memory and modified the cell energy, in
terms of ATP content, as well as the levels of AR and of the pro-
inflammatory cytokine IL-1B. It is noteworthy, that all these
aspects are directly or indirectly regulated by Rho GTPases
[41,43] and are considered crucial markers in AD mouse models
[14,15,16,17,18]. Taken altogether, we can speculate that the
striking improvement of the cognitive defects in CNF1-treated
mice is most probably linked, via the pharmacological modulation
of Rho GTPase signaling, to a restoration of physiological energy
levels and to anti-inflammatory processes.

Results

CNF1 improves learning and memory retention (spatial
and non-spatial) in apoE4 mice

The first step of our investigation was to verify whether CNF1
could improve learning and memory in aged apoE4 mice (12-
month old) that present advanced cognition deficits [44,45]. To
answer this question, we have used Morris water test for reference
memory (spatial memory) and Passive Avoidance for emotional
memory (non-spatial memory).

Saline or CNF1 treated apoE4 (n=13-14) and apoE3 (n=13
14) mice were tested for their ability to find a hidden platform in
the Morris water maze for 4 days and were subjected to the probe
test 24 h after the last training session. Analysis of the learning
curve (Figure 1A) by repeated measures, two-way ANOVA
showed a significant genotype x treatment interaction and
genotype x treatment x time as well as a significant main effect
of time (indicating an overall improved performance with time)
and treatment [Time: F141y=32.57, p<0.001; genotype: F,
50)=11.47, p=0.0014; treatment: Fy 50)=14.91, p=0.00034;
genotype x treatment: F( 50=4.72, p=0.035; genotype x
treatment x time Fg 150=3.42, p=0.018]. In view of the
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significant interaction, we then performed a repeated measure,
one-way ANOVA on the 4 groups, showing that the performance
of saline apoE4 mice was significantly worse than that of all other
groups, that in turn were not significantly different between them
[Fi12, 130)= 3,9276, p = 0.00004; posthoc Fisher LSD test: day 1 no
significance between all groups; day 2 saline apoE4 vs. CNF1
apoE4 p=0.001, vs. apoE3 p=0.02, vs. CNF1 apoE3 p = 0.00006
all other comparisons NS; day 3 saline apoli4 vs. CNF1 apoli4
p=0.05, vs. apoE3 p=0.01, all other comparisons NS; day 4
saline apoE4 vs. CNF1 apoE4 p = 0.00000, vs. apoE3 p =0.00000,
vs. CNF1 apoE3 p=0.00000 all other comparisons NS] (to get an
overview summary, the statistical analysis data were grouped into
the supplementary results section. See Tables S1 and S2 in File
S1).

On day 5, mice underwent the probe test. The percentage of
time spent by the mouse in the quadrant (south-east, SE) where the
platform was placed during the training phase is considered as an
index of spatial memory [46] (Figure 1B). The analysis of behavior
in the probe test was carried out by two-way ANOVA and showed
a significant interaction genotype x treatment [F 50 =4.450,
p=0.035] and a significant main effect for Treatment [F(
50=9.274, p=0.0037] but no main effect for genotype [F,
50)=0.094, NS] for the percentage of time spent in the correct
quadrant (Figure 1B). A one-way ANOVA revealed that % time
spent in SE quadrant of saline-treated apoE4 groups was
significantly decreased compared to all other groups that did not
differ between them [F(3 50 =54.624, p=0.0064; posthoc LSD
test: saline apoE4 vs. CNF1 apoE4 p=0.0006, vs. saline apoE3
p=0.05, vs. CNF1 apoE3 p=0.021, all other comparisons NS]
(Tables S3 and S4 in File S1). Therefore, the genotype main effect
at the two-way ANOVA is probably not relevant. Similar results
were obtained when we analysed the latency of first entrance in SE
quadrant (Figure 1C). One-way ANOVA showed a significant
main effect [Fg 50 =3.0323, p=0.037] and Fisher LSD post-hoc
analysis revealed that latency of the first occurrence in saline
apoE4 was increased if compared to all other groups those did not
differ between them (saline apoE4 vs. CNF1 apoE4 p=0.01, vs.
saline apoE3 p=0.02, vs. CNF1 apoE3 p=0.02, all other
comparisons NS) (Tables S5 and S6 in File SI). Since a recent
study concluded that, in the mouse, ‘mean proximity to former
platform location (Gallangher’s proximity test)’ is more sensitive to
group differences than other measures (zonal or quadrant
durations and crossings [47]), we used this quantitative analysis
that analyze the mean swim distance from former platform
position (Figure 1D). Gallangher’s proximity test showed that
CNF1-apoE4 mice swam more distant (mean 38,21%+2,53 cm)
compare to apoE3 (mean 26,13%1,18 cm), CNF1-apoE3 (mean
28,37%1,98 cm) and CNF1-apoE4 (mean 23,75*1,72 cm). One-
way ANOVA showed a significant main effect [F3, 50 =4.648,
p =0.0068] and Fisher LSD post-hoc analysis revealed that mean
the proximity in saline apoE4 was increased if compared to all
other groups that did not differ between them (saline apoE4 vs.
CNF1 apoE4 p=0.0006, vs. saline apoE3 p=0.01, vs. CNF1
apoLll3 p=10.01, all other comparisons NS) (Tables S7 and S8 in
File S1). No differences in swimming distance and velocity were
observed (data not shown).

To study the possible effects of CNF1 on no-spatial memory, we
used the passive avoidance test (PA). PA is a test of rapid one-trial
learning, where an animal is conditioned with a single aversive
event and is later tested for recollection of that experience.
Avoidance tasks are technically similar to cued and contextual
conditioning and the stimulus is a mild footshock; the response is
avoidance of the location in which the footshock was received. PA
tasks require the mouse to refrain from entering the chamber in
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Figure 1. Effects of apoE genotype and CNF1 treatment in the Morris water maze test. Morris water maze performance in 12 month-old
apoE3 and apoE4 (13-14 mice/group) with a intraventricular saline or CNF1 (0.1 nM) injection. A. Learning curve for training to find the hidden
platform in the Morris water maze. The latency to find the platform in the 4 sessions of each day was averaged in order to obtain one value/animal/
day. Mean = standard error of the mean (SEM) values are shown. Statistical analysis of the overall learning curve was performed by means of
repeated measures two-way ANOVA, for detailed statistical analysis, see Results. B, C and D. Probe test performance. Quadrants are designated as
follows: SE = the quadrant of the maze that contained the submerged escape platform during training, NE = the quadrant of the maze to the left of
the training quadrant, SW = the quadrant of the maze to the right of the training quadrant. NW = the quadrant of the maze directly opposite to the
training quadrant. B. % Time spent in the quadrant where the platform was placed during the training phase. C. Latency to reach the platform
position for the first time. D. Gallangher’s proximity test (mean proximity to former platform location). Data are shown as mean = SEM. For detailed
statistical analysis, see Results. * =p<0.05, **=p<0.001 and ***=p<0.0001 saline-apoE4 vs. all other groups.
doi:10.1371/journal.pone.0065898.g001

which the aversive stimulus was previously delivered. Results of PA
test are shown in the graph of Figure 2, which reports the latency
time to enter the dark compartment on the first day (training) and
on the second day (test) of the behavioral procedure. On the first
day, all the groups showed similar step-trough latencies, indicating
no differences in locomotor activity and anxiety-like behavior
induced by the novel stress envirorment among the experimental
groups. After 24 h (day 2, test), animals were re-placed in the test
apparatus to test their memory. Mice of all genotypes and both
treatment learned the task as they showed a clear increase in
latency to enter the dark compartment between the two sessions.
During this second day, one-way ANOVA revealed a statistical
significant differences induced by the treatments (main effect: F3,
50)=4.9547, p=0.00434) in the latency time to re-enter the dark
compartment after the electric shock. Post-hoc analysis (Tukey
HSD test) showed significant differences when comparing CNF1-
apoE4 with apoE3 (p=0.002) and with apoE4 (p=0.048). A
tendency toward a significance difference (p=0.059) was found
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when CNF1-apoE4 was compared with CNFIl-apoE3. No
significance differences were found between saline-apo3 and
saline-apoE4 (Table S9 in File S1). At behavioral observation,
no long term side effects were detected during the experimental
phase (30 days).

These results confirm the property of CNF'1 to improve learning
and memory performances in a validated AD animal models.

CNF1 does not induced any changes in anxiety-like
behavior in apoE4 and apoE3 mice

In order to verify if the previous observed differences between
apoli4 apoE3 mice, treated with saline or CNF1, were due to the
experimental stresseful conditions of the spatial and no-spatial
memory tests performed, we looked at possible changes in anxiety-
like behavior.

We analyzed the behavior of saline and CNF1-treated apoE3
and apoE4 mice on Elevated Plus Maze (EPM) and Open Field
(OF). As shown in Table 1, data from EPM did not reveal any
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Figure 2. Effects of apoE genotype and CNF1 treatment in the passive avoidance test. Data are shown as latency time to enter the dark
compartment on the training day (day 1) and the probe day (day 2) of the test. No differences between experimental groups were observed during
training days. CNF1-treated apoE4 mice showed an increase in the latency time to re-enter the dark compartment after the electric shock (p =0.004)
compared to all other groups. Results are expressed as mean=® SEM, n=13-14 animals per group (**p<0.002 compared to saline-apoE3, a p<<0.048

compared to saline-apoE4 mice).
doi:10.1371/journal.pone.0065898.g002

statistical difference among the experimental groups [Total entries
(TE): treatment effects ¥y 50)=1.2894, p=0.26157, NS, genotype
effect F1, 50=1.3161, p=0.25675, NS; genotype x treatment
interaction effect F(; 50y=1.3868, p = 0.24452, NS; % open entries
(%OFE) treatment effects F(1, 50)=0.21216, p=0.64708, NS;
genotype effect F(;, 50=0.34155, p=0.56156, NS; genotype x
treatment interaction effect F;, 50y=0.39574, p=0.53216, NS; %
open time (%OT) treatment effects F(; 50 =1.3952, p=0.24312,
NS, genotype effect F(; 50,=0.59611, p=0.44370, NS; genotype x
treatment interaction effect F;, 50,=0.38472, p=0.53790, NS]
(Tables S10, S11 and S12 in File S1). Furthermore, no differences
were observed in OF data (data not shown). At behavioral
observation, no long term side effects were detected during the
experimental phase (30 days).

These results indicate that neither treatments nor the genotype
influence anxiety-like behavoir in apoE4 and apoE3 mice, thus
excluding the involvement of anxiety in the observed differences in
memory-related behavior among the experimental groups.

CNF1 counteracts the hyper-activation of Rho GTPases in
the hippocampus of apoE4 mice

CNF1 has been so far indicated only as an activator of Rho
GTPases, in the total brain [39] and in single, specific areas, as
Periaqueductal gray (PAG) area [34] and the visual cortex [35] of
wild-type rodents. The activity of CNF1 on Rho and Rac GTPases

is herein investigated, for the first time, in the hippocampus and
the frontal cortex of a pathological mouse model, the apoE4 mice.
As control, the neuroprotective variant apoE3 was used.

We tested 6 mice per group. Figure 3 shows the results of a
representative experiment. We found that the Rho protein was
hyper-activated in the hippocampus of apoE4 mice with respect to
control apoE3 mice (Figure 3A) and, interestingly, CNF1 was able
to reduce the amount of Rho-GTP in apoE4 mice, while having
no significant effects on Rho activation in healthy mice (apoE3).
Also Racl was hyperactivated in the hippocampus of apoE4 with
respect to apoE3 mice, although to a lesser extent (Figure 3B). In
this case, however, CNF1 induced only a slight decrease in Racl-
GTP levels either in apoE3 or in apoE4 mice. The toxin capacity
to reduce the activity of these regulatory proteins to physiological
levels in cells [23] could explain the observed drop of Rho-GTP
levels in the hippocampus. By contrast, in the cortex area no
differences were observed in Rho and Racl activation state
between apoli4 and apoE3 mice, and CNF1 provoked an increase
mm Rho and Racl activation in both experimental groups
(Figure 3C and D, respectively).

These results evidence that CNF1 not only induces a different
response in different areas of the brain, but also it is able to
counteract the hyper-activation of cerebral Rho proteins, a finding
that has never been reported previously in experimental animals
challenged with CNF1.

Table 1. Effect of acute saline or CNF1 icv with regards to Elevated Plus Maze (EPM) behavior.

Treatment and Strain Total Entries (TE) % Open Time (%O0T) % Open Entries (%OT)
Saline-apoE3 28.35%9.83 34.73%15.67 48.19£11.49

CNF1-apoE3 22.92+7.29 30.25%17.78 47.72+£10.64
Saline-apoE4 28.28+7.01 32.14£14.52 44.78+9.49

CNF1-apoE4 28.38+9.93 29.55+13.42 47.84+9.52

like-behavior. For detailed statistical analysis, see Results.
doi:10.1371/journal.pone.0065898.t001
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Data (mean+SEM) are shown for apoE3 or apoE4 acutely treated with CNF1 (0.1 nM icv) or saline (icv). CNF1 or saline treatment did not induce any changes in anxiety
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Figure 3. Modulation of Rho GTPases’ activity by CNF1 in hippocampus and frontal cortex. Inmunoblots showing representative Pull
down experiments (upper panels) were normalized as a function the total proteins loaded in the assay and the results expressed as relative activity
(histograms, bottom panels). A, B. Pull down of Rho-GTP (A) and Rac-GTP (B) in hippocampus. C, D. Pull down of Rho-GTP (C) and Rac-GTP (D) in

frontal cortex.
doi:10.1371/journal.pone.0065898.9003

CNF1 modulates ATP levels in the hippocampus and
cortex

We have previously shown that the Rho GTPases, activated by
CNF1, are involved in the regulation of mitochondrial function-
ality in mouse brain [20]. AD and atherosclerosis are character-
ized by mitochondrial dysfunctions and energy failure that can
damage neurons through increased production of reactive oxygen
species (ROS), ATP depletion and activation of cell death
processes [48,49]. To verify whether CNFI can modulate

PLOS ONE | www.plosone.org

mitochondrial activity, we analyzed ATP levels in the hippocam-
pus (Figure 4A) and frontal cortex (Figure 4B) of apoE4 and apoE3
mice treated with saline or CNF1. Statistical analysis of the data
obtained in the hippocampus (Figure 4A) by factorial two-way
ANOVA showed a significant effect of genotype [F;, 3;)=4.3068,
p =0.0463], treatments [F;, 3;,=17.004, p=0.00026] and of the
interaction treatment x genotype [F; 31y=9.274, p=0.004]. Post
hoc LSD revealed that hippocampal ATP levels were significant
lower in saline-apoE4 compare to saline-apoE3 (p=0.0008),
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doi:10.1371/journal.pone.0065898.g004

CNFl-apoE4 (p=0,00004) and CNFIl-apoE3 (p=0.00004) (Ta-
ble S13 in File S1).

In frontal cortex (Figure 4B), no significant genotype effect was
found [F(;, 20)=0.0298, p=0.8]. Anyway, significant treatments
and treatment x genotype interactions were revealed [treatments
effects F;, 90)=22.685, p=0.00012; treatments x genotype F;
20) = 4.824, p =0,04001]. Post-hoc LSD analysis showed that ATP
levels in cortex were significant lower in saline-apoE4 compared to
CNF1-apoE4 (p =0.00049) and CNF1-apoE3 (p =0.002). ) (Table
S14 in File S1).

Therefore, we can hypothesize that the ability of CNF1 to
remodel the mitochondrial network [50], accompanied by
increased ATP levels, may favor the cell energy restore and the
correct neuronal function.

PLOS ONE | www.plosone.org

CNF1 modulates IL-1B neuroinflammatory cytokine level
in hippocampus of apoE4 mice

An increasing number of studies implicates the overexpression
of pro-inflammatory cytokines in the pathogenesis of apoE4-
associated neurodegenerative (such as AD and Parkinson disease),
and autoimmune disorders (such as multiple sclerosis) [51].
Recently, we have demonstrated that CNF1 can significantly
decrease the levels of IL-1P in pure astrocytic cultures [52] and the
level of IL-6 in a mouse model of Rett’s syndrome [20]. To
determine whether the genotype and the treatment affect the
amount of brain pro-inflammatory cytokines in apoE3 and apoli4
mice, IL-1B and IL-6 levels were measured by ELISA in
hippocampal and cortical homogenates (Figure 5).

Hippocampal IL-1f levels are shown in Figure 5A. Factorial
two-way ANOVA demonstrated a significant strain effect,
treatments effect and interactions treatment x genotype [genotype
effects Fjy, 29=25.727, p=0.00004; treatments effects F,
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levels in the hippocampus of apoE4 mice to values comparable to those of ApoE3 mice, while having no effect in apoE3 healthy mice. B. Graph
showing IL-6 levels: CNF1 was not able to mofify IL-6 amount either in hippocampus or in frontal cortex of apoE3 and apoE4 mice. Data are shown as
mean * SEM (pg/ml). Sal-apoE3 mice were used as reference. *p<<0.05 vs sal-apoE4; ***p<<0.001 vs sal-apoE4, a p<<0.05 sal-apoE3 vs CNF1-apoE3;

n=7 per group.
doi:10.1371/journal.pone.0065898.g005

99)=95,8514, p=0.024; interaction genotype x treatments F
29)=25,757, p=10.00004]. Post hoc LSD analysis revealed that IL-
1B levels in sal-apoE4 are significantly higher compared to sal-
apoE3 (p=0.0000), CNFl-apoE4 (p=0.000026) and CNFI-
apoE3 (p=0.000026). No significant effects of CNF1 were
observed in cortical homogenates [genotype effect T
20)=0.37281, p=0.54836 NS; treatment effect F;, 99 =10.20636,
p=0.65453, NS; interaction genotype x treatment effect F
20)=1.6018, p=0.22019, NS] (Figure 5A; Tables S15 and S16 in
File S1).

As concerns IL-6, factorial two-way ANOVA revealed a
significant treatment effect [treatment effect Fy 91)=11,204,
p=0.00305] in hippocampus (Figure 5B). No other significant
effects were found [genotype effect effect Fj 91)=0.35621,
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p=0.55700, NS; interaction genotype x treatment effect F;
21)=2,6057, p=0.12141]. Post hoc LSD test revealed a significant
difference between saline-apol4 vs sal-apoE3 (p=0.012) and
saline-apoE3 vs CNF1-apoE3 (p=0.0017). No significant differ-
ences were found in the cortex (Figure 5B) in the four
experimental animal groups [genotype effect F(;, 99)=0.05564,
p=0.81592 NS; treatment effect F; 90 =0.40071, p=0.53389,
NS; interaction genotype x treatment effect (1, 20)=3.4200,
p=0.07925, NS] (Tables S17 and S18 in File S1).

The above results clearly indicate that CNI1 is able to contrast
the up-regulation of the pro-inflammatory cytokine IL-1f, which
characterizes the neuroinflammatory condition of apoli4 mice.
This finding is relevant since pathophysiological levels of IL-1f are
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known to produce detrimental effects on neuroinflammation and
on memory functioning [18].

CNF1 prevents AP accumulation in hippocampus of
apoE4 mice

AP deposition is one of the most important AD markers and,
interestingly, increased release of the “longer forms” of AR
peptide, AB42 and AP43, occurs in individuals expressing apoE4
allele, leading to abnormal deposition of AP, and the consequent
associated brain neurotoxicity [53]. Thus, we decided to verify
whether CNF1 could counteract AB42, the more fibrillogenic form
assocliated with disease state of apoE4 mouse [54]. As shown in the
Figure 6, factorial two-way ANOVA revealed a significant
interaction beween treatment and genotype [genotype x treatment
interaction effect F(; 91)=15.255, p =0.00081; genotype effect I
o1y = 0.94182, p = 0.34286, NS; Treatment effect F(1, 21) = 2.0886,
p=0.16316, NS]. Post hoc LSD analysis showed that the
hippocampus of apol4 mice was characterized by a higher
AP42 basal level with respect to apoE3 (p=0.0027), while no
difference was detected between apoE4 and apoE3 cortex samples
(Figure 6). Interestingly, CNF'1 was able to significantly reduce the
AR level measured in the hippocampus of apoE4 mice down to a
value close to apoE3 mice levels. By contrast, CNF1 treatment
caused no significant changes in the level of AP in apoE3
hippocampi (Figure 6). Furthermore, no differences in AB42 levels
were found in the frontal cortex of the four experimental animal
groups [genotype x treatment interaction effect Fy; 90 =0.212,
p=0.649; genotype effect F; 90 =0.3309, p=0.571, NS;
treatment effect F; 99)=1.8071, p=0.1939, NS] (Figure 6). A
summary of statistical analysis is in Tables S19 and S20 in File S1.

In our experimental conditions, CNF1 acts only on altered
APB42 value detected in the hippocampus of apoE4 mice,
suggesting a modulatory effect, rather than a straightforward
inhibitory effect.

Discussion

The present study was designed to explore the effects of the Rho
GTPases’ modulator CNF1 on aspects that are behind learning
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and memory retention. Particularly, we investigated the involve-
ment of energy homeostasis and neuroinflammation in the
response to CNF1 by the isoforme variant human apolE4 mouse,
a validated sporadic AD and atheroschlerosis murine model, and
by its neuroprotective variant apoli3.

Even though the association of the &4 allele of ApoE with AD
was demonstrated two decades ago [4], yet the underlying
mechanisms are not completely clarified. The fact that the
presence of ApoE4 per se is not sufficient for the development of
AD, suggests that it might interact with other factors (genetic,
environmental or biochemical) to participate in the pathogenesis of
cognitive decline and dementia. Data from clinical, epidemiolog-
ical, and preclinical studies have suggested that individuals with
dysfunction in energy balance and a neuroinflammation state bear
an increased risk of AD [55]. In fact, it is well known that
compromised mitochondrial bioenergetics lead to over-production
and mitochondrial accumulation of AP, which is coupled to
oxidative stress. The prevailing “amyloid cascade” hypothesis
emphasizes the neurotoxic characteristics of AP as the main
contributor to disease progression. However, rather than being the
cause of the disease, AR may be considered as a reactive product
that arise from increased vulnerability to genetic and environ-
mental risk factors as a function of aging [56,57,58]. Moreover,
candidate drugs that directly target amyloid pathways, [59,60],
failed to achieve efficacy in recent clinical trials, indicating the
limited therapeutic value of amyloid-specific strategies. Increasing
evidence suggests that Alzheimer’s disease 1s a multifaceted disease
that could at least in part be attributed to a decline in
mitochondrial function and altered brain metabolic activity
[61,62].

In this paper we report that a single icv injection of CNF1
improved memory processes in 12-month old apoE4 mice
compared with apoE3 mice. To perform studies on memory,
animals were behaviorally tested first in the Morris water maze
(MWM) and subsequently in the PA test. This temporal order took
into account the level of stress associated with each procedure
[54]. Using MWM test we show that, during the acquisition phase,
the escape latencies to find the hidden platform were shorter in
saline-treated apoE3 (sal-apoE3) mice compared to saline-treated
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Figure 6. CNF1 treatment diminished Ap42 levels in the hippocampus of apoE4 mice. Hippocampal (Hip) and frontal cortex (Cx) samples
from apoE3 and apoE4 mice treated with saline or CNF1 were analyzed by ELISA. CNF1 treatment in apoE4 resulted in a significant decrease in the
levels of AB42 to apoE3 level. No CNF1 effect was observed in apoE3 mice. CNF1 did not induce significant changes in AP42 levels in apoE3 and
apoE4 cortex. Data are shown as mean = SEM (pg/ml). Sal-ApoE3 mice were used as reference. *p<<0.05 vs sal-apoE4; ***p<0.001 vs sal-apoE4, a

p<0.05 sal-apoE3 vs CNF1-apoE3; n=7 per group.
doi:10.1371/journal.pone.0065898.9006
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apol4 (sal-apoli4) mice, indicating a clear impairment in learning
skills. Anyway, apoE4 exposed to CNF1 (CNF1-apoE4) showed an
improvement during the acquisition phase and the escape latencies
were comparable with those of the no-pathological control strain
apoE3. Furthermore, while our behavioral results revealed that
sal-apoE4 had a clear impairment in memory retention, CNF1
treatment improved apoE4 mice retention. It is noteworthy that
CNF1 did not alter performances in apoll3 animals.

The PA test is an amygdale-dependent test which evaluates the
ability of mice to learn and to retain an associative rule [63].
CNF1 apoE4-treated mice showed definite longer latencies to
enter the dark compartment during the test session of the passive
avoidance test (Fig. 2). As a result, these animals were able to learn
or to retain the rule: black compartment is equal to electrical
shock. The results from the passive avoidance test suggest that at
12 months of age apoE4 mice have not impaired passive
avoidance memory retention compare to apoE3. These results
are in line with previous experimental evidence [64] where it has
been shown that there was no genotype on any classical measure
of passive avoidance response, such as latency to enter the dark
compartment during acquisition and retention sessions. On the
contrary, CNF1-apoE4 retained contextual fear indicating that
amygdala-dependent long-term memory is affected by CNFI.
Taken toghether these data could indicate that CNF1 ameliorate
no-spatial memory performances only in pathological condition
(presence of apol4 allele).

Since clinical [65] and experimental [66] evidences show that
the presence of apoE4 correlated positively with an anxious state,
we studied the effects of CNF1 on anxiety-like behavior tracts.
These studies were performed prior WM and PA taking into
account the level of stress associated with each procedure [67].
Our data show that sal-apoE4 did not increase measures of anxiety
when compared to sal-apoE3 mice and the icv treatment with
CNF1 did not induce any changes in EPM and OF performances.
Furthermore, there were no group differences in total locomotor
activity measurements both in MWM, EPM and OF, indicating
that the differences observed during MWM and PA test do not
reflect differences in activity levels or locomotor impairments. It is
well known that dysfunctions in motor neurons, cerebellum and
spinal cord will reflect in slower swim speed, random swim
pathway [68].

To unravel the mechanisms underlying the effects of CNF1 on
cognition in apoE4 mice, we performed molecular studies on the
hippocampus and frontal cortex, focusing on different markers
involved in memory, energy and neuroinflammation processes.
We found, interestingly, that there is a genotype specificity in
hippocampus, apoE4 mice displaying an hyper-activation state of
Rho proteins. In this context, it has been shown that an excessive
Rho activity, negatively affects synaptic and cognitive functions
[42] and errors in cellular modulators of APP processing induced
by polymorphisms (such as the apoE4 e-allele) predisposes an
individual to early or late-onset AD induced by an hyper-
activation of the Rho family GTPases [43]. Our results
demonstrate that CNF1 is able to switch off the hyper-activation
of Rho proteins in the hippocampus and the mechanism by which
CNF1 counteracts this phenomenon most probably involves the
ubiquitin-mediated proteasomal degradation of activated Rho
GTPases. The involvement of the ubiquitin-proteasome pathway
mm CNF1 activity was first reported by Doye and coworkers in
2002 [23], and subsequently confirmed by several other authors
[69,70]. All studies so far conducted on this matter have been
performed in cell cultures but, obviously, the in vivo situation is
much more complex. In fact, there is not only a genotype-
dependent difference in terms of Rho/Rac activation (this
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difference is also reinforced by the diverse expression of
inflammatory markers IL-1f and Beta-amyloid) but also there is
a difference between the two brain areas. This is a well known
phenomenon, hippocampus and cortex differing in term of
neurotransmitter dynamics, structures and plasticity [71] and
our results highlight a different Rho GTPases activation state by
CNF1 in the two brain areas, CNF1 decreasing Rho proteins’
activation in the hippocampus while activating them in the frontal
cortex. This is probably due to the fact that CNF1 most certainly
stimulates the activation/degradation process of Rho GTPases in
both areas, but with a different outcome depending on initial
activation status of Rho proteins. It is also relevant that CNF1
increases ATP availability in both hippocampus and cortex of
apoE4 mice, although at different extent. How RhoA and Racl
signaling can increase ATP is still uncharted and under
investigation by our group, but we can hypothesize that the
increase in ATP content observed in both brain regions could
probably be linked to the CNF1-induced activation/degradation
process. Furthermore, we have previously reported that CNF1
influences the mitochondrial homeostasis [72], induces a remark-
able modification in the mitochondrial network architecture, with
the appearance of elongated and interconnected mitochondria
[50], and promotes an increment of proteins such as creatine and
phosphocreatine, which are involved in ATP regeneration [73] in
the brain of pathological murine models [20]. All these effects
persist for long periods of time in mouse brains (as shown in [20],
the brain mitochondrial activity is still increased 90 days after
CNF1 injection), suggesting the persistence of the CNF1 molecular
effects rather the persistence of the toxin in the CNS. On this basis,
mitochondria may be regarded as one of the target cell organelle
of CNF1, this toxin playing an important role for the restoration of
apoli4 brain energy balance. Furthermore, such an increase in
ATP content could promote the amelioration of cognitive
functions observed in apoE4 mice, where the hippocampal
synaptic plasticity is altered by AP accumulation [74]. In this
context, it is interesting to note that in apoE4 hippocampus the
CNF1-dependent decrease of Rho and Rac, which occurs with a
very significative increment of ATP content, is accompanied by
counteraction of important neuroinflammatory markers of AD,
such as AP deposition and IL-1f overexpression. It is known that
ATP as well as other high-energy compounds, potently increase
APP a-processing of B-amyloid precursor protein thus leading to a
decrease in AP [75]. On the other hand, it is well established that
inflammatory cytokines and AP are intimately related and during
carly AD pathogenesis, AR and IL-1P could bring about a vicious
cycle of AP generation between astrocytes and neurons leading to
chronic, sustained and progressive neuroinflammation [76].
Therefore, the decrease of B-amyloid induced by CNF1 in our
experimental system is in line with the corresponding decrease in
IL-1B, one of the most important inflammatory mediators in AD.
We cannot rule out the possibility, however, that the decrease in
AR observed in hippocampus is due, at least in part, to the
decrease in Rho and Rac activity due to CNF1 in such brain area.
It is known, in fact, that inhibition of Rho, as well as of Rac,
reduces AP production [43]. This hypothesis is also supported by
the fact that CNF1 does not change the A level in cortex of
CNF'1-treated mice, where the balance of CNF1 activity is in favor
of a final result of Rho and Rac activation. The few changes in
frontal cortex herein described, respect to the hippocampus,
however, are also in agreement with the idea of an increased
susceptibility of hippocampal neurons to the pathological mech-
anisms behind some dementias, such as AD [77].

It is interesting to note that the molecular results herein
discussed are paralleled by a significant increment of cognitive
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performances in apoE4 mice, which upon challenge with CNF1
behave quite similarly to apoE3. Therefore, we can speculate that
the striking improvement of the cognitive defects in CNF1-treated
mice is most probably linked, via the pharmacological modulation
of Rho GTPase signaling, to a restoration of physiological energy
levels and to anti-inflammatory processes, endorsing CNF1 as a
potential therapy against AD, atherosclerosis and neuroinflamma-
tion diseases in general.

Materials and Methods

CNF1 preparation and treatments

CNF'1 was obtained from the 392 ISS strain (kindly provided by
V. Falbo, Rome, Italy) and purified essentially as previously
described [78] with few modifications in the procedure. For all
experiments, a concentration of 0.1 nM CNF1 was used.

In vivo experiments

Experimental animals. Human apoE Target Replacement
(TR) Model mice expressing human apoE3 and apoE4, under the
control of the murine apoE regulatory sequences and on the
C57BL/6] background were used. ApoE3 and apoE4 TR mice
were purchased by Taconic Farms (USA) (Homozygous
B6.129P2-Apoetm3(APOE*4)Mae N8 and  Homozygous
B6.129P2-Apoetm2(APOE*3)Mae N8). The model was created
by targeting the murine apoE gene for replacement with the
human APOE4 and APOE3 allele in E14TG2a ES cells and
mjecting the targeted cells into blastocysts. Resultant chimeras
were backcrossed to C57BL/6 for seven generations (N7). The
mice were backcrossed once more (N8) and embryo transfer
derived. The colony was maintained through mating homozy-
gotes. Four apoE4 and apoE3 male and eight apoE4 and ApoE3
female mice were bought and the colony was maintained by
homozygous breeding. Research Breeding Agreement was deliv-
ered by Taconic Farms. All experiments were performed on 12
months old apoE3 TR and apoE4 TR mice.

Mice were housed in groups of 6 in individually micro isolation
cage rack (Tecniplast, Italia) with water and food laboratory chow
ad libitum and controlled environmental conditions of light (from
7.00 am. to 7.00 p.m.), temperature (22%2°C) and humidity
(65%).

Ethics Statement. Animal experiments were carried out in
the Department of Pharmacology of the University of Bologna
with the approval of the local ethical committee (Veterinary
Service of the University of Bologna) and in agreement with the
National Animal Welfare Act. All efforts were made to minimize
animal suffering and the number of animals used was kept to a
minimum by the experimental design. All the procedures followed
in this work were in compliance with the European Community
Council Directive of 24 November 1986 (86/609/EEC) and were
approved by the Ethical committee of the University of Bologna
(05/70/12).

Animals surgery. Mice were anaesthetised with Fluoxethane
(2% Fluoxethane, air flow 1.8 1/min, Ugo Basile gas anesthesia)
and placed in a stereotaxic apparatus KopfAfter general anesthesia
(2% Fluoxethane, air flow 1.8 I/minUgo Basile gas anesthesia).
Skuls were exposed and a needle connected to a 10-pul Hamilton
microsyringe was placed in the right lateral ventricle of the right
cerebral hemisphere with a stereotactic technique (Final injection
coordinates: AP 0.1 mm, L. £#0.9 mm V —2.1 mm from bregma
[79]. The Hamilton siringe was connected to a micropump set at a
flow-rate of 0.5 ml/min. Two minutes after the injection, the
needle was removed and the surgical wound was sutured. The
mice returned to their cages for recovery and their conditions were
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monitored for a 10-day period. Experiments started at 10 and 20
days after surgery. At the end of the behavioral test, animals were
sacrified by cerebral dislocation, brains were quickly removed and
brain areas of interest were dissected on cold dish and snap-frozen
on dry-ice, and stored at —70°C until use.

Behavioral tasks

Water Morris Test. Mice were trained in the MWM task to
locate a hidden escape platform in a circular pool [80]. The
apparatus consisted of a large circular water tank (1.00 m
diameter, 50 cm height) with a transparent round escape platform
(10 cm?). The pool was virtually divided into four equal quadrants
identified as north, east, northwest, southeast, and southwest. The
tank was filled with tap water at a temperature of 22+2°C up to
0.5 cm above the top of the platform and the water was made
opaque with milk. The platform was placed in the tank in a fixed
position (in the middle of the south-east quadrant). The pool was
placed in a large room with a number of intra- (squares, triangles,
circles and star) and extra-maze visual. After the training, each
mouse was tested for 4 trials a day, for 4 consecutive days with an
inter-trial interval of 30 min (Acquisition phase). A video camera
was placed above the center of the pool and connected to a video-
tracking system: Ethovision 3.1© (Noldus Information Technology
B.V., Wageningen, Netherlands). Mice were released facing the
wall of the pool from one of following starting points: North, East,
South, or West and allowed to search for up to 60 s for the
platform. If a mouse did not find the platform, it was gently guided
to it and allowed to remain there for 15 s. Reference memory was
assessed with one trial (Probe trial), on the fifth day, 24 h after the
last acquisition trial, using one starting point for all the mice. Mice
were allowed to search for up to 30 s for the platform. The latency
to find the hidden platform was used as a measure of learning. For
the Probe trial, the % time spent in the quadrant in which the
platform had been located during training, mean proximity to
platform and time to the first entrance in SE quadrant were
employed as a measure of retention of acquired spatial preference.
The average swim speeds, were also analyzed. All experimental
sessions were carried out between 09.00 and 15.00 h.

Passive Avoidance. Emotional learning and non-spatial
memory were assessed in a passive avoidance test. The instrument
consists of a tilting-floor box (47x18x26 (h) cm) divided into two
compartments by a sliding door and a control unit incorporating a
scrambler shocker (Ugo Basile, Italy). This classic instrument for
Pavlovian conditioning exploits the tendency in mice to escape
from an illuminated area into a dark one (step-through method).
The firsts day mice were individually placed into the illuminated
compartment. After 60-seconds of acclimation period, the
connecting door between the chambers opened. In general, mice
step quickly through the gate and enter the dark compartment
because mice prefer to be in the dark. Upon entering the dark
compartment, the mice received a brief foot shock (0.3 mA for 3
seconds) and were immediately removed from the chamber. If the
mouse remained in the light compartment for the duration of the
trial (300 seconds), the door closed and the mouse was removed
from the light compartment. The chambers were cleaned with
70% ethanol between testing of individual mice. After a 24 hours
retention period, the mice were placed back into the light
compartment and the time to re-enter the dark compartment
(latency) was measured up to 300 seconds. No shock was
administered during the testing phase if the mouse entered the
dark compartment before 300 seconds had elapsed. The latency
time to re-enter the dark compartment 24 h later was measured.

Elevated Plus Maze. Mice were placed in the experimental
room | h before the test. The apparatus consisted of two open
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arms, two enclosed arms of the same size (30 X8 cm), and a central
area (8x8 cm); placement was 50 cm above the floor. At the
beginning of a session, mice were placed in the central part of the
maze facing one of the open arms. The number of entries and the
time spent in the open and close arms were recorded for 5 min. An
entry was defined as the mice entering into an arm with all four
paws. The test was run out between 09:00 and 15:00 and behavior
was videotaped and scored by EthoVision Ethovision 3.00
(Noldus Information Technology B.V., Wageningen, Nether-
lands).

Open Field. Mice were placed in the experimental room | h
before the test. Open field activity was measured in a square arena
(5050 cm). At the beginning of a session, mice were placed in the
central part of the arena. We scored the number of entries into the
center, corners, and periphery (corners plus walls) and the time
spent in the same areas by video-tracking recording for 20 min.
Experiments were carried out under white light between 09:00
and 15:00 h and activity was videotaped and scored by Ethovision
3.00 (Noldus Information Technology B.V., Wageningen, Neth-
erlands).

Pull down assay

Frozen tissues were homogenized in 50 mM Tris (pH 7.4),
1 mM EDTA (pH 8.0), 0.5% Nonidet P-40, 150 mM NaCl, 10%
glycerol, 10 pg/ml aprotinin, 10 ug/ml leupeptin, ImM PMSF,
1 mM Na,VO,, and processed for pull-down assay as previously
described [23]. The homogenates were clarified by centrifugation
at 14,000 rpm for 5 min at 4°C, and incubated with 50 pug of
GST-PAK-CD fusion protein (for Rac) bound to glutathione-
coupled Sepharose beads (Amersham Pharmacia), and GST-
Rhotekin, (Cytoskeleton, for Rho) for 40 min at 4°C. Beads were
washed three times in the lysis buffer and bound proteins were
eluted in sample buffer, subjected to SDS-PAGE and immuno-
blotted as described [81]. Whole-cell lysates were analyzed in
parallel. Autoradiographs, scanned using the Epson Perfection
1250 scanner, were quantified by means of Image J software and
normalized as a function the total proteins loaded in the assay.

Measurement of ATP

Measurement of tissue ATP was performed using the ATP lite
Assay (Perkin Elmer-Cetus, Norwalk, C'T', USA). In brief, tissues
were omogeneated in 50 pl of lysis buffer and mixed for 10 min.
Forty microlitres of substrate solution (Luciferase/Luciferin) was
added to each sample. The luminescence was measured using a
luminescence plate reader (Victor3-V, PerkinElmer Life Sciences).
The ATP concentration was normalized to total tissue protein
concentration estimated by Bradford protein assay (Bio-Rad).
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Enzyme-linked immunosorbent assay (ELISA)

Frozen tissues were lysed in ice-cold RIPA buffer (Tris-HCI
pH 7.5 150 mM, NaCl 150 mM, glycerol 10%, Triton X-100 1%)
containing 10 pg/ml aprotinin, 10 pg/ml leupeptin, 1 mM
PMSF, 1 mM NayVO,, and homogenated by a dounce homog-
enizer. Following centrifugation at 14000 rpm for 5 minutes, levels
of IL-1P and IL-6 in the supernatants were determined by using
microtiter wells plates coated with anti-mouse IL antibodies
(BioVendor-Laboratorni, Czeck Republic) according to the
manufacturer’s instructions.

For AP42 measurement, frozen tissues were lysed in 5 M
guanidine HCI/50 mM Tris-HCI and homogenated as above
described. The homogenates were mixed for 3 hours at room
temperature and then diluted 1:10 with cold reaction buffer
(Dulbecco’s PBS with 5% BSA and 0.03% Tween-20) containing
protease inhibitors cocktail (Sigma). Levels of AB42 in the samples
were determined by mean of Ms AB42 kit (Invitrogen), according
to the manufacturer’s instructions.

Statistical analysis

Data are presented as mean % sem. Statistical analysis was
performed by means of the general linear model (repeated
measures or general factorial) analysis of variance (ANOVA).
When a significant interaction was detected, we also performed a
Fisher LSD post-hoc test. For probe data one-way ANOVA was
used followed by Fisher LSD exsact post-hoc test. p<<0.05 was
considered as a threshold for significant difference.

Supporting Information

File S1 Contains Tables S1-S20. Summary of the statistical
analysis.

(DOC)

Acknowledgments

The authors are grateful to Rossella Di Nallo, for her invaluable help in
editing the manuscript, and to Valter Tranquilli, for his technical assistence
in figures’ preparation.

Author Contributions

Conceived and designed the experiments: SL RR ST AF GC CF.
Performed the experiments: S RR ST AF MG AF GC. Analyzed the
data: SL RR GC CF. Contributed reagents/materials/analysis tools: SL
RR ST AF MG GC. Wrote the paper: SL RR GC CF.

8. Tu JL, Zhao CB, Vollmer T, Coons S, Lin HJ, et al. (2009) APOE 4
polymorphism results in early cognitive deficits in an EAE model. Biochem
Biophys Res Commun 384: 466-470.

9. Li YJ, Hauser MA, Scott WK, Martin ER, Booze MW, et al. (2004)
Apolipoprotein E controls the risk and age at onset of parkinson disease.
Neurology 62: 2005-2009.

. Irwin DJ, White MT, Toledo JB, Xie SX, Robinson JL, et al. (2012)
Neuropathologic substrates of parkinson disease dementia. Ann Neurol 72:
587-598.

11. Buttini M, Masliah E, Yu GQ, Palop JJ, Chang S, et al. (2010) Cellular source of
apolipoprotein E4 determines neuronal susceptibility to excitotoxic injury in
transgenic mice. Am J Pathol 177: 563-569.

. Dumanis SB, Tesoriero JA, Babus LW, Nguyen MT, Trotter JH, et al. (2009)
ApoE4 decreases spine density and dendritic complexity in cortical neurons in
vivo. ] Neurosci 29: 15317-15322.

. Mahley RW, Weisgraber KH, Huang Y. (2006) Apolipoprotein E4: A causative
factor and therapeutic target in neuropathology, including alzheimer’s disease.
Proc Natl Acad Sci U S A 103: 5644-5651.

May 2013 | Volume 8 | Issue 5 | 65898



20.

21.

22.

26.

27.

28.

29.

30.

32.

33.

34.

37.

38.

40.

41.

42.

. Chen X, Yan SD. (2006) Mitochondrial abeta: A potential cause of metabolic

dysfunction in alzheimer’s disease. [IUBMB Life 58: 686-694.

. Chen X, Stern D, Yan SD. (2006) Mitochondrial dysfunction and alzheimer’s

disease. Clurr Alzheimer Res 3: 515-520.

. Chen HK, Ji ZS, Dodson SE, Miranda RD, Rosenblum CI, et al. (2011)

Apolipoprotein  E4 domain interaction mediates detrimental effects on
mitochondria and is a potential therapeutic target for alzheimer disease. J Biol
Chem 286: 5215-5221.

. Zhu Y, Nwabuisi-Heath E, Dumanis SB, Tai LM, Yu C, et al. (2012) APOE

genotype alters glial activation and loss of synaptic markers in mice. Glia 60:
559-569.

Shaftel SS, Griffin WS, O’Banion MK. (2008) The role of interleukin-1 in
neuroinflammation and alzheimer disease: An evolving perspective.
J Neuroinflammation 5: 7-2094-5-7.

. Gavillet M, Allaman I, Magistretti PJ. (2008) Modulation of astrocytic metabolic

phenotype by proinflammatory cytokines. Glia 56: 975-989.

De Filippis B, Fabbri A, Simone D, Canese R, Ricceri L, et al. (2012)
Modulation of RhoGTPases improves the behavioral phenotype and reverses
astrocytic deficits in a mouse model of rett syndrome. Neuropsychopharmacol
37: 1152-1163.

Flatau G, Lemichez E, Gauthier M, Chardin P, Paris S, et al. (1997) Toxin-
induced activation of the G protein p21 rho by deamidation of glutamine.
Nature 387: 729-733.

Schmidt G, Sehr P, Wilm M, Selzer J, Mann M, et al. (1997) Gln 63 of rho is
deamidated by escherichia coli cytotoxic necrotizing factor-1. Nature 387: 725
729.

. Doye A, Mettouchi A, Bossis G, Clement R, Buisson-Touati C, et al. (2002)

CNF1 exploits the ubiquitin-proteasome machinery to restrict rho GTPase
activation for bacterial host cell invasion. Cell 111: 553-564.31.

. Etienne-Manneville S, Hall A. (2002) Rho GTPases in cell biology. Nature 420:

629-635.

. Luo L. (2000) Rho GTPases in neuronal morphogenesis. Nat Rev.Neurosci 1:

173-180.

Saneyoshi T, Fortin DA, Soderling TR. (2010) Regulation of spine and synapse
formation by activity-dependent intracellular signaling pathways. Curr Opin
Neurobiol 20: 108-115.

Tashiro A, Yuste R. (2008) Role of rho GTPases in the morphogenesis and
motility of dendritic spines. Methods Enzymol 439: 285-302.

Fortin DA, Davare MA, Srivastava T, Brady JD, Nygaard S, et al. (2010) Long-
term potentiation-dependent spine enlargement requires synaptic Ca2+-
permeable AMPA  receptors recruited by CaM-kinase I. J Neurosci 30:
11565-11575.

O’Kane EM, Stone TW, Morris BJ. (2003) Activation of rho GTPases by
synaptic transmission in the hippocampus. ] Neurochem 87: 1309-1312.

Rex CS, Chen LY, Sharma A, Liu J, Babayan AH, et al. (2009) Different rho
GTPase-dependent signaling pathways initiate sequential steps in the consoli-
dation of long-term potentiation. J Cell Biol 186: 85-97.

. Asrar S, Meng Y, Zhou Z, Todorovski Z, Huang WW, et al. (2009) Regulation

of hippocampal long-term potentiation by p2l-activated protein kinase 1
(PAK1). Neuropharmacol 56: 73-80.

Wang HG, Lu FM, Jin I, Udo H, Kandel ER, et al. (2005) Presynaptic and
postsynaptic roles of NO, ¢GK, and RhoA in long-lasting potentiation and
aggregation of synaptic proteins. Neuron 45: 389-403.

Nadif Kasri N, Van Aelst L. (2008) Rho-linked genes and neurological disorders.
Pflugers Arch 455: 787-797.

Pavone F, Luvisetto S, Marinelli S, Straface E, Fabbri A, et al. (2009) The rac
GTPase-activating bacterial protein toxin CNF1 induces analgesia up-regulating
mu-opioid receptors. Pain 145: 219-229.

. Cerri C, Fabbri A, Vannini E, Spolidoro M, Costa M, et al. (2011) Activation of

rho GTPases triggers structural remodeling and functional plasticity in the adult
rat visual cortex. J Neurosci 31: 15163-15172.

5. Chen Q, Zhu YC, Yu J, Miao S, Zheng J, et al. (2010) CDKL5, a protein

associated with rett syndrome, regulates neuronal morphogenesis via Racl
signaling. J Neurosci 30: 12777-12786.

Cheng A, Hou Y, Mattson MP. (2010) Mitochondria and neuroplasticity. ASN
Neuro 2: e00045.

Musilli M, Nicolia V, Borrelli S, Scarpa S, Diana G. (2013) Behavioral effects of
rho GTPase modulation in a model of alzheimer’s disease. Behav Brain Res 237:
223-229.

. Diana G, Valentini G, Travaglione S, Falzano L, Pieri M, et al. (2007)

Enhancement of learning and memory after activation of cerebral rho GTPases.
Proc Natl Acad Sci U S A 104: 636-641.

Knouff C, Hinsdale ME, Mezdour H, Altenburg MK, Watanabe M, et al. (1999)
Apo E structure determines VLDL clearance and atherosclerosis risk in mice.
J Clin Invest 103: 1579-1586.

Yin JX, Turner GH, Lin HJ, Coons SW, Shi J. (2011) Deficits in spatial learning
and memory is associated with hippocampal volume loss in aged apolipoprotein
E4 mice. J Alzheimers Dis 27: 89-98.

Oh D, Han S, Seo J, Lee JR, Choi J, et al. (2010) Regulation of synaptic Racl
activity, long-term potentiation maintenance, and learning and memory by BCR
and ABR rac GTPase-activating proteins. J Neurosci 30: 14134—14144.

. Tang BL, Liou YC. (2007) Novel modulators of amyloid-beta precursor protein

processing. J Neurochem 100: 314-323.

PLOS ONE | www.plosone.org

44.

46.

47.

48.

49.

50.

51.

52.

58.

59.

60.

61.

62.

63.

64.

68.

69.

70.

74.

75.

76.

CNF1 Rescues Neuroinflammation in apoE4 Mice

Han SD, Bondi MW. (2008) Revision of the apolipoprotein E compensatory
mechanism recruitment hypothesis. Alzheimers Dement 4: 251-254.

. Tuminello ER, Han SD. (2011) The apolipoprotein e antagonistic pleiotropy

hypothesis: Review and recommendations. Int J Alzheimers Dis 2011: 726197.
Stewart S, Cacucci F, Lever C. (2011) Which memory task for my mouse? A
systematic review of spatial memory performance in the Tg2576 Alzheimer’s
mouse model. J Alzheimers Dis 26:105-26

Maei HR, Zaslavsky K, Teixeira CM, Frankland PW. (2009) What is the Most
Sensitive Measure of Water Maze Probe Test Performance? Front Integr
Neurosci 3:4.

Aliev G, Gasimov E, Obrenovich ME, Fischbach K, Shenk JC, et al. (2008)
Atherosclerotic lesions and mitochondria DNA deletions in brain microvessels:
Implication in the pathogenesis of alzheimer’s disease. Vasc Health Risk Manag
4: 721-730.

Ferreira IL, Resende R, Ferreiro E, Rego AC, Pereira CF. (2010) Multiple
defects in energy metabolism in alzheimer’s disease. Curr Drug Targets 11:
1193-1206.

Miraglia AG, Travaglione S, Meschini S, Falzano L, Matarrese P, et al. (2007)
Cytotoxic necrotizing factor 1 prevents apoptosis via the Akt/IkappaB kinase
pathway: Role of nuclear factor-kappaB and bcl-2. Mol Biol Cell 18: 2735-2744.
Zhang H, Wu LM, Wu J. (2011) Cross-talk between apolipoprotein E and
cytokines. Mediators Inflamm 2011: 949072.

Malchiodi-Albedi F, Paradisi S, Di Nottia M, Simone D, Travaglione S, et al.
(2012) CNF1 improves astrocytic ability to support neuronal growth and
differentiation in vitro. PloS One 7: e34115.

. Forloni G. (1993) Beta-amyloid neurotoxicity. Funct Neurol 8: 211-225.
. Dolev I, Michaelson DM. (2006) The nucleation growth and reversibility of

amyloid-beta deposition in vivo. J Alzheimers Dis: JAD 10: 291-301.

5. Luchsinger JA, Tang MX, Shea S, Mayeux R. (2002) Caloric intake and the risk

of alzheimer disease. Arch Neurol 59: 1258-1263.

. Pimplikar SW. (2009) Reassessing the amyloid cascade hypothesis of alzheimer’s

disease. Int J Biochem Cell Biol 41: 1261-1268.

Gibson GE, Shi Q, (2010) A mitocentric view of alzheimer’s disease suggests
multi-faceted treatments. J Alzheimers Dis 20 Suppl 2: S591-607.

Armstrong RA. (2011) The pathogenesis of alzheimer’s disease: A reevaluation
of the "amyloid cascade hypothesis". Int J Alzheimers Dis 2011: 630865.

Prins ND, Visser PJ, Scheltens P. (2010) Can novel therapeutics halt the amyloid
cascade? Alzheimers Res Ther 2: 5.

Imbimbo BP, Giardina GA. (2011) Gamma-secretase inhibitors and modulators
for the treatment of alzheimer’s disease: Disappointments and hopes. Curr Top
Med Chem 11: 1555-1570.

Yao J, Brinton RD. (2011) Targeting mitochondrial bioenergetics for alzheimer’s
prevention and treatment. Current Pharmaceutical Design 17: 3474-3479.
Swerdlow RH, Burns JM, Khan SM. (2010) The Alzheimer’s disease
mitochondrial cascade hypothesis. ] Alzheimers Dis 20 Suppl 2:3265-79.
Denti and Epstein. (1972) Sex differences in the acquisition of two kinds of
avoidance behavior in rats. Physiology and Behavior 8: 611-615
Grootendorst J, Bour A, Vogel E, Kelche C, Sullivan PM, Dodart JC, Bales K,
Mathis C. (2005) Human apoL targeted replacement mouse lines: h-apoE4 and
h-apoE3 mice differ on spatial memory performance and avoidance behavior.
Behav Brain Res 159(1):1-14.

. Michels A, Multhammer M, Zintl M, Mendoza MC, Klunemann HH. (2012)

Association of apolipoprotein E epsilon4 (ApoE epsilon4) homozygosity with
psychiatric behavioral symptoms. J Alzheimers Dis : JAD 28: 25-32.

56. Raber J. (2007) Role of apolipoprotein E in anxiety. Neural Plast 2007: 91236.
. Mcllwain KL, Merriweather MY, Yuva-Paylor LA, Paylor R. (2001) The use of

behavioral test batteries: effects of training history. Physiol Behav 73: 705-717.
“rawley JN (2007) Learning and memory. In: Crawley J.N. What’s wrong with

my mouse?: behavioral phenotyping of transgenic mice 2nd ed. Hoboken, New

Jersey: Jonh Wiley and Sons eds Pp. 110-164.

Lerm M, Pop M, Fritz G, Aktories K, Schmidt G. (2002) Proteasomal

degradation of cytotoxic necrotizing factor l-activated rac. Infect Immun 70:

4053-4058.

Boyer L, Turchi L, Desnues B, Doye A, Ponzio G, et al. (2006) CNF1-induced

ubiquitylation and proteasome destruction of activated RhoA is impaired in
Smurfl-/- cells. Mol Biol Cell 17: 2489-2497.

. Mora F, Segovia G, del Arco A. (2007) Aging, plasticity and environmental

enrichment: structural changes and neurotransmitter dynamics in several areas

of the brain. Brain Res Rev 55:78-88.

. Fiorentini C, Matarrese P, Straface E, Falzano L, Fabbri A, et al. (1998) Toxin-

induced activation of rho GTP-binding protein increases bcl-2 expression and
influences mitochondrial homeostasis. Exp Cell Res 242: 341-350.

. Perasso L, Spallarossa P, Gandolfo C, Ruggeri P, Balestrino M. (2013)

Therapeutic use of creatine in brain or heart ischemia: available data and future
perspectives. Med Res Rev 33:336-63.

Jung ES, An K, Hong HS, Kim JH, Mook-Jung I. (2012) Astrocyte-originated
ATP protects AP(1-42)-induced impairment of synaptic plasticity. ] Neurosci
32:3081-7.

Sawmiller DR, Nguyen HT, Markov O, Chen M. (2012) High-energy
compounds promote physiological processing of Alzheimer’s amyloid-beta
precursor protein and boost cell survival in culture. Neurochem 123: 525-31.
Li C, Zhao R, Gao K, Wei Z, Yin MY, et al. (2011) Astrocytes: implications for
neuroinflammatory pathogenesis of Alzheimer’s disease. Curr Alzheimer Res
8:67-80.

May 2013 | Volume 8 | Issue 5 | 65898



717. Selkoe DJ. (2002) Alzheimer’s disease is a synaptic failure. Science 298: 789-791.

78. TFalzano L, Fiorentini C, Donelli G, Michel E, Kocks C, et al. (1993) Induction of
phagocytic behaviour in human epithelial cells by Escherichia coli cytotoxic
necrotizing factor type 1. Mol Microbiol 9: 1247-1254.

79. Paxinos G, Franklin KBJ. (1998) The mouse brain in stereotaxic coordinates.
San Diego: Academic Press.

PLOS ONE | www.plosone.org

13

80.

81.

CNF1 Rescues Neuroinflammation in apoE4 Mice

Morris R. (1984) Developments of a water-maze procedure for studying spatial
learning in the rat. J Neurosci Methods 11: 47-60.

Travaglione S, Messina G, Fabbri A, Falzano L, Giammarioli AM, et al. (2005)
Cytotoxic necrotizing factor 1 hinders skeletal muscle differentiation in vitro by
perturbing the activation/deactivation balance of rho GTPases. Cell Death
Differ 12: 78-86.

May 2013 | Volume 8 | Issue 5 | 65898



