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The brain has a high demand for energy, of which creatine (Cr) is an important regulator. Studies document neurocognitive

benefits of oral Cr in mammals, yet little is known regarding their physiological basis. This study investigated the effects of

Cr supplementation (3%, w/w) on hippocampal function in male C57BL/6 mice, including spatial learning and memory in

the Morris water maze and oxygen consumption rates from isolated mitochondria in real time. Levels of transcription

factors and related proteins (CREB, Egr1, and IκB to indicate NF-κB activity), proteins implicated in cognition (CaMKII,

PSD-95, and Egr2), and mitochondrial proteins (electron transport chain Complex I, mitochondrial fission protein Drp1)

were probed with Western blotting. Dietary Cr decreased escape latency/time to locate the platform (P< 0.05) and in-

creased the time spent in the target quadrant (P < 0.01) in the Morris water maze. This was accompanied by increased

coupled respiration (P< 0.05) in isolated hippocampal mitochondria. Protein levels of CaMKII, PSD-95, and Complex 1

were increased in Cr-fed mice, whereas IκB was decreased. These data demonstrate that dietary supplementation with Cr

can improve learning, memory, and mitochondrial function and have important implications for the treatment of diseases

affecting memory and energy homeostasis.

Neurons require high energy levels for various cellular processes
related to normal function (e.g., high levels of adenosine triphos-
phate (ATP) required for establishing ion gradients, neurotransmit-
ter exocytosis, synaptic function, etc.). An important molecule
associated with energy production, creatine (Cr) is derived from
the diet and from endogenous synthesis in the liver and brain
from glycine, arginine, and S-adenosylmethionine (Wyss and
Kaddurah-Daouk 2000). Cr and ATP are converted to phosphocre-
atine (pCr) and ADP in a reversible reaction that is catalyzed by the
enzyme creatine kinase (CK) (Kenyon and Reed 1983). Cr and pCr
function as high-energy molecules, with the pCr–Cr conversion
capable of regenerating ATP significantly faster thanwith oxidative
phosphorylation (OXPHOS) and glycolysis (Wallimann et al.
1992).

Studies have investigated the neurobehavioral consequences
of Cr supplementation in humans, with several reports of cogni-
tive enhancements (Turner et al. 2015). For example, Cr supple-
mentation has been shown to boost attention under short-term
hypoxic conditions (Turner et al. 2015), improve mood and psy-
chomotor function among sleep-deprived subjects (McMorris
et al. 2006), improve performance on working and long-term
memory tasks in elderly subjects (McMorris et al. 2007), improve
scores on general intellectual ability and working memory (Rae
et al. 2003), and reduce mental fatigue as well as the task-

dependent rise in cerebral oxygenated hemoglobin in young
healthy subjects (Watanabe et al. 2002). Further, Cr supplementa-
tion in humans increases brain pools of both Cr (Dechent et al.
1999) and the pCr/ATP ratio (Pan and Takahashi 2007) at doses
shown to enhance cognition. These data provide evidence that
Cr supplementation can positively impact both brain physiology
and function in humans.

Given that learning and memory formation are energy-
demanding at the neurophysiological level, that certain types of
memory formation have been shown to be dependent upon intact
mitochondrial respiratory function (Tanaka et al. 2008), and that
Cr is considered a key regulator of a cell’s energy status, Cr may ex-
ert effects on learning and memory via alterations to brain bioen-
ergetics. In vitro, Cr pretreatment elevated pCr and ATP levels
(Brewer andWallimann 2000) and increased OXPHOS in synapto-
somes and isolated brainmitochondria (Monge et al. 2008). In hip-
pocampal neuron cultures, Cr treatment stimulatedmitochondrial
activity, effects that were also seen with overexpression of the mi-
tochondrial fission protein dynamin-related protein 1 (Drp1), a
regulator of mitochondrial dynamics (Li et al. 2004). Outside of
its role in regulating cellular energy systems, however, little is
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known regarding themechanisms by which oral Cr could enhance
neuronal and cognitive function.

The formation of spatial memory relies heavily on the hippo-
campus (Bannerman et al. 1999). In rats, intrahippocampal injec-
tion of Cr (2.5 nmol/hippocampus) in the CA1 subfield
facilitated spatialmemory formation in the Barnesmaze andobject
exploration task in mice (Souza et al. 2012). These effects were
blocked with coinjection of an inhibitor of calcium/calmodulin-
dependent protein kinase II (CaMKII) (Souza et al. 2012), a kinase
shown to be required for long-termmemory formation and shown
to be activated within dendritic spines during hippocampal long-
term potentiation (LTP) (Frankland et al. 2001). Phosphorylated
levels of both CaMKII and cAMP-response element binding pro-
tein (CREB), a key transcription factor extensively studied in the
context of activity-dependent plasticity, learning, and memory
(Alberini and Kandel 2014), were up-regulated 30 min after Cr in-
jection (Souza et al. 2012). Themechanisms bywhich spatialmem-
ory is enhanced by chronic oral Cr, a more applicable route of
administration for use as a potential neuroenhancer in humans, re-
main poorly understood.

In addition to CREB, the transcription factor nuclear factor
kappa B (NF-κB) is also implicated in cognition and synaptic
plasticity (Snow et al. 2014). Interestingly, Cr can modulate
NF-κB signaling in vitro; in neuronal cultures, Cr down-regulates
levels of the NF-κB inhibitor, IκB (Juravleva et al. 2005). Whether
NF-κB-associated alterations occur in vivo with oral Cr, however,
has not been examined. In an inactive state, the NF-κB complex
consists of several isoforms in various dimer compositions bound
by the tethering protein IκB. Upon activation, IκB is degraded, ren-
dering the dimer free to translocate to the nucleus where it can
bind to target genes are either initiate or suppress transcription
(Ghosh and Baltimore 1990; Mincheva-Tasheva and Soler 2013).

Neuronal NF-κB regulates the expression of several genes
shown to be important for cognition (30). Members of the
CaMKII family serve as both activators of NF-κB (Meffert et al.
2003) and neuronal gene targets (Federman et al. 2013).
Postsynaptic density protein-95 (PSD-95), an integral synaptic pro-
tein implicated in several neuronal functions, including receptor
anchoring (Niethammer et al. 1996) and regulation of spine forma-
tion (Vickers et al. 2006), is also a gene target of NF-κB in neurons
(Boersma et al. 2011). Genetic reductions in PSD-95 disrupt spatial
learning, synaptic plasticity (Migaud et al. 1998; Park et al. 2008),
and spine formation (Vickers et al. 2006). Cr treatment
up-regulates PSD-95 and spine density in neuron cultures (Li
et al. 2004).Members of the early growth response (Egr) factor fam-
ily of proteins have also been associated with cognition and with
NF-κB signaling. Egr1 (a.k.a. Krox24, Zif268), also a transcription
factor, has been implicated in synaptic plasticity and cognition
(Worley et al. 1993; Poirier et al. 2008). Hippocampal-dependent
memory has been shown to require NF-κB-dependent Egr1 expres-
sion (Zalcman et al. 2015). In vitro, hippocampal LTP results in an
NF-κB-dependent up-regulation of another transcriptional mem-
ber of the Egr family, Egr2 (a.k.a. Krox20) (Nafez et al. 2015), a neu-
ronal gene target of NF-κB (45). Behavioral studies, however, report
a gain of function in Egr2-conditional knockout (KO) mice lacking
forebrain expression, including enhancedmotor skill learning and
long-term object recognition memory (Poirier et al. 2007).
Whether thesememory-relatedNF-κBmediated proteins are affect-
ed with dietary Cr has not been examined.

To expand our current understanding of the effects of dietary
Cr supplementation on cognitive function and putative mecha-
nisms of Cr-induced enhancements, we investigated hippocam-
pal-dependent effects of oral Cr in male C57BL/6 mice,
including: (1) Cr levels; (2) spatial learning and memory in the
Morris water maze (MWM), a hippocampal-dependent task; (3)
levels of synaptic and plasticity proteins that are known activators

and/or downstream targets of NF-κB (e.g., CaMKII, PSD-95, Egr2)
and other transcriptional factors implicated in learning and
memory (e.g., CREB, Egr1); (4) IκB protein expression; (5) oxygen
consumption rates (OCR) in freshly isolated mitochondria; and
(6) levels of proteins involved in mitochondrial dynamics and
function, including a subunit of OXPHOS Complex I and the mi-
tochondrial fission protein Drp1.

Materials and Methods

Animals, diet formulation, and experimental design
All experiments were carried out in C57BL/6 male mice that were
randomly assigned to either control (n = 8) or Cr-supplemented
(n = 10) groups. Dietary intervention began at 7mo of age and con-
tinued for 8 wk prior to MWM training. Mice were maintained on
their respective diets right up to the experimental endpoint (e.g.,
behavioral, functional mitochondrial, or molecular experiments).
Due to logistics, molecular experiments and mitochondrial ex-
periments were carried out 4 and 6 d after MWM training, respec-
tively. Cr monohydrate (3%, w/w, Alfa Aesar) was added to the
semisynthetic nutritionally complete diet (see Table 1). Mice
were allowed food andwater ad libitum. Food intake wasmeasured
twice/week by subtracting food remaining from food provided (g).
Body weights were measured weekly. At the beginning of week 8,
all mice underwentMWMtesting. Formitochondrial experiments,
mice were sacrificed by inhalation of isoflurane, brains extracted,
hippocampi removed, and mitochondria isolated. For Western
blotting experiments, mice were sacrificed under anesthetic (intra-
peritoneal injection of ketamine at 62.5mg/kg and xylazine at 12.5
mg/kg), followed by decapitation and tissue extraction. All experi-
ments reported herein were conducted at St. Boniface Hospital
Albrechtsen Research Centre, where mice were single-housed in
standard cages at the animal holding facility. Mice were exposed
to a 12-h light/12-h dark schedule in a room maintained at 22°C
and 40% humidity. All experiments were approved by the
University of Manitoba Animal Care and Use Committee, which con-
forms to the Canadian Council for Animal Care’s Guide to the Care
and Use of Experimental Animals.

Morris water maze
Hippocampal-dependent spatial learning and memory were as-
sayed using the MWM, as previously described (Snow et al.
2015). A circular pool (100-cm diameter) was filled with tap water
(24°C–25°C) to which nontoxic white paint was added for opacity.
Visual cues were placed at equal distances above thewater level sur-
rounding the maze. Nonmaze cues were obscured with curtains.
The escape platform (10 cm) was submerged ∼5mm below the wa-
ter level in the target quadrant. The acquisition (e.g., learning)
phase occurred over 5 d, with three trials/day. Mice were given
90 sec to locate the platform and trained to stay on the platform

Table 1. Experimental diets

Ingredient (g/kg)a Control Cr

Casein 211.0 211.0
Starch 283.5 283.5
Glucose (dextrose) 200.0 193.0
Canola oil 165.0 165.0
Nonnutritive cellulose 50.0 50.0
Vitamin mix 10.0 10.0
Mineral mix 50.0 50.0
Inositol 2.5 2.5
L-Cysteine 2.5 2.5
Choline chloride 2.5 2.5
Creatine monohydrateb 0 30.0
tert-butylhydroquinone 0.015 0.015

aFrom Dyets Inc.
bFrom Alfa Aesar.

Creatine boosts hippocampal memory, mitochondrial function, and plasticity-related protein levels

www.learnmem.org 55 Learning & Memory



for 10 sec before being returned to their home cage, where a heat-
ing lampwas temporarily provided. Parameters assessed during the
spatial learning phase included escape latency (time to reach the
platform) and swim speed.

The frequency of use of various search strategies in the MWM
changes across training days, with an increase in the use of spatial
versus nonspatial, random search strategies that is thought to be as-
sociated with formation of a spatial map (Janus 2004; Brody and
Holtzman 2006; Oikawa et al. 2012). To more fully characterize
the effect of oral Cr on spatial learning and memory, χ2 analyses
were conducted on the percentage of use of various search strate-
gies as a function of training and diet. In brief, the path traces
were assigned as one of nine strategies under three broader catego-
ries (Brody andHoltzman 2006): (1) Repetitive Looping: consisting
of (a) Peripheral Looping: swimming along the outer edge of the
pool adjacent to the pool wall; (b) Chaining: swimming around
the pool at a somewhat fixed distance more interior from the
pool wall; (c) Circling: swimming in tight circular patterns; (2)
Nonspatial Systemic: consisting of (a) Scanning: swimming within
the interior portion of the pool with no obvious spatial focus; (b)
Random: swimming the entire pool with no obvious spatial focus;
and (c) focal incorrect: swimming within a defined but incorrect
quadrant; and (3) Spatial: consisting of (a) Spatial Direct: swim-
ming directly to the platform; (b) Spatial Indirect: swimming to
the platformwith nomore than one loop; and (c) Focal Correct: di-
rect swim to and search of the correct quadrant. In cases where
more than one search strategy was used in any given trial, classifi-
cation was based on the predominant strategy used for the dura-
tion of the trial.

Memory retention was measured by a probe trial on the last
(sixth) day, in which case the platform was removed, and mice
were given 90 sec to search for the missing platform. The time
spent in the target quadrant as well as the number of passes into
the target quadrant and over the platform area were calculated as
indices of memory retention. Videos were captured using a digital
camera, and tracking software (Videomex, Columbus Instruments)
was used to collect behavioral data.

Protein extraction
After MWM training, hippocampal tissue was dissected out, snap-
frozen in liquid nitrogen, and stored at −80°C prior to Western
blotting and prepared as previously described (Snow et al.
2015). In brief, homogenates were prepared from frozen tissue
in ice-cold RIPA buffer (150 mM sodium chloride, 1.0% Triton
X-100, 0.5% sodium deoxycholate, 0.1% sodium dodecyl sul-
phate (SDS), and 50 mM Tris, pH 8.0) with 1% protease inhibitor
cocktail (Amresco), and 1% phosphatase inhibitor cocktail
(Sigma-Aldrich) and exposed to constant agitation for 60 min at
4°C. Tissue lysates were centrifuged (10,000 rpm for 10 min at
4°C) and supernatants collected. Protein concentrations were cal-
culated using the DC Protein Assay (Bio-Rad) as per manufacturer
instructions. Samples were then diluted to equal concentrations
in RIPA buffer.

Creatine assay
Hippocampal Cr levels were measured in homogenates (10 µL of
homogenate diluted to 4 mg/mL of protein) using the Creatine
Colorimetric Assay Kit (BioVision Inc.) as per manufacturer’s
instructions.

Western blotting
A 4× Laemmli buffer (16% SDS, 40% glycerol, 20% β-mercapto-
ethanol, 0.01% bromophenol blue, and 0.25 M Tris, pH 6.8) was
added to hippocampal homogenates, followed by denaturing at
50°C for 8 min. Equivalent amounts of protein (10–20 µg) from
each sample were loaded and subjected to SDS-PAGE at 200 V for
45 min in polyacrylamide gels (Bio-Rad). Proteins were transferred
to nitrocellulose membranes (Bio-Rad) with the Trans-Blot Turbo
Transfer System (Bio-Rad) or wet transfer for detection of heat-
sensitive OXPHOS protein Complex I subunit. Total protein was

detected by reversible Ponceau S staining or by TGX Stain-Free
gels (Bio-Rad) before primary antibody incubation. Membranes
were blocked for 1 h (room temperature; RT) in 1× Tris-buffered sa-
line with 0.1% Tween-20 (TBS-T) with 5% skim milk, with the ex-
ception of membranes detecting phosphoCREB (pCREB), where
nonspecific binding was reduced with 5% bovine serum albumin
in place of milk. Membranes were incubated with primary anti-
bodies in TBS-T with 5% skim milk at 4°C overnight, washed
with 1× TBS-T, and incubated with either peroxidase-conjugated
AffiniPure goat anti-rabbit or goat anti-mouse IgG (H+L) antibody
(1:5,000 dilution, Jackson ImmunoResearch Laboratories) for 1.5 h
at 4°C. Antibody binding was estimated with enhanced chemilu-
minescence (ECL) using Bio-Rad Clarity Western ECL Blotting
Substrate (Bio-Rad) and imaged with the ChemiDoc MP
(Bio-Rad). Band intensities were quantified with ImageLab soft-
ware. Densitometry values were normalized to total protein loaded
per lane. All primary antibodies were used at a dilution of 1:1,000
unless otherwise stated. The following primary antibodies were
used: rabbit polyclonal anti-Egr1 (cat. no. sc-189, Santa Cruz;
1:200 dilution), rabbit monoclonal anti-IκBα (cat. no. ab32518,
Abcam), rabbit polyclonal anti-CaMKII (cat. no. M-176, Santa
Cruz; 1:2,000 dilution), rabbit monoclonal anti-Egr2 (a.k.a.
Krox20) (abcam108399, Abcam; 1:7,500 dilution), rabbit mono-
clonal anti-PSD-95 (cat. no. ab76115, Abcam; 1:2,000 dilution),
mouse monoclonal anti-Drp1 (cat. no. ab156951, Abcam), rabbit
polyclonal anti-actin (cat. no. A5060, Sigma-Aldrich), total
OXPHOS rodent WB antibody cocktail for Complex I detection
(against NDUFB8 subunit; cat. no. ab110413, Abcam), mouse
monoclonal anti-porin (cat. no. ab14734; Abcam), and rabbit
monoclonal anti-pCREB (detects CREB phosphorylated at Serine
133; cat. no. ab32096, Abcam). In addition, membranes probed
for pCREB were stripped and reprobed with the rabbit monoclonal
anti-CREB primary antibody (cat. no. ab32515, Abcam).

Mitochondrial oxygen consumption rates from freshly

isolated hippocampi
Mitochondria were freshly isolated from the hippocampus in a
subset of animals after MWM training using a differential centrifu-
gationmethod (Frezza et al. 2007). Briefly, hippocampal tissue was
dissected out and rinsed in ice-cold mitochondrial isolation buffer
(70 mM sucrose, 210 mM mannitol, 5 mM HEPES, 1 mM EGTA,
and 0.5% (w/v) fatty acid free bovine serum albumin (BSA), pH
7.2), followed by manual homogenization. The homogenate was
centrifuged (800g for 10 min, 4°C). After removal of the pellet,
the supernatant was spun again (twice at 800g for 10 min at 4°C,
once at 8000g for 15min at 4°C). The pellet was resuspended inmi-
tochondrial isolation buffer and spun (8000g for 15 min at 4°C).
The final pellet was resuspended in phosphate-buffered saline
and protein concentrations determined using the DC Protein
Assay (Bio-Rad) as per manufacturer instructions.

Complex-I-dependent mitochondrial respiration was evalu-
ated by measuring OCR in real time using the Seahorse XF
Analyzer (Agilent Technologies). Isolated mitochondrial protein
(10 µg/well) was diluted in mitochondrial assay solution contain-
ing 70 mM sucrose, 220 mM mannitol, 10 mM KH2PO4, 5 mM
MgCl2, 2 mM HEPES, 1 mM EGTA, and 0.2% BSA and plated
onto the Seahorse plate (final volume of 450 µL). Basal respiration
was measured in the presence of pyruvate (10 mM) and malate (2
mM). Coupled respiration was measured after the addition of
adenosine-diphosphate (ADP; 4 mM) as a substrate for ATP syn-
thase and calculated after subtracting basal respiration rates.
Oligomycin (2 µM) was then added to terminate coupled respira-
tion through inhibition of ATP synthase. The protonophore car-
bonyl cyanide p-triflouromethoxy-phenylhydrazone (FCCP) was
added (2 µM) to stimulate uncoupled respiration and allow for
the measurement of maximal respiration. Finally, rotenone
(Complex I inhibitor) and antimycin (Complex III inhibitor)
were added (2 µM each) to block mitochondrial respiration.
OCR data were calculated with subtraction of nonmitochondrial
respiration rates (after the addition of rotenone and antimycin).
In addition to basal, coupled, and maximal respiration, coupling
efficiency was calculated by dividing OCR after the addition of
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ADP by basal OCR. The maximal respiratory control ratio (RCR)
was calculated by dividing OCR after the addition of FCCP by
OCR after the addition of oligomycin. Coupled RCR was calculat-
ed by dividing OCR after the addition of ADP by OCR after the
addition of oligomycin.

Statistical analysis
To account for variation in food intake as a function of body
weight, food intake data (measured twice per week) were analyzed
by averaging the grams of food eaten per week as grams per day.
This value was then divided by the animal’s body weight at the
start of the week to yield a value of mean grams per day per gram
of body weight. Body weight data were available for 7 wk of the
8-wk treatment. Therefore, food intake was analyzed using a 2
(diet) × 7 (week) mixed model two-way ANOVA, with repeated
measures on the last factor. MWM acquisition data were analyzed
using 2 (diet) × 5 (day) ANOVAs, with day as a repeated measure.
Post hoc comparisons were conducted using Fisher’s least signifi-
cant difference (LSD) tests. Spatial strategy use data were analyzed
by χ2 tests. Data obtained in the 1-d retention phase, mitochondri-
al data, and Western blot data were analyzed by Student’s t-test or
Mann–Whitney U (MWU), where appropriate. Pearson correla-
tions coefficients were computed between hippocampal Cr levels
and densitometry values from western blots and memory parame-
ters from the probe trial in the MWM. Significance was set at P <
0.05, and analyses were two-tailed. Data were analyzed using
SPSS V20 (IBM Corp.).

Results

Food intake and weight gain
To confirm that food intake was not affected by supplementation
with Cr, as caloric restriction has been associated with improved
learning and memory in mice (Martin et al. 2007), food intake
data (mean g/day/g body weight) were analyzed across weeks and
between groups. ANOVA revealed a significant main effect of
week (F(6,96) = 24.26, P < 0.001), with no influence of Cr consump-
tion, as no main effect of diet (F(1,16) = 0.18, P = 0.7) or diet × week
interaction (F(6,96) = 0.32, P = 0.9) was detected. Irrespective of diet,
mice ate significantlymore duringWeek 1 as compared to all other
weeks (P < 0.001 forWeeks 3, 4, 5, 6, and 7; P < 0.01 forWeek 8; no
data for Week 2). There was a small but significant decline in food

intake between Weeks 3 and 4 (P < 0.05), after which time intake
remained fairly stable (Fig. 1). In addition to food intake, weight
gain over the 8-wk treatment was similar between groups (control:
6.64 ± 0.82; Cr: 6.5 ± 0.88; P = 0.9).

MWM acquisition phase—spatial learning
Although four trials/day is typical of most training regimes using
the MWM (Vorhees and Williams 2006), reduced trial number
can increase the cognitive demand of the task as well as the acqui-
sition period needed to demonstrate plateaus in performance
(Mandel et al. 1989; Hebda-Bauer et al. 2005, 2007), thereby yield-
ing measurably greater differences in learning acquisition with ex-
perimental manipulations (Mandel et al. 1989). In efforts to avoid
possible ceiling effects that may impair the ability to detect en-
hancements with Cr supplementation, a training regime of three
trials/day was chosen for the present study.

Mixedmodel two-way ANOVA of escape latencies (time to lo-
cate the platform) revealed a significantmain effect of day (F(4,64) =
16.75, P < 0.001) and diet (F(1,16) = 5.42, P < 0.05), with no interac-
tion effect between the two factors (F(4,64) = 0.37, P = 0.8). Simple
main effects analysis of day revealed that irrespective of diet, escape
latencies significantly decreased from Day 1 to Day 2 (P < 0.001),
Day 3 (P < 0.001), Day 4 (P < 0.001), and Day 5 (P < 0.001).
Latencies did not significantly decrease from Day 2 to 3 (P = 0.15)
or from Day 3 to Day 4 (P = 0.8) but were significantly decreased
from Day 4 to 5 (P = 0.03). By the end of the acquisition phase, la-
tencies were significantly lower relative to all other training days
(versus Day 5: Day 1: P < 0.001; Day 2: P = 0.002; Day 3: P = 0.04;
Day 4: P = 0.03). Simple main effects analysis of diet found that
across training days, oral Cr decreased the time to locate the plat-
form (P < 0.05; Fig. 2A). To ensure mice started the testing session
at similar levels, the effect of Diet was analyzed on the first two tri-
als onDay 1. As data failed tests of normality, nonparametricMWU
tests were performed. No significant differences were found on
Trial 1 (P = 0.4) or Trial 2 (P = 0.4), confirming that mice did not ex-
hibit prior differences that could confound interpretation of per-
formance in the MWM as it relates to learning and memory
retention (Fig. 2A).

To rule out any potential influence of Cr supplementation, a
well-known muscle enhancer (Archer 2004), on improvements in
motor function as a confounding factor in interpreting escape la-
tency data, swim speeds were analyzed. Mixed model two-way
ANOVA (2 diet × 5 Day; day as a repeated measure) of swim speed
data detected differences across days (F(4,64) = 4.98, P = 0.001),
with no main effect of diet (F(1,16) = 0.28, P = 0.6) or interaction ef-
fect (F(4,64) = 1.24, P = 0.3), indicating that although swim speed
changed across training days, diet did not influence this effect.
Irrespective of diet, swim speed decreased significantly from Day
1 to Day 2 (P < 0.01), Day 3 (P < 0.05), Day 4 (P = 0.001), and Day
5 (P = 0.02; Fig. 2B).

MWM acquisition phase—search strategy analysis
χ2 analyses of the frequency of use of various search strategies re-
vealed significant differences across training days for each group
(Cr χ2 = 30.97, P < 0.001; Control χ2 = 25.75, P < 0.001; Fig. 2C,D).
Overall, in both groups, the reliance on nonspatial strategies de-
creased, whereas spatial strategies usage increased during training.
In Cr-fed mice, the use of spatial strategies peaked on Day 3 (30%);
in control-fed mice, comparable levels (33.3%) were not reached
until Day 5, suggestive of advanced reliance on spatial strategies
in Cr-fed mice. χ2 analysis comparing the frequency of strategy
use between groups collapsing the first three training days, by
which time peak spatial strategy use was achieved in Cr-fed mice,
fell just short of significance (P = 0.057).
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Figure 1. Food intake as a function of diet. Plot depicting food intake in
adult (7-mo-old) control mice and mice supplemented with Cr. Food
intake (g) was measured twice/week over the 8–9-wk dietary intervention,
averaged across the week, and expressed as g/day (mean ± SEM depicted).
The g/day value was divided by the animal’s body weight to account for
variations in food intake based on body weight. Data were analyzed by
two-way ANOVA, followed by Fisher’s LSD post hoc comparisons for the
7 wk for which intake data were available (no data for week 2). Control:
n = 8; Cr: n = 10; (*) P < 0.05; (**) P < 0.01; (***) P < 0.001.
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MWM probe phase—spatial memory retention
Time in target quadrant during the probe trial, considered a partic-
ularly sensitive indicator of memory in this behavioral paradigm
(Crawley 2000), was significantly increased in Cr-fed mice when
compared with control-fed mice (P = 0.04). Further examination
of the data revealed onemouse in the Cr-fed group that performed
poorly on all retention parameters relative to groupmeans andmet
the criterion of an outlier (±2.5 SD from the mean). Reanalysis of
probe data after removal of the outlier revealed a significant in-
crease in the time spent in the target quadrant (P = 0.008) with
oral Cr, with only Cr-fed mice surpassing chance levels (Fig. 2E).
The number of passes into the target quadrant was not signifi-

cantly different as a function of diet (P = 0.6; Fig. 2F), although
mice on the Cr diet did exhibit significantly more passes specifi-
cally over the platform area (P = 0.03) relative to those on the con-
trol diet (Fig. 2G).

Hippocampal Cr levels
Cr concentration was measured in hippocampal homogenates
after MWM training in a subset of animals. Although absolute
values indicate an 8.7% increase in hippocampal Cr concentra-
tion with dietary Cr, this increase was nonsignificant (P = 0.19;
Fig. 3).
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Hippocampal mitochondrial function
Mitochondrial function wasmeasured in the hippocampi in a sub-
set of animals afterMWM training. All OCR data were corrected for
nonmitochondrial respiration rates (after rotenone and antimy-
cin). At baseline, OCRwere similar in wells containing isolatedmi-
tochondria from control and Cr-fed mice (P = 0.4). After
application of oligomycin, OCR associated with coupled respira-
tion were significantly increased in mitochondria isolated from
Cr-fed mice versus controls (P = 0.04). After correcting for basal
rates, OCR indicative of maximal respiration capacity (measured
after application of the uncoupler FCCP), were not significantly
different as a function of diet (P = 0.7). Coupling efficiency (cou-
pled respiration relative to basal levels) was significantly increased
with oral Cr (P = 0.01). Consistent with changes in parameters as-
sociated with coupling, coupled RCR was significantly higher in
hippocampalmitochondria isolated fromCr-fed versus control-fed
mice (P < 0.001), whereas maximal RCR was not significantly dif-
ferent as a function of diet (P = 0.5). Therefore, Cr consumption se-
lectively enhanced functional parameters associated with coupled
respiration in mitochondria isolated from the hippocampus in
trained mice (Fig. 4).

Hippocampal protein levels—Western blotting
To further investigate putative molecular mechanisms underpin-
ning the enhancedmitochondrial function and cognition with di-
etary Cr supplementation, various proteins in the hippocampus
were semi-quantified with Western blotting (expressed as percent-
age change in densitometry values from control mean of 100%
±SEM).

Transcription factors and related proteins
Several transcription factors that have been implicated in learning,
memory, and experience-dependent plasticity were evaluated after
MWM training as a function of Cr intake. Western blotting of hip-
pocampal homogenates with anti-Egr1 revealed two bands at ∼60
and 55 kDa, presumably representing different phosphorylated
forms of the protein. Mean densitometry values of either band
were not significantly different between Cr-supplemented and
control mice (∼60 kDa: P = 0.8, ∼55 kDa: P = 0.1). Levels of total
CREB were also unchanged by dietary Cr (normalized to total pro-
tein; P = 0.9), as were levels of pCREB (normalized to total CREB; P
= 0.3). In contrast, IκBα protein levels used as a measure of NF-κB
involvement, significantly reduced with oral Cr in the hippocam-

pus (P = 0.01), suggestive of enhanced NF-κB-mediated signaling
after chronic supplementation in trained mice (Fig. 5).

NF-κB-associated plasticity proteins
Oral Cr significantly up-regulated hippocampal CaMKII levels after
MWM training relative to levels in control-fed mice (P = 0. 008).
Levels of PSD-95, a downstream target of NF-κB in neurons, were
also significantly elevated with oral Cr (P = 0.004). In contrast, lev-
els of Egr2, another neuronal NF-κB target implicated in memory,
were not altered with oral Cr in hippocampal homogenates after
MWW training (p = 0.3). To rule out an increase in brain cellular
material through Cr (e.g., increased dendritic arborization, neuro-
genesis) as a possible cause for up-regulation in CaMKII and
PSD-95 levels foundwithWestern blotting, actin levels were evalu-
ated between groups as a measure of cellular material. No signifi-
cant differences (P = 0.98) were found in hippocampal actin levels
(normalized to total protein) between control and Cr-fed mice
(Fig. 6).

Mitochondrial proteins
Porin, an abundant protein of the outer mitochondrial mem-
brane, was used as a marker of mitochondrial mass (Hanson
et al. 2001). No significant differences were detected in porin
when normalized to total protein (P = 0.8; Fig. 7A,B), indicating
that Cr did not induce hippocampal mitochondrial biogenesis.
As well, no significant differences were noted for levels of the fis-
sion protein Drp1 relative to total protein (P = 0.2; Fig. 7A,C). In
contrast, levels of OXPHOS protein Complex I were significantly
increased in the hippocampus of Cr-fed mice (P = 0.04; Fig. 7D,E),
in accordance with the functional Complex-I-dependent mito-
chondrial assay.

Correlations between hippocampal Cr levels and

densitometry values and MWM probe phase
To further investigate relationships between Cr andmolecular and
functional parameters in the hippocampus, Pearson correlation co-
efficients were measured (1) between hippocampal Cr levels and
probe trial measures (as indices of spatial memory formation) in
the MWM, and (2) between hippocampal Cr levels and relative
normalized densitometry values from Western blot experiments.
Despite between-group effects on measures of spatial memory
with dietary Cr, no significant correlations were found between
hippocampal Cr levels and any of the probe trial parameters. Of
the proteins probed, only levels of CaMKII (r = 0.83; P = 0.006)
and actin (r = 0.67; P < 0.05) were significantly correlated with hip-
pocampal Cr; Fig. 8).

Discussion

The present study demonstrated significant enhancements in hip-
pocampal function and cognitionwith dietaryCr thatwere accom-
panied by alterations to the NF-κB transcription factor complex,
indicating that under physiological conditions, Cr is capable of
regulating several parameters, including brain bioenergetics, learn-
ing, memory, and the expression of plasticity-relevant proteins in
vivo. In the MWM, Cr supplementation resulted in enhanced ac-
quisition of a spatial learning task that was not explained by in-
creased swimming endurance, group differences in food intake,
or enhanced capabilities at the start of the training. Spatial memo-
ry was also significantly improved with Cr supplementation.
Importantly, the time spent in the target quadrant reached above-
chance levels only inmice on theCr diet, demonstrating a recall for
the platform location in supplemented mice only. These data
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Hippocampal Cr Levels

Figure 3. Hippocampal Cr levels after 8–9 wk of dietary intervention. Cr
levels were evaluated in hippocampal homogenates using a colorimetric
kit (BioVision Inc). Control: n = 4; Cr: n = 5; P > 0.05; Student’s t-test.
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indicate increased cognitive demand with the training regime pro-
vided, which was sufficient to impede acquisition and memory
consolidation in control mice but not Cr-fed mice.

Previous studies have reported neurobehavioral enhance-
ments with Cr in typicalmice, including improved spatial learning
and memory (Allahyar et al. 2016), object recognition memory
(Bender et al. 2008), and increased lifespan (Bender et al. 2008),
however these data were collected in females. Data regarding
whether such differences persist in male mice, however, are lack-
ing. Sex-dependent differences have been noted in regards to the
effects of Cr on other physiological parameters (Ellery et al.
2016), which prompted our investigation of the effect of oral Cr
on hippocampal function specifically in males.

Although classically considered a
key amino acid for proper muscle func-
tion, aberrations to the Cr system in the
brain have long been known to result in
learning and memory impairments (for
review, see Hanna-El-Daher and
Braissant 2016). For example, geneticmu-
tations of the SLC6A8 gene encoding the
Cr transporter are associated with intel-
lectual disability (van de Kamp et al.
2013) that is refractory to oral Cr
(Salomons et al. 2001; van de Kamp
et al. 2012). In contrast, deficiency syn-
dromes associated with genetic muta-
tions affecting Cr-synthesizing enzymes
arginine–glycine amidinotransferase and
guanidinoacetate methyltransferase also
result in the absence or severe down-
regulation of brain Cr levels and signifi-
cant cognitive deficits but are responsive
to dietary Cr supplementation (Rae
and Bröer 2015). Conversely, memory
training can alter metabolite levels in
the hippocampi of elderly subjects, in-
cluding increases in Cr and choline
levels (Valenzuela et al. 2003). Levels of
mitochondrial-localized CK are regulated
by neuronal activity (Boero et al. 2003),
reduced after traumatic brain injury, and
up-regulated with environmental enrich-
ment in both cortex and hippocampus
(Briones et al. 2013). Tissue-specific cyto-
plasmic isoforms of CK are found in mus-
cle (CK-M) and brain (CK-B) (Wallimann
et al. 1992), both high-energy tissues
with fluctuating energetic demands.
Interestingly, CK-B localization is parti-
cularly abundant in highly plastic brain
regions implicated in learning and mem-
ory, including the hippocampus and cer-
ebellum (Kaldis et al. 1996). These data
suggest a reciprocal relationship between
the brain Cr system and experience-
dependent plasticity in brain regions
important for learning and memory and
indicate cognitive dysfunction with aber-
rations to this system.

The present data, for the first time,
implicates the IκB-NF-κB signaling path-
way in the neurocognitive benefits of die-
tary Cr. Prior work has demonstrated
modulation of this pathwaywith Cr in vi-
tro in neurons (Juravleva et al. 2005),

findings that are corroborated by the present results with dietary
Cr indicating decreased protein levels of the most common inhib-
itory subunit, IκBα (Mattson and Meffert 2006), as well as eleva-
tions to both activators (e.g., CaMKII) and downstream neuronal
targets (e.g., PSD-95) of NF-κB. In hippocampal cultured neurons,
calcium-driven activation of NF-κB is dependent upon CaMKII
(Meffert et al. 2003). CaMKII-mediated activation of NF-κB could
further affect CaMKII signaling, given both upstream (Meffert
et al. 2003) and downstream (Federman et al. 2013) associations
for CaMKII with NF-κB.

Although CaMKII can also phosphorylate CREB (Sun et al.
1994), neither CREB nor Egr1, another key transcription factor im-
plicated in learning and memory (Veyrac et al. 2014), was altered.
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The level of hippocampal Egr2, a recently identified target of neu-
ronal NF-κB (Nafez et al. 2015) associated with memory (Poirier
et al. 2007), was also unchangedwith oral Cr. These data are in con-
trast to previous work implicating the CaMKII-CREB pathway in
improved memory after an acute intrahippocampal injection of
Cr (Souza et al. 2012). These disparate findings related to CREB
up-regulation with Cr between the present study and that of
Souza et al. could be due to several factors, including the method
of Cr delivery (supplementation versus intrahippocampal injec-
tion), the extent of the intervention (chronic versus acute), and
the interval between training and brain collection (days versus
minutes). Given the time delay between training and tissue extrac-
tion, we cannot rule out the possibility that alterations to CREB or
other transcription factors (e.g., Egrs) occurred prior to tissue
collection.

In mice, CaMKIIα is essential for the formation of memory at
long delays (Frankland et al. 2001). In mice with mitochondrial
DNA damage, deficits were found in mitochondrial respiration in
conjunction with down-regulation of hippocampal CaMKIIα
(Tanaka et al. 2008). Further, mutant mice exhibited impaired re-
mote spatial memory, whereas learning and recent memory were
intact (Tanaka et al. 2008). Such data highlight the importance of
preserved mitochondrial function in certain types of memory and
further suggest involvement of CaMKII in bothmemory and inmi-
tochondrial regulation. Alterations toNF-κBpathwayswith oralCr,

therefore,mayultimately influencemem-
ory and mitochondrial function through
CaMKII-dependent pathways. The strong
positive correlation between hippocam-
pal Cr and CaMKII protein levels is also
in agreement with a strong contribution
of this kinase to the neurobeneficial ef-
fects of oral Cr. Future studies with oral
Cr in which NF-κB and/or CaMKII are de-
ficient would further elucidate the molec-
ular pathways involved in Cr-mediated
cognitive benefits.

In line with the present in vivo hip-
pocampal data with oral Cr, treatment of
hippocampal neurons in vitro increased
expression of PSD-95 and stimulated mi-
tochondrial function (Li et al. 2004). As
PSD-95 is a marker of excitatory synapses
(Li et al. 2004), PSD-95 up-regulation in-
dicates a synaptogenic effect of oral Cr.
Behavioral studies demonstrate a potent
role for this synaptic protein in hippo-
campal-dependent spatial learning and
cognition (Migaud et al. 1998), as evi-
denced by impairments in PSD-95-KO
mice and up-regulation of PSD-95 after
behavioral training (Pollak et al. 2005)
and environmental enrichment (Nithia-
nantharajah et al. 2004). The current
data demonstrate potentiation of train-
ing-induced up-regulation in this well-
known synaptic marker with oral Cr
and suggest involvement of the CaM-
KII-NF-κB-PSD-95 pathway in the noted
cognitive enhancements.

Despite up-regulation of PSD-95, its
protein levels were not correlated with
hippocampal Cr levels. In contrast, sup-
plementation did not alter actin, al-
though actin densitometry values were
significantly correlated with hippocam-

pal Cr levels. This correlation is consistent with an interpretation
of increased demand for Cr in hippocampi with increased cellular
material, asmeasured by actin. This essential element of the neuro-
nal cytoskeletonhas been implicated in activity-dependent plastic-
ity, learning, and memory (Motanis and Maroun 2012). Actin
regulates the growth and retraction of dendritic spines and, there-
by synaptogenesis (Hotulainen and Hoogenraad 2010) and exists
as six isoforms in mammalian cells, with β-actin being the major
brain isoform (Cheever and Ervasti 2013). Alterations to brain
β-actin specifically have been shown to alter MWM performance
(Cheever et al. 2012). Given up-regulation of PSD-95 is indicative
of synaptogenesis, one could expect alterations to actin as well
with oral Cr, whichwere not found.We did not, however, evaluate
actin levels specifically in synaptic compartments but rather whole
hippocampal homogenates, nor did we specifically detect the ma-
jor brain isoform, β-actin, but instead used a pan-actin antibody as
a general marker of cellular material.

At the synapse, mitochondria are particularly sensitive to de-
pletions in Complex I activity, with a 25% reduction in activity re-
quired to decrease ATP production and mitochondrial respiration
rates (Davey et al. 1998). In contrast, >70% inhibition is required
to see such effects with Complex III and IV (Davey et al. 1998).
As such, a significant portion of OXPHOS in synaptic mitochon-
dria is under the control of Complex I activity. Western blot data
indicating Complex I up-regulation in the present study is in
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Figure 5. Relative levels of transcription factors and related proteins in the hippocampus of
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accordance with up-regulation of PSD-95 as an indicator of synap-
togenesis, whereby increased levels of Complex I would be expect-
ed to facilitate the activity of newly generated synapses.

After 1 week of Cr supplementation in humans, increases in
both Cr and the phosphoCr/ATP ratio were detectable in vivo in
the hippocampus using high-field magnetic resonance 31P and
1H spectroscopic imaging (Pan and Takahashi 2007). The authors
speculated that oral Cr may affect neuronal bioenergetics by in-
creasing the coupling efficiency between mitochondrial produc-
tion and cellular consumption. The results presented here of
enhanced coupling efficiency in hippocampal mitochondria of
Cr-fed mice support this hypothesis and provide evidence for the
involvement of the Cr system in mitochondrial regulation.

The present results have important implications for treatment
of disorders affected by mitochondrial dysfunction and cognitive
impairment, such as Alzheimer’s disease (AD). Published clinical
studies investigating oral Cr in AD patients are lacking, despite ev-
idence of dysfunction in the Cr system in the disease. For example,

AD patients exhibit lower levels of pCr (Pettegrew et al. 1994). In
addition, CK-B is reduced by 80% in human AD brain homoge-
nates (Aksenov et al. 1997), consistent with reports of decreased
pCr (Pettegrew et al. 1994). In neurons from CK-B-deficient mice,
the proportion of motile mitochondria was significantly increased
(Kuiper et al. 2008). In the AD brain, activity of OXPHOS complex-
es is reduced (Parker et al. 1994), including Complex I (Giachin
et al. 2016). Several studies also document alterations in NF-κB in
AD (for review, see Snow and Albensi 2016). Given these data
and the findings of early and severe hippocampal pathology
(Henneman et al. 2009) and spatial memory impairments in the
disease (Cherrier et al. 2001), the present results of enhanced hip-
pocampal function with Cr argue for a therapeutic, possibly pre-
ventative role for Cr supplementation in AD.

Studies document a therapeutic role for chronic oral Cr in oth-
er pathological states. For example, oral Cr improved locomotor
function and performance in the MWM in neonatally induced is-
chemia in both female (Allah Yar et al. 2015) and male (Iqbal et al.
2015) mice. A single oral dose of Cr reduced depressive-like symp-
toms in amousemodel of the disease in females, an effect that was
accompanied by up-regulation of hippocampal PSD-95 (Pazini
et al. 2016). In the forced swim testmodel of depression, oral Cr ex-
erted anti-depressant properties in female rats, whereas male rats
supplemented with oral Cr were more prone to depressive-like
symptoms (Allen et al. 2010), indicating sex-specific effects of die-
tary Cr under pathological states.

Although data indicate sex differences with dietary Cr in cases
of disease, whether such differences extended to cognition in
healthy animals has not been well-studied. In healthy female
mice, long-term oral Cr increased life span and improved object
recognitionmemory (Bender et al. 2008) as well as spatial memory
(Allahyar et al. 2016). The present findings of improved perfor-
mance in theMWM inmale supplementedmice, however, suggest
that neuroenhancements of dietary Cr may be sex-independent in
healthy mice.

As in humans, Cr supplementation has been shown to
up-regulate brain Cr levels in mice (Ipsiroglu et al. 2001; Choi
et al. 2009). Using high performance liquid chromatography, in-
creased brain Cr stores were detected in female mice fed a dose of
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Figure 6. Relative levels of NF-κB-associated plasticity proteins in the
hippocampus of MWM-trained mice as a function of diet. (A,B)
Representative Western blot and bar graph (percent change from
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of MWM-trained mice as a function of diet. (A) Representative Western
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2 g/kg body weight (Ipsiroglu et al. 2001). In malemice, Cr supple-
mentation for 3 wk resulted in a dose-dependent increase in brain
Cr stores measured by proton magnetic resonance spectroscopy
(Matthews et al. 1999), with 2%being the upper dosage. In the pre-
sent study, although hippocampal Cr levels were 8.7% higher in
absolute terms in supplemented mice, this did not reach statistical

significance. Given that other studies found increased levels of
brainCrwithCr supplementation inmice at lower doses and short-
er durations than used in the current study (average intake of 4.2 g/
kg/day), the lack of current significance effects may be due to de-
creased sensitivity with the method used here relative to other
techniques and/or may be due to an insufficient sample size; as
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Figure 8. Correlational analyses between Cr, memory, and protein levels. Pearson correlation coefficients between hippocampal Cr levels and (A–C)
MWM probe trial parameters and relative normalized densitometry values from western blot experiments measuring (D–H) transcription factor, (I–L)
plasticity-related, and (M–O) mitochondrial proteins in control (▪) and Cr-supplemented (▪) mice. n = 7–9, (*) P < 0.05; (**) P < 0.01.
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the mitochondrial experiments required different tissue prepara-
tion methods, Cr levels were measured in a subset of the trained
mice. Nonetheless, oral Cr had beneficial effects on several param-
eters of hippocampal function. In addition to previous supplemen-
tation studies, the strong positive correlation with CaMKII, in
which between-group effects were noted based on diet, argue for
reduced power/sensitivity as primary factors in the nonsignificant
increase in hippocampal Cr levels rather than a lack of
diet-induced augmentation of Cr stores.

AlthoughCr-induced enhanced learning andmemorywas as-
sociated with up-regulation of plasticity-related proteins and en-
hanced mitochondrial function, shown to contribute to memory
(Tanaka et al. 2008), Cr is purported to exert influences on several
physiological parameters, including redox regulation (Lawler et al.
2002), neuroprotection (Brewer and Wallimann 2000; Sullivan
et al. 2000; Peña-Altamira et al. 2005), NMDA-mediated neural
transmission (Royes et al. 2008), and the regulation of ion channel
gradients that facilitate proper neuronal firing (Rambo et al. 2012).
Therefore, dietary Cr may have altered other neurophysiological
parameters that may have contributed to the cognitive enhance-
ments noted herein. In any case, the present data add to the grow-
ing list of nonenergetic roles for Cr in the mammalian brain that
may contribute to the regulation of activity-dependent plasticity.

In conclusion, the results of this report further posit the Cr
systemas part of the physiologicalmachinery underlying neuronal
information storage, learning, and memory and indicate that one
mechanism by which it exerts such an effect is via its actions
on a key transcriptional regulator once primarily thought of in
terms of its role in inflammation, NF-κB, and associated proteins
implicated in brain plasticity. These data further highlight the im-
portance of NF-κB in cognition, including memory. Moreover,
these data contribute to our understanding of the role of mito-
chondrial function in cognition by demonstrating Cr-induced en-
hancement of cognitive capacity that is accompanied by increased
Complex-I-dependent mitochondrial respiration.
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