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Abstract

Alzheimer’s disease (AD) results from over-production and aggregation of 3-amyloid (Af3) oligopeptides in the brain. The
benefits of regular physical exercise are now recognized in a variety of disorders including AD. In order to understand the effect
of exercise at the molecular level, we studied the impact of exercise on long-term memory-related signaling molecules in an AD
rat model. The rat model of AD (AD rat) was produced by 14-day osmotic pump infusion of i.c.v. 250 pmol/day A;_4,. The
effects of 4 weeks of regular rodent treadmill exercise on the protein levels of CREB, CaMKVI, and MAPK-ERK1/2 in this
model were determined by immunoblot analysis in the CA1 and dentate gyrus (DG) areas of the hippocampus, which is among
the first brain structures impacted by AD. Af3 infusion caused marked reductions in the basal protein levels of CaMKVI and
phosphorylated CREB without significantly affecting total CREB levels in both CA1 and DG areas. As predicted, our exercise
regimen totally prevented these effects in the brains of exercised AD rats. Surprisingly, however, neither A 3 infusion nor exercise
had any significant effect on the levels of phosphorylated or total ERK in the CA1 and DG areas. Additionally, exercise did not
increase any of these molecules in healthy normal rats, which indicated a protective effect of exercise. These findings suggest that
CaMKIV is likely a major kinase for phosphorylation of CREB. Therefore, regular exercise is highly effective in preventing the
effects of AD even at the molecular level in both areas of the hippocampus. Considering the well-known resistance of the DG area
to insults relative to area CA1, the present findings revealed similar molecular vulnerability of the two areas to AD pathology.
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Introduction

The mitogen-activated protein kinase (MAPK-ERK) and Ca**/
calmodulin-dependent protein kinase IV (CaMKIV) are known
to rigorously participate in long-term memory consolidation
and late-phase long-term potentiation (L-LTP) by their ability
to phosphorylate and activate cAMP response element binding
protein (CREB) [1]. Mice carrying CaMKIV mutation display
impaired long-term memory and L-LTP as well as attenuated
CREB phosphorylation without affecting early-phase LTP (E-
LTP), learning acquisition, or short-term memory [2].

Similar in structure to that of calcium calmodulin kinase II
(CaMKII), CaMKIV has a Ca”*/calmodulin (CaM) site; once
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occupied, the complex will trigger kinase activity. Moreover,
phosphorylation of the CaM-bound CaMKIV at a threonine
residue on its activation loop sustains CaMKIV activity on an
autonomous mode, which is necessary for transcriptions [3].
Experimentally, multiple high-frequency stimulation (MHFS)
activates the calcium signaling pathway through which
CaMKIV phosphorylates CREB. Transgenic mice lacking
CaMKIV show impaired L-LTP, long-term memory, and
CREB phosphorylation with normal E-LTP and short-term
memory [4-6]. In contrast, increased expression of CaMKIV
can enhance LTP and spatial learning and memory and can
even salvage impaired memory [7].

The CREB molecule is a transcription factor important for
expression of L-LTP and memory formation [8—10]. CREB is
activated through phosphorylation at serine 133 by several
kinases [11]. Elevated intracellular Ca** through learning ac-
tivity or depolarization by tetanic stimulation activates
CaMKIV, which eventually phosphorylates CREB triggering
transcriptional activity. Mice expressing genes with increased
level and activity of CREB show an enhanced memory and
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lower threshold for expression of LTP [12, 13]. In contrast,
inhibiting CREB or blocking its phosphorylation by drugs or
genetic manipulations reduces LTP magnitude and increases
long-term depression (LTD) expression [14, 15], and even
causes neuronal death [16].

Long-term memory consolidation involves activation of sev-
eral kinases including ERK1/2 as well as de novo gene expres-
sion and protein synthesis [17, 18]. ERK1/2 activation plays a
pivotal role in the associative and contextual memory consoli-
dation [19, 20]. ERK1/2 general structure consists of a catalytic
loop domain and a hydrophobic skeleton. Phosphorylation of
two residues in the activation segment changes ERK1/2 from
an inactive to active state [21]. ERK1/2 acts on several targets
including transcription factors, which results in promoting
eventual transcription process [22, 23]

Several signaling molecules including brain-derived neu-
rotrophic factor (BDNF), G protein coupled receptors, tyro-
sine kinases, and repetitive stimulation can activate the ERK
pathway. This pathway is involved in hippocampal LTP in-
duction; for example, blocking ERK1/2 activation leads to a
marked attenuation of LTP induction but does not affect the
expression of established LTP [24]. Additionally, LTP-
induced phosphorylation of ERK1/2 can directly modulate
CREB signaling and its related transcription processes [1].

Methods

Adult male Wistar rats (176200 g bw) were kept in Plexi
glass cages in a climate-controlled room (25 °C) on a 12 h/
12 h, light/dark cycle, and provided with rat chow diet and
water ad libitum. All animal experiments were performed ac-
cording to the instructions from National Research Council’s
Guide of The Care and Use of Laboratory Animals and with
the approval of the University of Houston Institutional Animal
Care and Use Committee (IACUC). After a 7-day acclimati-
zation period, rats were randomly assigned into four groups:
control, exercise, amyloid-infused (Af3), and amyloid-in-
fused/exercised (Ex/Af3).

Exercise Training

After familiarizing the exercise and Ex/Af3 rat groups with the
treadmill environment, these rats were trained to run on a
motorized rodent treadmill between 9:00 a.m. and 4:00 p.m.,
5 days/week for 4 weeks as described [25]. Rats were made to
ran 15-min sessions with a 5-min rest break between sessions.
In the first 2 weeks of exercise, rats ran two sessions at a speed
of 10 m/min, then the speed and number of sessions were
increased in the 3rd and 4th weeks, where rats ran three and
four sessions respectively at a speed of 15 m/min. Control and
AP rats were kept on idle treadmills for the same period of
time as the exercise and Ex/A} rat.

Osmotic Pump Implantation

The AP and Ex/A3 groups were implanted with 14-day os-
motic mini-pumps (Alzet, Cupertino, CA) pre-loaded with
A1_4> peptide (AnaSpec Inc., San Jose, CA). To prevent
aggregation in the pump, the peptide was dissolved in a solu-
tion containing 64.9% distilled water, 35% acetonitrile, and
0.1% trifluoroacetate (TFA). The pumps were assembled ac-
cording to the manufacturer’s instructions, filled with A31_4,
solution (250 pmol/day), and primed in isotonic normal saline
at 37 °C overnight. Rats were anesthetized with an i.p. mixture
of ketamine (75 mg/kg) and xylazine (2.5 mg/kg). Each rat
was positioned in a stereotaxic frame with nose bar adjusted at
0.0 and the implantation site was shaved and cleansed with
alcohol. The skull was exposed by a 2.5-cm midline incision
of the skin starting behind the eyes. The infusion cannula was
inserted into the right lateral cerebral ventricle (AP —0.3, L
1.2, V 4) through a predrilled burr hole and fastened with
dental cement. The body of the pump was placed in a subder-
mal pocket in the back of the rat, and the incision was closed
with wound clips and disinfected with tincture of iodine, 60x
diluted chlorohexidine, and triple antibiotic ointment. Rats in
the control and exercise groups underwent a similar operation
using similar concentration of the inactive reverse peptide

AByo .

Western Blotting: Hippocampus Dissection, Tissue
Homogenization, And Protein Estimation

After euthanizing anesthetized rat with a lethal injection of
urethane into the heart, the brain was removed and CAl and
DG areas of the right hippocampus were dissected out and
processed as reported [26, 27]. The CA1 and DG tissues were
homogenized separately with 200 pL lysis buffer cocktail
containing; 50 mM Tris—HCI1 (pH =7.4), 1% NP-40,
0.1%SDS, 150 mM NaCl, 1 mM EDTA, 1 mM EGTA,
5 mM NayP,07, 100 pg/ml PMSF, 40 mM f3-glycerophos-
phate, 1 mM PMSF, and protease. The samples were then
sonicated three times, 5 s/time (Vibra cell, Sonics and
Materials Inc., Newtown, CT). The amount of protein in each
sample was estimated using microBCA assay kit by construct-
ing concentration curves from standard samples (Pierce
Chemical Rockford, IL). Approximately 10-15 pg of total
protein/sample was processed via a high throughput system
E-PAGE 48 (Invitrogen Corp. Carlsbad, CA). The proteins
were transferred onto a PVDF membrane using a dry blot
system (Invitrogen Corp. Carlsbad, CA). Specific primary an-
tibodies were used to detect proteins followed by conjugation
with horse-radish peroxidase secondary antibodies.
Glyceraldehyde 3-phosphate dehydrogenase (GAPDH) was
used as a loading control. Antibody dilutions were detailed
as reported [25]. All antibodies were purchased from Santa
Cruz Technology and from Cell Signaling Inc., Boston, MA.
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The protein bands were visualized via chemiluminescence
reagents (Santa Cruz Biotechnology) and AlphaEase software
and quantified by densitometry.

Statistical Analysis

To compare two groups, we used unpaired # test and to com-
pare all groups, we used one-way analysis of variance
(ANOVA) followed by Tukey post hoc test. All statistical
analyses were performed with GraphPad Prism7 software.
Statistical significance is indicated when P < 0.05. Data were
expressed as mean + S.E.M.

Results
Phosphorylated and Total CREB in CA1 and DG Areas

Since CREB is an essential regulator of long-term mem-
ory and the underlying synaptic plasticity [28, 29], it is
expected that the level of this signaling molecule would
be highly impacted by Af3. We previously reported AD
pathology-related marked suppression of L-LTP in area
CA1 [30]. In agreement with our previous findings, the
present results showed that the level of phosphorylated
(p)-CREB in area CA1 was markedly reduced in Af3 rats
(0.633 +£0.075, p=0.05). This reduction was completely
prevented by long-term moderate treadmill exercise as Ex/
Af rats had a similar level of p-CREB compared to those
of control and exercise rats (control 1.102+0.113, exer-
cise 1.34+£0.093, Ex/AP 1.151 £0.176; Fig. 1a).

The levels of total (phosphorylated and un-phosphorylated)
(t)-CREB in CA1l area among all groups were not different
(control 1.896+0.094, AP 1.962+£0.187, exercise 2.14 +
0.328, Ex/AP 2.058 £0.107; Fig. 1b). Accordingly, the p-
CREB:t-CREB ratio of A{3 rats in CA1 area was markedly
lower than those of the control, exercise, and Ex/Af3 groups
(control 0.624 +0.094, A3 0.3245+0.0223, exercise 0.7533
+0.1285, Ex/AP 0.6447 +0.2212) (p =0.01-0.05; Fig. 1c).

Similar results were seen in the DG area where long-term
regular exercise prevented the decrease in the level of p-
CREB. The level in DG area of Ex/Af3 rats was 1.542 +
0.3476, which was not statistically different from that of
control (1.332+0.3161) and exercise (1.542 £0.1901) rats
but significantly different from that of DG area of Af3 rats
(0.899£0.2753) (p =0.001-0.05; Fig. 2a). Similar to area
CAl, the level of t-CREB in the DG area was statistically
unaltered in all groups (control 1.976 £0.5127, A3 1.856 +
0.531, exercise 1.811 £ 0.4626, Ex/A3 1.949 £0.423) (Fig.
2b). Therefore, the p-CREB:t-CREB ratio in DG area of Af3
rats was significantly lower than those of the other groups
(control 0.7949 +0.2318, AP 0.4454 +0.1443, exercise
0.912+£0.1323, Ex/AP 0.9257+0.2681) (p=0.01-0.05;
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Fig. 1 Basal levels of p-CREB (a), t-CREB (b), and p-CREB: t-CREB
ratio (¢) in area CA1 of experimental groups. The basal levels of p-CREB
in AP rats are significantly reduced compared to other groups while the
levels of t-CREB are similar across all groups. The resulting p-CREB/t-
CREB ratio of A{ rats is significantly smaller than those of control,
exercise, and Ex/A3 rats, which indicates an impaired phosphorylation
process. Regular treadmill exercise prevents amyloid infusion-induced
reduction in basal levels of p-CREB and p-CREB/t-CREB ratio.
*Indicates significant difference from control, exercise, and Ex/Af3

(one-way ANOVA; p <0.05). Values are mean + S.EM., n=4-6
rats/group. Insets are representative blots
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Fig. 2c). These findings may suggest that A3 specifically
impaired the process of phosphorylation without affecting
the synthesis of this molecule in both hippocampal areas
and that regular exercise efficiently prevents deleterious ef-
fects of AD pathology.
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Fig. 2 Basal levels of p-CREB (a), t-CREB (b), and p-CREB:t-CREB
ratio (¢) in DG area. The basal levels of p-CREB in Af3 rats are signifi-
cantly reduced compared to other groups while the levels of t-CREB are
similar across all groups. Thus, the p-CREB/t-CREB ratio of Af rats is
significantly smaller than those of control, exercise, and Ex/Af} rats.
Regular treadmill exercise prevents impairment of phosphorylation of
p-CREB and reduction in p-CREB/t-CREB ratio caused by amyloid in-
fusion. *Indicates significant difference from control, exercise, and Ex/
AP (p<0.05). Values are mean + S.E.M., n =4-6 rats/group. Insets are
representative blots

Ca’*/Calmodulin-Dependent Protein Kinase IV
(CaMKIV)

CaMKIV is important for the CREB-related transcription pro-
cess; it activates CREB through phosphorylation at Ser133
and has been associated with long-term memory consolidation

and L-LTP expression [2, 31-33]. The present findings indi-
cated that the level of CaMKIV (A3 0.4485+0.0815) in area
CALl of AP rats was markedly reduced compared to the other
groups and that regular exercise prevented this impairment
(control 0.9216+0.2001, exercise 0.9746 £0.1501, Ex/AP
1.068 +£0.0712; p=0.001) (Fig. 3a).

The level of CaMKIV in Af rats (0.2728 £0.0303) was
also markedly reduced in the DG area (p =0.01-0.05; Fig.
3b). This effect was prevented with regular exercise where
the level of CaMKIV in the DG area of exercised A3 rats
(Ex/Af3 group: 0.6146 +0.1366) was not different from those
of control (0.7075 +0.050) and exercise (0.6914 +£0.1479)
rats but significantly higher than that of Af3 rats.
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Fig. 3 a Western blot analysis of the basal levels of CaMKIV in the area
CALl. Continuous amyloid infusion decreases the basal level of CaMKIV,
and this reduction is prevented by treadmill exercise. The basal level of
CaMKIV in Ex/Af rats is normal compared to those of control and
exercise rats while this level is significantly lower in Af} rats.
*Indicates significant difference from control, exercise, and Ex/A(3
groups (p <0.05). Values are mean + S.E.M., n=4-6 rats/group. Insets
are representative blots. b Basal levels of CaMKIV in DG area. In our rat
model of Alzheimer’s disease, the basal level of CaMKIV is markedly
reduced and this deleterious reduction is prevented by 4 weeks of tread-
mill exercise. The basal level of CaMKIV in Ex/Af3 rats is similar to those
of control and exercise rats. *Indicates significant difference from control,
exercise, and Ex/Af3 groups (p < 0.05). Values are mean + S.E.M., n =4—
6 rats/group. Insets are representative blots
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Phosphorylated and Total ERK1/2

The ERK signaling cascade is associated with the learning and
memory processes [34]. To investigate the role of ERK1/2
signaling pathway in AD pathology, we measured the levels
of both phosphorylated (p-) and total (t-) ERK1/2 in the hip-
pocampal CA1 and DG areas. Surprisingly, our data revealed
that in area CAl, the levels of p-ERK1/2 were statistically
unchanged in all groups (control 1.0 +0.2659, A 0.9245+
0.3049, exercise 1.145+0.3389, Ex/Ap 0.9538 £0.3393;
Fig. 4a). Also, neither amyloid infusion nor exercise training
altered the level of t-ERK1/2 in area CAl as this level was
similar among all groups (control 1.0 +0.204, A3 0.8983 +
0.1512, exercise 1.086+0.3048, Ex/A3 0.8713+£0.2212;
Fig. 4b). As a result, the p-ERK1/2:t-ERK1/2 ratios of control
(1.025+£0.3046), AR (1.086+0.5007), exercise (0.9514 +
0.3404), and Ex/A{ (1.098 £0.29) were not significantly dif-
ferent (Fig. 4c).

Western blot analysis of total homogenates of the DG area
revealed similar findings to those of area CA1. The p-ERK1/2
levels in the DG area for control, A3, exercise, and Ex/Af
were 0.9675+0.2414,0.8819+0.2531, 0.9661 +£0.1503, and
0.9651+£0.1201 respectively (Fig. 5a). The total pool of
ERK1/2 protein in DG area was also unaffected by amyloid
infusion or treadmill exercise (control 1.0£0.23, A3 0.9632
+0.2611, exercise 0.9503 +0.2178, Ex/Af3 0.8446+0.1157)
(Fig. 5b). Thus, the p-ERK1/2:t-ERK1/2 ratios of all groups
were not significantly different (control 1.027 £0.1432, Af3
0.9004 £0.3077, exercise 0.9595+0.1442, Ex/Af; 1.037+
0.2296; Fig. 5c¢).

Discussion

Phosphorylated CREB is an important transcription factor re-
sponsible for local protein synthesis to produce long-lasting
changes at the synapse [1] and is necessary for L-LTP main-
tenance. Examination of post-mortem AD brains, isolated hip-
pocampal neurons of transgenic AD mice, and cultured neu-
rons exposed to amyloid peptides has revealed that AD pa-
thology negatively affects the protein expression of CREB
[35, 36]. Consequently, downregulation of CREB results in
reduction of downstream molecules, including neuronal glu-
cose transporter 3 (GLUT3) culminating in decreased glucose
uptake and metabolism in the AD brains [37]. In agreement
with these findings, our present experiments showed a signif-
icant reduction of p-CREB levels in both CA1 and DG areas
of Af3 rats. The decrease in p-CREB level of Af3 rats may be
responsible for the long-term memory deficit [38] and L-LTP
impairment in CA1 area of these rats [30].

One possible explanation of AD-induced decrease in p-
CREB levels is negative modulation by the AD pathology of
CREB upstream regulators such as ERK1/2 and CaMKIV.
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Fig. 4 Basal levels of p-ERK1/2 (a), t-ERK1/2 (b), and p-ERK1/2: t-
ERK1/2 ratio (c) in area CA1 represented by the 42KDa fraction. There
are no differences in the basal levels of p-ERK1/2, t-ERK1/2, and p-
ERK1/2: t-ERK1/2 ratio across all groups. Values are mean + S.E.M.,
n =4-6 rats/group. Insets are representative blots

However, the present experiments ruled out the involvement
of ERK1/2 in the downregulation of p-CREB inasmuch as we
found no significant effect of A on ERK1/2 levels. In con-
trast, regular treadmill exercise was efficient in preventing the
impairment of the CREB/CaMKIV pathway associated with
AD pathology. Neither exercise training nor amyloid infusion
altered the levels of t-CREB in the CAl and DG areas sug-
gesting a functional impairment of CREB phosphorylation
rather than its protein expression. This has been further con-
firmed by the markedly decreased levels of CaMKVI. Thus,
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Fig. 5 Basal levels of p-ERK1/2 (a), t-ERK1/2 (b), and p-ERK1/2: t-
ERK1/2 ratio (¢) in DG area represented by the 42KDa fraction. There
are no differences in the basal levels of p-ERK1/2, t-ERK1/2, and p-
ERK1/2: t-ERK1/2 ratio across all groups. Values are mean + S.E.M.,
n =4-6 rats/group. Insets are representative blots

the downregulation of p-CREB but not total CREB suggests
interference with the process of phosphorylation. This has
been also confirmed by the markedly low p-CREB/t-CREB
ratio in both CA1 and DG areas of Af3 rats.

In addition, our previous findings indicated that MHFS
induced a robust increase of t-CREB, but not p-CREB, in
both CA1 and DG areas of A rats [38]. The deleterious
effects of A3 on the CREB pathway were totally prevented
in regularly exercised A [3-treated rats. An intact CREB has

been reported to play a critical role in facilitating the posi-
tive effects of exercise-induced increase of BDNF, which
eventually leads to better memory performance in exercised
animals [39, 40]. We have shown exercise to have a pro-
found positive ability to upregulate levels of BDNF even in
brain of AD animal model [26, 27].

Parallel with the downregulation in the levels of p-CREB,
we showed a similar decrease in levels of CaMKIV in CA1
and DG areas of A3 rats. Surprisingly, however, we detected
no significant changes in the levels of phosphorylated or total
ERK1/2 in both hippocampal arecas across all groups.
Therefore, it may be that CaMKIV is the principal kinase for
phosphorylation of CREB. In a study in double transgenic
mice model of AD, which showed a reduced protein expres-
sion of CaMKIV, the authors suggested that by restricting
CaMKIV availability, AD pathology reduced CREB phos-
phorylation, and consequently inhibited L-LTP and impaired
spatial long-term memory [41]. The fact that 4 weeks of tread-
mill exercise was able to prevent AD-induced downregulation
of CaMKIV levels indicated that exercise could sustain nor-
mal CREB phosphorylation thus maintaining an intact L-LTP
even under the onslaught of A3;_4, toxicity.

Interestingly, in normal animals, exercise by itself
showed no significant effect on any of the signaling mole-
cules studied in the present report or the variety of other
signaling molecules studied previously. Additionally, exer-
cise did not affect cognitive function or synaptic plasticity
in normal animals. Interestingly, the only notable exception
is the effect of exercise on BDNF molecule, where exercise
invariably highly upregulated BDNF levels even in the
presence of a disorder [25-27, 42—45]. Therefore, we con-
clude that exercise is an efficient neuroprotective agent pos-
sibly through upregulation of BDNF.

In the present study, we observed that neither exercise nor
amyloid infusion or the combination thereof produced any
changes in the levels of phosphorylated and total ERK1/2 in
both CA1 and DG areas, among all groups. Contrary to these
findings, some investigators have reported ERK1/2 signaling
dysfunction specific to AD in fibroblasts [46] while voluntar-
ily running can markedly upregulate the expression of ERK 1/
2 in exercised animals [47]. Others reported an increase in
ERK p-38 in an A3 rat model of AD [48, 49], which could
be an inflammatory reaction to the introduction of A3 into
hippocampal tissue, as suggested by marked elevation of in-
flammatory cytokines. This incongruity could be due to vari-
ations of techniques employed in each study and the time at
which the protein level was measured as exercise-induced
increase in levels of p-ERK1/2 is often delayed [47].

Even though the CA1 and DG areas of the hippocampus
share close physical proximity and display similar laminar
arrangement and have similar LTP mechanisms, these two
areas are entirely different with regard to cell type, resistance
to insults, distributions, and regulations of neurotransmitters
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and receptors among other differences [S0-53]. Another im-
portant distinguishing feature of the DG area is neurogenesis,
which takes place under both physiological and pathological
conditions [54].

Although, in the present report, we found no differences
between CAl and DG areas related to these signaling mole-
cules in our AD model, we have reported that infusion of A3
severely blocked E-LTP and L-LTP represented by pspike in
area CAl, [25], without affecting those of the DG area [26,
27]. The pspike amplitude describes firing of all neurons in-
cluding new ones while the fEPSP slope represents only
existing neurons with functional synapses in the circuit. The
likely reason for resistance of the pspike of the DG areas to the
onslaught of AD is the unique ability of this hippocampal area
for neurogenesis. Therefore, since the pspike amplitude is a
measure of the number of neurons reaching threshold for fir-
ing, it is possible that the DG produced enough new cells to
preserve the integrity of the pspike.
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