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Abstract

Background: Curcumin has been demonstrated to have many neuroprotective properties, including improvement of
cognition in humans and neurogenesis in animals, yet the mechanism of such effects remains unclear.

Methodology: We assessed behavioural performance and hippocampal cell proliferation in aged rats after 6- and 12-week
curcumin-fortified diets. Curcumin enhanced non-spatial and spatial memory, as well as dentate gyrate cell proliferation as
compared to control diet rats. We also investigated underlying mechanistic pathways that might link curcumin treatment to
increased cognition and neurogenesis via exon array analysis of cortical and hippocampal mRNA transcription. The results
revealed a transcriptional network interaction of genes involved in neurotransmission, neuronal development, signal
transduction, and metabolism in response to the curcumin treatment.

Conclusions: The results suggest a neurogenesis- and cognition-enhancing potential of prolonged curcumin treatment in
aged rats, which may be due to its diverse effects on genes related to growth and plasticity.
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Received October 21, 2011; Accepted January 4, 2012; Published February 16, 2012

Copyright: � 2012 Dong et al. This is an open-access article distributed under the terms of the Creative Commons Attribution License, which permits
unrestricted use, distribution, and reproduction in any medium, provided the original author and source are credited.

Funding: The authors have no support or finding to report.

Competing Interests: ESM, JX and JKT are employees of Unilever R&D, the research arm of a food company which does sell products with very small amounts
of curcumin. There are no patents, products in development or marketed products to declare. This does not alter the authors’ adherence to all the PLoS ONE
policies on sharing data and materials.

* E-mail: zzhao@brain.ecnu.edu.cn (ZZ); xhcao@brain.ecnu.edu.cn (XC)

. These authors contributed equally to this work.

Introduction

The polyphenol compound curcumin is the main component of

turmeric curcuminoids derived from tumeric spice, which exhibits

many therapeutic properties. Numerous studies have shown that

curcumin possesses not only anti-inflammation, anti-oxidative

stress, and tumor reduction properties [1], but also neuroprotec-

tion against a wide spectrum of neurodegenerative conditions in

animal models [2]. Due to its therapeutic potential, curcumin is

currently undergoing human clinical trials for treating inflamma-

tory-linked diseases and several types of cancer [1].

In recent years the focus has been shifted to neuroprotective

effects of curcumin on cognition. Epidemiologic data has shown

that regular curcumin intake may be related to better cognitive

function in healthy elderly [3], while in rat models curcumin

appears to reverse various forms of cognitive impairment

[4,5,6,7,8,9]. For example, chronic administration of curcumin

can ameliorate age-related spatial memory deficits [10]. These

effects may be due to curcumin’s activity on oxidative stress

[4,5,7], BDNF and ERK/P38 kinase signalling pathways [6],

degradation of PKCd [10] or inhibition of histone acetyltransfer-

ase [11], as well as several other activities. Curcumin also may

protect against Alzheimer’s disease (AD) pathology. Both in vitro

and in vivo studies have shown that curcumin prevents amyloid-

beta build-up, one of pathological hallmarks of AD [12,13,14].

Despite the above observations, understanding of curcumin’s

diverse neuroprotective activities is still limited, especially how

curcumin influences neuronal proliferation.

Adult neurogenesis has been suggested to be an important event

for cognitive function [15,16]. Two recent publications revealed

that curcumin enhanced neurogenesis in adult rodents. Xu et al

found that oral administration of curcumin increased the

proliferation of hippocampal progenitor cells in chronically

stressed rats [17], while Kim et al. showed that curcumin could

stimulate proliferations of hippocampal neural progenitor cells

both at embryonic stage and adult in mice [18]. These studies,

however, used relatively young animals (only several weeks old)

that have relatively high rates of neurogenesis. Furthermore,

neither study investigated behavior, which could have shed light

on the functional implications of curcumin-induced neurogenesis.

Thus, it is still not clear if neurogenesis is responsible for treatment

effects on learning and memory.
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The present study investigated the effects of short-term (6-week)

and long-term (12-week) curcumin-supplemented diet on hippo-

campal cellular proliferation and cognitive function in aged rats. A

battery of behavioral tests was used to examine the cognitive and

psychomotor benefits of such treatment. Hippocampal and

cortical transcriptional responses to dietary treatment were

assessed via exon array in order to delve further into possible

mechanisms of curcumin activity.

Results

Effects of curcumin on non-spatial and spatial memory in
aged rats

To assess the effects of curcumin on cognitive function,

behavioral performance was detected during the last two weeks

of 6-week or 12-week curcumin administration (Figure 1). The

results from the open field and rota rod tests showed that neither

6- nor 12-week curcumin treatments gave rise to any significant

differences between the two groups in locomotor activity, anxiety

and motor coordination (Figure S1 and S2).

For 6-week treatment, there was a significantly higher social

recognition index in curcumin-treated group than that in the

control group (Figure 2B). This was demonstrated by the reduced

exploration to the familiar juvenile rat (Figure 2A) during the

second session (E2, exposure 2) (p,0.01), and the unchanged

exploration time during the first session (E1, exposure 1)

(Figure 2A). Similarly, the rats from 12-week curcumin-treated

group also exhibited a significantly higher novel recognition index

than that of the control (p,0.01, Figure 2D). This was mainly due

to the lower exploration of the familiar juvenile rat in the

curcumin group during the E2 session (Figure 2C). Thus both 6-

and 12-week curcumin treatments could significantly improve the

social recognition memory of the aged rats.

To determine the effects of curcumin on spatial learning and

memory abilities, rats with curcumin treatment were tested on

Morris water maze task. Figure 2E and 2G present both the

acquisition curves (mean latencies 6 SEM to locate the hidden

platform) and the area under curve (AUC, Figure 2E and 2G inset)

for latencies. There was no significant difference in the area under

curve for latencies between the control and the rats with 6- or 12-

week curcumin treatment (p.0.05). During the probe test,no

significant difference in the amount of swimming time in the target

quadrant was observed between the control and the 6-week

curcumin-treated groups (p.0.05) (Figure 2F). By contrast, the

rats with 12-week curcumin treatment spent a significantly longer

time in the target quadrant than that of the control (p,0.05)

(Figure 2H). Taken together, these results revealed that the 12-

week treatment of curcumin could significantly improve the spatial

memory in the aged rats.

Effects of curcumin on cell proliferation in the dentate
gyrus of aged rats

Curcumin-induced hippocampal neurogenesis in the aged rats

was examined. Interestingly, BrdU immunostained cells in dentate

gyrus were mostly sub-localized in the hilus, rather than the GCL/

SGZ (Figure 3A, B, D and E). Quantitative assessment revealed no

significant difference in the number of BrdU-labeled cells between

6-week curcumin-treated rats and the control (Figure 3A–C). By

contrast, more BrdU-positive cells were observed in both GCL/

SGZ and hilus from 12-week curcumin-treated rats as compared

to that of the control (Figure 3D–F), suggesting that curcumin

treatment for 12-week, but not 6-week, could promote cell

proliferation in the dentate gyrus of aged rats.

Effects of curcumin on gene expression changes in the
cortex and hippocampus of aged rats

To further investigate the curcumin-induced changes in the

brain and their relationship to the improved cognition observed in

the aged rats, we compared the gene expression profiles in the

hippocampus and cortex of 6- and 12-week curcumin-treated rats

with their corresponding controls. The results showed that the

expression of 81 hippocampal genes and 132 cortical genes in 6-

week curcumin-treated rats (Figure 4, Table S1 and S2) were

consistently and reproducibly changed by 1.5-fold or above, while

55 genes in the hippocampus and 162 genes in the cortex in 12-

week curcumin-treated rats (Figure 4, Table S3 and S4) were

changed by 1.5-fold. The physiological function analysis of these

genes revealed multiple signal pathways in the hippocampus and

cortex responsible for curcumin stimulation in modulation of

neurotransmission and metabolic homeostasis, neuronal develop-

ment, signal transduction, transport as well as RNA transcription,

and so on (Figure 5). Some functional important genes are

summarized in Table 1. The overall gene expression profiles as

well as the expressions of individual genes for the cortex and

hippocampus were drastically distinct between 6- and 12-week

curcumin-treated animals (Table S1, S2, S3, S4). Of them, only

two genes (Table 2) showed the same up- or down-regulation in

the cortex for the two curcumin treatment periods. Interestingly,

Figure 1. Experimental design of this study. Curcumin was given to the aged rats in food for 6 (short-term) or 12 weeks (long-term). Behavioural
tests were performed on the last two weeks of curcumin administration and BrdU were injected daily for ten days on the last ten days. Rats were
killed for immunihistological and biochemical analysis at the end of curcumin treatment.
doi:10.1371/journal.pone.0031211.g001
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Figure 2. Social recognition ability and spatial reference memory were enhanced after 6- or 12-week curcumin treatment. A and C: In
the first trial (Exposure, E1) of social recognition task, the curcumin group and control group had the same preference for the juvenile rats. In the
second trial (Exposure 2, E2) of social recognition task, the time spent on exploring the novel and the familiar juvenile rats was expressed as E2(novel)

and E2(familiar), respectively. 6- or 12-week curcumin treatment exhibited the significant lower exploration for the familiar juvenile rat during the
second trial (E2). B and D: There was significance difference between curcumin and control groups in investigation index after 6- or 12-week
treatment with curcumin treatment in aged rats (P,0.01). Investigation index = E2(novel)/(E2(familiar)+E2(novel)). E and G: Effects of 6- and 12-week
curcumin treatment during Morris water maze training sessions. Latency to reach the platform and area under curve (AUC) of latencies are shown.
Data are expressed as means (6 SEM) of daily averages of 4 trials. The area under curve for latency was no significant difference between drug
treatment and control for both 6- (Figure E) and 12-week (Figure G, p.0.05). F and H: Effects of 6- and 12-week curcumin treatment during the Morris
water maze probe trial. Time spent in the target quadrants is shown. Curcumin group spent more time in the target quadrant than control group
after 12-week drug treatment. *P,0.05.
doi:10.1371/journal.pone.0031211.g002
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there were three genes that showed similar changes in expression

level (either increase or decrease) only in one treatment duration

(6- or 12-week) and one tissue type (hippocampus or cortex). In

addition, there were four other genes that changed commonly to

both tissue types (hippocampus and cortex) or both treatment

durations (6- and 12-week) but showed opposite regulation in their

expression levels (Table 2). Collectively, our data suggested that

the molecular compositions of gene expressions triggered by

curcumin might relate to the tissue types and the treatment

duration we used.

To corroborate the expression profiling data from the exon

array assay, a total of 18 genes from the hippocampus (12 genes

from 6-week treatment group and 6 from 12-week group) were

selected for quantitative real-time PCR analysis. The results

showed that the trends of the changes of all 18 genes were similar

to those observed in the microarray data (Figure 6).

Discussion

The present study demonstrates that prolonged treatment of

curcumin enhanced hippocampal neurogenesis in the aged rats.

Functional outcomes delivered by curcumin-induced newborn

cells may link to a significantly improved cognition, as character-

ized by a series of behavioural tasks. The transcriptional responses

in the cortex and hippocampus also suggest a beneficial role of

prolonged treatment of curcumin in modulating neuronal

networks that coordinate synaptic plasticity and cell growth.

Figure 3. 12-week but not 6-week curcumin treatment induced a significant increase of BrdU-positive cells in dentate gyrus. A and B:
BrdU immunhistology results from the representative slices of 6-week curcumin-treated rats and controls, respectively. C: the statistical results of 6-
week curcumin treatment on hippocampal neurogenesis. D and E: BrdU immunhistology results from the representative slices of 12-week curcumin-
treated rats and controls, respectively. F: the statistical results of 12-week curcumin treatment on hippocampal neurogenesis. The yellow arrows: the
BrdU-positive cells. In C and F, data were expressed as mean 6 SEM. *: P,0.05.
doi:10.1371/journal.pone.0031211.g003

Figure 4. Numbers of up-regulated and down-regulated genes
in the hippocampus and cortex after curcumin treatment.
Number on the bar showed the number of genes whose expressions
were up-regulated or down-regulated. 6 W: 6-week; 12 W:12-week.
doi:10.1371/journal.pone.0031211.g004

Curcumin Enhances Neurogenesis and Cognition

PLoS ONE | www.plosone.org 4 February 2012 | Volume 7 | Issue 2 | e31211



Figure 5. Functional categories of genes affected by curcumin. Percentages of genes whose expression levels are changed by curcumin were
indicated.
doi:10.1371/journal.pone.0031211.g005

Table 1. Representive genes that were differentially expressed in the hippocampus and cortex of the aged rats after curcumin
treatment.

Tissue Treatment duration Functional classification Gene Accession number Fold change

Hippocampus 6-week Neurotransmission/Synaptic function Syt9 NM_053324 1.58

Cortex Stx1a NM_053788 1.87

Cplx3 NM_001109295 1.62

Transcription Fezf2 NM_001107251 1.85

Neurod1 NM_019218 2.3

Neurod6 NM_001109237 1.86

Hippocampus 12-week Signal transduction Adcy1 NM_001107239 1.76

Kit NM_022264 0.61

Htr2c NM_012765 0.52

Metabolism Lpl NM_012598 0.51

Development Wnt2 ENSRNOT00000010427 1.90

Nnat NM_053601 0.53

Cortex Signal transduction Tiam1 ENSRNOT00000046486 1.61

Unc5d NM_001107319 1.87

Shank3 NM_021676 1.59

Htr2a NM_017254 0.33

Neurotransmission/

Synaptic function Nlgn2 NM_053992 1.76

Cip98 NM_181088 1.55

Immune response Cd74 NM_013069 7

Cell adhesion Snip NM_019378 1.64

Cell cycle Wee1 NM_001012742 0.63

Calcium signing Cav1 NM_031556 0.55

doi:10.1371/journal.pone.0031211.t001
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Curcumin improved non-spatial and spatial memory in
the aged rats

Performance of the rats in behavioural tasks showed that

curcumin did not influence the locomotor activity, induce anxiety

or improve physical strength in aged rats (Supplementary data).

To study cognitive behaviour, we used the social recognition test

and Morris water maze test. The social recognition test is a non-

spatial learning behavioural paradigm, which primarily employs

the olfactory cortex. The discrimination between familiar and

novel stimuli is used as an index of learning and memory [19].

Curcumin improved the recognition index after both 6- and 12-

week treatment (Figure 2A–D). The results indicated that

prolonged curcumin treatment improved the non-spatial memory

in the aged rats. Spatial memory refers to the ability of the animal

to learn the location of a hidden platform and thus requires

hippocampus-based spatial memory [20]. There was a significant

improvement in spatial memory after 12-week but not 6-week

curcumin treatment (Figure 2E–H). There are a number of

studies demonstrating that curcumin improved impaired cogni-

tive function in various disease animal models, including

chronically stressed rats [6,17], diabetic rats [8], cerebral

ischemic rats and Mongolian gerbils [21,22,23], and AD-like

rats [5]. However, the animals in these studies had artificially

induced disease conditions and were relatively young (at several

months of age). A recently published study showed the effects of

curcumin on cognitive improvement in aged healthy Wistar rats

[10]. In this study, 18-month-old rats were given 75 mg/kg

curcumin by gavage for 8 days, this treatment enhanced

polysialated neural cell adhesion molecule (NCAM PSA)

expression in the dentate gyrus and significantly improved spatial

learning ability and spatial memory [10]. Our results were

consistent with this study, but their treatment was much shorter

and the curcumin dose was much larger compared to our study.

Better spatial memory was only observed after 12-week

treatment, suggesting that prolonged curcumin consumption of

about 12 mg per day might prevent or slow down the decline of

cognitive function with aging.

Curcumin enhanced cell proliferation of dentate gyrus in
the aged rats

It has been widely believed that new neurons arise from the

proliferation of neural progenitor cells in the dentate gyrus of

hippocampus or subventrical zone in adult animals. Once

generated, the cells may undergo processes in terms of

morphological and physiological maturation [15], experience-

associated regulation [16,24,25,26] and responsiveness to certain

stimuli [27,28,29,30]. During the first three weeks of the

maturing process, the hippocampal newborn neurons may make

specific contributions to brain cognitive functions [16]. In this

study, we showed that 12-week, but not the 6-week, curcumin

treatment led to enhanced neurogenesis in both the GCL/SGZ

and hilus of the hippocampus (Figure 3), suggesting that at the

given dosage of curcumin (12 mg per day), the generation of new

neuronal cells may require an accumulated effect of the molecule

over a prolonged period. Given the relationship between the

strengthened memory function and enhanced neurogenesis, our

data also suggest that, with specific dosages and treatment

durations, curcumin-induced hippocampal cell proliferation may

have more predominant effect on spatial memory over non-

spatial memory. This is in accord with the specific functions of

the hippocampus in mediating spatial memory formation [31]. It

is supported also by a previous study, in which a correlation

between hippocampal neurogenesis and spatial memory was

observed in mice with varied genetic backgrounds [32]. It has

often been observed that newborn neurons in the adult brain are

initially allocated in the subventricular zone (SVZ) of the lateral

ventricle and subgranular zone (SGZ) of the dentate gyrus of

hippocampus. In the present study, however, the majority of

BrdU-positive cells were found in the hilus, while fewer in the

GCL/SGZ, of the dentate gyrus (Figure 3). The reason for the

observation is unknown, and more refined studies following the

growth, differentiation and migration of these cells and their

integration into the circuitry of the adult hippocampus may give

hints. Nevertheless, our results suggest a beneficial role of

prolonged treatment of curcumin in improving learning and

memory, and the underlying mechanism of this role by curcumin

may lie on the promotion of neurogenesis in the dentate gyrus,

particularily in aged animals. It has to be mentioned that the

results from the present study still cannot clarify the functional

importance of the curcumin-induced adult neurogenesis. More

investigations are needed for exploring the functional develop-

ments of the adult hippocampal newborn neurons and their

mechanistic relationship with curcumin action towards cognitive

improvement.

Table 2. Comparison of gene expression regulation in the hippocampus and cortex of the aged rats between 6- and 12-week
curcumin treatment groups.

Gene name Accession number Fold change

6-week treatment 12-week treatment

hippocampus cortex hippocampus cortex

Ttc6 ENSRNOT00000032695 1.69 1.67

Bm259 ENSRNOT00000033008 0.53 0.44

— ENSRNOT00000033720 1.69 1.80

RGD1311744 ENSRNOT00000036054 0.66 0.51

RT1-Da NM_001008847 0.50 5.54

Nts NM_001102381 1.87 0.34

Cpne7 NM_001108454 0.40 1.68

Slc38a4 NM_130748 1.75 0.55

Hydin XM_226468 0.36 0.59

doi:10.1371/journal.pone.0031211.t002
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Curcumin induced gene expression changes in cortex
and hippocampus of the aged rats

Although previous researches have demonstrated important

functions of curcumin in cognitive performance [10], possibly via

modulations of multiple signaling pathways in the brain

[5,6,7,10,11,12,21,33], there have been no systematic studies on

the gene responses to the curcumin treatment in the brain. There

have also been no studies on the functional changes of

differentially expressed genes stimulated by curcumin in the adult

neurogenesis. In this study, we simultaneously examined gene

expression changes in the hippocampus and cortex of aged rats

after 6- and 12-week curcumin treatment using the arrays

containing 27342 rat genes and ESTs. The results showed that

the overall profiles of curcumin-triggered gene expression were

Figure 6. Relative expression levels of relevant genes in the hippocampus of the aged rats. A, B: after 6-week curcumin treatment; C, D:
after 12-week curcumin treatment;. A, C: the results of real time PCR; B, D: the comparisons of the relative gene expressions compared to control rats
between the results of quantitative PCR and microarray experiments. Student t-test, *P,0.05, **P,0.01 compared to control rats.
doi:10.1371/journal.pone.0031211.g006
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distinctive. Firstly, the amount of genes that were differentially

expressed was larger in the cortex (132 and 162 genes in 6- and 12-

week treatment, respectively) than in the hippocampus (81 and 55

genes in 6- and 12-week treatment, respectively) (Figure 4).

Secondly, the numbers of up-regulated genes decreased in the

hippocampus from the 6- (42 genes) to the 12-week treatments (19

genes) while increased in the cortex from 6- (52 genes) to the 12-

week treatments (79 genes) (Figure 4). The influence of the

treatment duration on the numbers of down-regulated genes was

less in either the hippocampus or the cortex (Figure 4). Thirdly,

the individual genes that were differentially expressed and have

similar or common functions in the neuronal network as

documented were substantially varied according to treatment

duration or tissue type (Figure 5, Table S1, S2, S3, S4). Figure 5

show the changes of the representative genes (unknown genes or

genes with unknown function are not included in Figure 5).

Fourthly, very few differentially expressed genes were influenced

both by the treatment duration and tissue type (Table 1). The

results thus suggest that curcumin mediates divergent cognition-

associated neuronal network activity in a treatment duration- and

tissue-dependent manner.

One important finding of the present study, which comes with

the functional analysis of the exon array data, is that the majority

of those differentially regulated genes have biological and

physiological implications in brain development and cognition

functions (Figure 5), and some of them are particularly involved in

neurogenesis. The NeuroD1 gene, a member of the NeuroD

subfamily, is downstream of Wnt signalling pathway and is

important for the adult neurogenesis and survival of neuronal

progenitors [34]. This gene was over-expressed in the cortex of the

6-week curcumin-treated rats (Table 2). The NeuroD6 gene, the

neurogenic bHLH (basic helix-loop-helix) transcription factor, has

been previously shown to be involved in regulating neuronal

differentiation and energy metabolism [35], and in promoting

neuronal survival [36]. The cortical expression of this gene was

also found to be up-regulated in this study after 6-week curcumin

treatment (Table 2). Similarly, the cortical expression of the Fezf2

gene was increased by about two fold in the rats with 6-week

curcumin treatment as compared with the control (Table 2), and

the gene has been implicated in patterning as well as neurogenesis

[37] and in deciding the fate of subcortical projection neurons

[37,38,39]. Another group of genes altered by curcurmin, such as

Wnt2, Nnat, Tiam1 and Unc5d, have diverse roles in neuron

development. The Wnt2 gene has been shown to be involved in

dendritic arborization and growth [40,41] and also the adult

neurogenesis [42]. In this study, the expression of this gene was up-

regulated in the hippocampus of the aged rats after 12-week

curcumin treatment (Table 2). The Tiam1 gene, a Rac1-specific

guanine exchange factor, is vital to neurite outgrowth [43] and

required for dendritic spine morphogenesis [44]. The 12-week

curcumin treatment led to cortical transcriptional activation of this

gene (Table 2). These results suggest that the beneficial effects of

curcumin in improving cognition of the aged rats might be related

to enhancing the adult neurogenesis by the up-regulation of

development-associated genes in the brain.

It is interesting to note that several genes that have been shown

to participate in neurotransmission and synaptic plasticity were

altered in the aged rats after 6- or 12-week curcumin administra-

tion. For instance, the hippocampal expression of synaptotagmin

IX (Syt9), a synaptic vesicle protein, was increased in the aged rats

with 6-week curcumin treatment (Table 2). The functional

importance of Syt9 in memory and synaptic plasticity is currently

not clear. However, previous studies have demonstrated that other

synaptotagmin genes, such as Syt IV and Syt I, are highly

associated with associative and spatial memory [45,46], and long-

term potentiation [45,47]. Meanwhile, we found that expression

levels of neurotransmission-associated genes, such as Cplx3 and

Stx1a, were also up-regulated in the cortex after 6-week curcumin

treatment (Table 2). It has been reported that complexins (Cplxs)

facilitate neurotransmitter release at synapses [48], while the

syntaxin 1A (Stx1a) gene, which is considered to be essential for

synaptic vesicle exocytosis and closely related to synaptic plasticity

and consolidation of fear memory [49], was also elevated by

curcumin in cortex. There are several genes with documented

functions in synaptic transmission and memory formation that

were strikingly regulated by 12-week curcumin treatment. These

include Adcyl, Kit, and LPL in the hippocampus and Shank3,

Cip98, Snip, and Nlgn2 in the cortex (Table 2). Adenylyl cyclase I

(Adcy1), which was up-regulated in the hippocampus after the

curcumin treatment (Table 2), has been implicated in recognition

memory formation [21] and maintenance of remote contextual

fear memory [50], and a reduction of its expression level in the

hippocampus might greatly contribute to age-related defects in

spatial memory [51]. Moreover, converging evidence showed that

the administration of Htr2c/Htr2a agonists led to short-term

memory and long-term memory impairment [52]. It is interesting

to note that 12-week curcumin treatment strongly reduced the

expression levels of these two serotonin receptors in the

hippocampus (Htr2c) and cortex (Htr2a) of the aged rats,

respectively (Table 2). Collectively, these data indicate that the

curcumin-induced changes in expression of these neurotransmis-

sion-related genes in hippocampus or cortex may greatly

contribute to the improvement of cognition in the aged rats.

Alzheimer’s disease (AD) is a chronic neurodegenerative disease

that is characterized by progressive memory loss. Perhaps the most

noticeable feature of the gene profiles in the rats with 12-week

curcumin treatment is that the genes that have previously been

indicated to participate in AD neurodegenerative processes

occupied a major percentage of the total genes altered. For

example, previous studies showed that CD74, the invariant chain

of class II major histocompatibility complex, might be essential for

AD degeneration, and also interacts with amyloid precursor

protein (APP) and inhibits beta amyloid production [53].

Interestingly, we observed that expression of CD74 significantly

increased by about seven fold in the cortex of rats with 12-week

curcumin treatment (Table 2). We also noticed that tyrosine kinase

Wee1, which has been reported being a mitotic regulator and can

be altered in AD [54], was down-regulated in the cortex of the

aged rats after 12-week curcumin treatment (Table 2). Recent

studies revealed that dysregulation of cholesterol homeostasis in

AD might be due to the increased expression of Cav1 gene leading

to alterations of cholesterol distribution in the AD brain [55]. It

has also been shown that Cav1 is involved in spatial memory

formation and synaptic plasticity [56,57], and especially plays a

role in age-related working memory decline [58]. Consistent with

these notions, our data may also suggest a link of the curcumin-

induced changes in cortical Cav1 expression to the curcumin-

enhanced cognitive function.

In conclusion, the present study demonstrates that curcumin

could significantly improve the cognitive function of aged rats. The

prolonged treatment of curcumin appears to markedly promote

the adult neurogenesis in the dentate gyrus. The unique profiles of

the gene expression in both the hippocampus and the cortex

induced by 6- and 12-week curcumin treatments were also

identified. The biological and physiological function analysis

revealed that these genes are important for neuron develop-

ment/neurogenesis, neurotransmission, synaptic plasticity and

memory formation. Taking the above together, our results suggest
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that prolonged treatment of curcumin might act as a mechanistic

mediator governing the adult neurogenesis towards the enhance-

ment of learning and memory. Furthermore, there appeared a

transcriptional network interaction in the brain in response to the

curcumin treatment, which may also implicate underlying

mechanisms of cognitive preservation during aging.

Materials and Methods

Ethics statement
All animal experiments described in this study have been

conducted according to Animals Act, 2006 (China) and approved

by the Institutional Animal Care and Use Committee (IACUC

approval ID #M08022) of the East China Normal University

Animals and treatments
Aged male Sprague-Dawley (SD) rats were purchased from

Shanghai SIPPR-BK Laboratory Animal Company, and housed

on a 12/12-hr light/dark schedule (lights on at 7:00 AM) in

plexiglas cages (two rats per cage) under constant temperature and

humidity with ad libitum access to rat chow and water. The

experimental design is illustrated in Figure 1. Rats were 15-month

olds when experimental manipulations began; they were allowed

to acclimatize for 2 weeks prior to curcumin treatment. For both

short-term and long-term treatments, rats were divided into two

groups at random: curcumin and control groups. Curcumin-

treated rats received the pelleted curcumin-containing chow ad

libitum for 6 weeks (short-term) or 12 weeks (long-term) before

they were killed. Curcumin-containing chow was made by mixing

curcumin (Sanjivani Phytopharma Pvt. Ltd, India) and standard

laboratory chow mix (in powder form), forming a feed with a

curcumin concentration of 480 mg/kg. Data from previous studies

have shown that rats consume about 25 g chow/day. Thus, the

expected daily dosage of curcumin was 12 mg per rat. Control rats

received standard laboratory chow during the same period.

Open field test
Each rat was placed in the center of an opaque plexiglas cage

(45064506400 mm) equipped with the photobeam sensor rings to

monitor the locomotor activity of the rat. The rat was allowed to

explore the environment for 5 min in the opaque plexiglas cage.

Total distance and time travelled by individual at the margin of

the cage were measured using a Tru-scan DigBahv-locomotion

Activity Analysis System (Coulbourn instrument, USA).

Rota rod test
The experiment consisted of two phases: a habituation phase

and test phase. Habituation was conducted in two days. During

the habituation phase, each rat was allowed to stay on the rota rod

( a constantly accelerating rate of 1.5 RPM) for 5 min, facing away

from the experimenter. On the test day, rats were individually

placed on the rota rod just like the habituation phase. However,

each rat had only one chance to finish the task while a constant

acceleration was applied to 2 RPM. Latency of each rat to fall

from the rota rod was recorded.

Social recognition test
Rats were brought to the testing room an hour before the first

trial. And the housing partner of the rat being tested was removed

from the home cage for the duration of the trial. A juvenile rat was

introduced to the home cage of the rat being tested and the entire

session was videotaped. The length of time spent on sniffing,

climbing, grooming or closely following the juvenile was measured

during the first trial of three minutes (Exposure 1, E1), after which

the juvenile was removed from the home cage of the test rat.

After an inter-trial interval of 30 min, the second trial (Exposure 2,

E2) began. The same juvenile from the previous trial and a novel

juvenile were introduced to the home cage of the test rat for three

min. During the three min, exploration (sniffing, grooming, climbing

or closely following) of each juvenile was recorded. The recognition

index was calculated as a ratio of the amount of time a rat explored

the novel juvenile over the total amount of time the rat explored both

juveniles: Investigation index = E2(novel)/(E2(familiar)+E2(novel)).

Water maze test
The spatial memory function was measured with a hidden-

platform water maze. A circular tank 150 cm in diameter and

50 cm in height was filled to a depth of 30 cm with water

maintained at 2261uC, and made opaque by nontoxic black paint.

The surface area of the tank was divided into four equal quadrants.

An escape platform (15 cm in diameter and 29 cm high) was placed

in one of the four quadrants submerged 1 cm below the water

surface (25 cm away from the side wall). The tank was surrounded

by a black curtain, and was dimly lit. Conditions were kept constant

throughout the training and test sessions. In the training session, the

rats were gently released into the water, always facing the tank wall.

The platform was kept in the same (target) quadrant during the

entire training course of the experiment. The rats were trained to

find the hidden platform using distal cues available on the curtain

(four trials per day). Each trial had a different starting position.

Once they found the platform, the rats were permitted to remain on

it for 20 s. If the rats did not find the platform within 60 s, they were

guided to the platform and also allowed to stay on it for 20 s. Then

they were taken out, dried and placed back to the home cage.

During each trial session, the time used to reach the hidden platform

(escape latency) was recorded. Twenty four hours after the last

training day, a probe test was performed to assess memory. During

the probe test, the platform was removed from the tank, and the rats

were allowed to swim freely. The time rats spent in each quadrant

and the swim path were recorded.

BrdU labelling
Ten days before the end of the treatment period, the curcumin-

treated rats and their controls were given BrdU (10 mg/ml freshly

prepared in sterile 0.9% NaCl) at a dosage of 75 mg BrdU/kg

body weight (one i.p. administration daily for ten days).

Tissue preparation
Two hour after the final BrdU injection, the rats were deeply

anaesthetized with injected pentobarbital (50 mg/kg body weight),

and transcardially perfused with 0.9% NaCl solution followed by

4% paraformaldehyde (PFA) in 0.1 M phosphate-buffered saline

(PBS). The brains were removed and immediately fixed in 4%

PFA-PBS for 2 h, then were immersed in 20% and 30% sucrose-

PBS. Subsequently, a total of 80 coronal sections (30 mm in

thickness) from each rat were cut by freezing microtome (Leica,

Germany). The sections between the anterior landmark where the

infrapyrmidal and suprapyramidal blade of the dentate gyrus

granule cell layer have formed (about 22.30 mm from Bregama)

and the posterior landmark where the dorsal dentate gyrus

connects to its ventral part (about 24.80 mm from Bregama) were

mounted on microscope slides and stored at 280uC until use.

Immunohistology
For detection of new-born cells, BrdU immunohistology was

performed as previously described [59]. Briefly, slides were
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incubated with 3% H2O2 and were rinsed in 0.1 M PBS (pH 7.4)

with 0.1% Triton for 5 min. Antigen retrieval was done by

keeping the sections in 10 mM sodium citrate buffer (pH 6) at 92–

98uC for 20 min. After cooling for 20 min, the sections were

rinsed with PBS, and treated with blocking solution (5% goat

serum, 3% Triton, 3% BSA in 0.1 M PBS) for 1 h at room

temperature and incubated with the BrdU primary antibody

(Millipore, 1:5000 in 0.1 M PBS with 1% BSA) overnight at 4uC.

After rinsing consecutively in 0.1 M PBST, sections were

incubated with biotinylated goat anti-mouse secondary antibody

(1:150) at 37uC for 30 min. The sections were then thoroughly

washed in 0.1 M PBST, and incubated with HRP-labelled

streptavidin (1:150) for 30 min at 37uC. After washing in 0.1 M

PBST for 665 min, the sections were stained with DAB (1:20) for

1,3 min. The slides were rinsed with tap water and counter-

stained by hematoxylin. The slides were dehydrated, cleared in

xylene and mounted with vegetable glue.

BrdU+ cell counting and statistics
The immunostained slices were examined with Nikon micros-

copy. A cell was thought to be BrdU positive only when it was

stained by both hematoxylin and DAB. BrdU-positive cells on

every fifth unilateral section through the whole dentate gyrus or

subgranular zone (SGZ) were counted at 6400 magnification.

Each dentate gyrus was divided into two regions: GCL (granule

cell layer)/SGZ and hilus. The cell counting was performed by

two different individuals who were blind to the treatment

conditions, using the image tool software (Nikon NIS-Elements,

USA). The average number of BrdU-labeled cells of the GCL/

SGZ or hilus from each slice was multiplied by 80 (there were 80

slices from each rat) to estimate the total number of BrdU-positive

cells throughout the dentate gyrus per animal.

Exon array analysis
The rats (n = 6 per group) were decapitated rapidly and the

cortices and hippocampi were dissected. The left and right

hippocampus and cortices from each rat were taken apart, and

stored at 270uC before use. Half of the hippocampi and cortices

from each rat were used for RNA extraction. The hippocampi and

cortices of every three rats from one group were pooled together,

respectively. Total RNA was extracted using Trizol reagent

(Invitrogen, USA) according to the manufacturer’s instructions.

The RNAs were subsequently purified by QIGEN RNeasy Mini

kit. The quantity was determined on a RNA 6000 Nano Labchip

using 2100 bioanalyzer (Agilent technologies). Total RNA was

used for cDNA synthesis. In vitro transcription was carried out to

synthesize cRNA and sense-strand cDNA was synthesized by the

reverse transcription using AmbionH WT Expression Kit accord-

ing to the manufacturer’s instructions. Then, single-stranded

cDNAs were enzymatically fragmented and labeled using the

AffymetrixH GeneChipH WT Terminal Labeling Kit following the

manufacturer’s instructions. The labeled cDNA was hybridizated

to Affymetrix Rat Exon 1.0 ST Array using GeneChipH WT

Hybridization, Wash and Stain Kit following the manufacturer’s

instructions. The hybridization reaction was carried out in

hybridization oven 645 (Affymetrix, USA) for 16 h at 45uC at

rotation of 60 rpm. After the hybridization and washing, slides

were scanned by GeneChipH Scanner 3000 and Command

Console Software with default settings. The primary data were

generated by Expression Console Software and raw data were

normalized by RMA algorithm, Gene Spring Software (Agilent

technologies, USA). To identify differential expression genes

responding to curcumin treatment, we used fold change method

(1.5 fold as a cutoff value). Genes with expression fold changes of

$1.5 or #0.66 were thought to be significantly disturbed genes

responsive to curcumin treatment and were extracted for further

functional classification analysis. To ensure the reliability of the

data, we conducted hybridization experiments in duplicate

microarrays from each RNA sample. All data is MIAME

compliant and that the raw data has been deposited in GEO

database (GSE33137).

Real time PCR
To validate the microarray results, a series of real time quantitative

PCR assays on a group of differentially expressed genes selected from

the microarray data were performed. The rationale for choosing

these genes was mainly basing on their documented functions in

synaptic transmission, learning and memory, and neurogenesis. Total

RNA was extracted from the other half of the frozen cortex and

hippocampus from each rat using Trizol (Invitrogen, USA). These

RNA samples were used to generate cDNA using M-MLV Reverse

Transcriptase (Invitrogen, USA). The cDNA samples were used as

templates for SYBR Green qPCR using Opticon 2 (MJ research,

USA). The primer pairs (Table S5) for the genes were designed using

PrimerExpress software and synthesized by Invitrogen (Shanghai,

China). Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was

used as endogenous reference. Gene expression level was calculated

as 22DDCt values.

Statistical analysis
Differences among groups were analyzed using two-tailed t-tests

or Mann-Whitney U test with the help of the statistical software

SPSS. Data were presented as mean 6 SEM. Statistical

significance was accepted as P,0.05.

Supporting Information

Figure S1 No effects of curcumin on margin time and margin

distance in open field test in the rats with 6-week (A) or 12-week (B)

curcumin treatment. Mean 6 SEM. There were 15 rats in each

group. P..0.05.

(DOC)

Figure S2 No effects of curcumin on fall time in rota rod test in

the rats with 6-week (A) or 12-week (B) curcumin treatment. Mean

6 SEM. There are 15 rats in each group. P.0.05.

(DOC)

Table S1 Differentially expressed genes in the hippocampus of

the aged rats after 6-week curcumin treatment.

(DOC)

Table S2 Differentially expressed genes in the cortex of the aged

rats after 6-week curcumin treatment.

(DOC)

Table S3 Differentially expressed genes in the hippocampus of

the aged rats after 12-week curcumin treatment.

(DOC)

Table S4 Differentially expressed genes in the cortex of the aged

rats after 12-week curcumin treatment.

(DOC)

Table S5 Primers used in the Real-Time quantitative PCR

experiments.

(DOC)

Acknowledgments

We are grateful to Lijuan Sun, Linghong Zhang, Zitao Guo, Yubo Li, Rui

Zhang, Tao Jia and Li Zhang for their help in the experimentations.

Curcumin Enhances Neurogenesis and Cognition

PLoS ONE | www.plosone.org 10 February 2012 | Volume 7 | Issue 2 | e31211



Author Contributions

Conceived and designed the experiments: YH XC ZZ ESM JKT JX.

Performed the experiments: SD QZ YD CL. Analyzed the data: XC ZZ.

Contributed reagents/materials/analysis tools: XC ZZ. Wrote the paper:

XC ZZ YH ESM. Obtained permission for use of Laboratory animal

facility: XC.

References

1. Hatcher H, Planalp R, Cho J, Torti FM, Torti SV (2008) Curcumin: from

ancient medicine to current clinical trials. Cell Mol Life Sci 65: 1631–1652.

2. Calabrese V, Cornelius C, Mancuso C, Pennisi G, Calafato S, et al. (2008)

Cellular stress response: a novel target for chemoprevention and nutritional

neuroprotection in aging, neurodegenerative disorders and longevity. Neuro-

chem Res 33: 2444–2471.

3. Ng TP, Chiam PC, Lee T, Chua HC, Lim L, et al. (2006) Curry consumption

and cognitive function in the elderly. Am J Epidemiol 164: 898–906.

4. Kumar A, Naidu PS, Seghal N, Padi SS (2007) Effect of curcumin on

intracerebroventricular colchicine-induced cognitive impairment and oxidative

stress in rats. J Med Food 10: 486–494.

5. Ishrat T, Hoda MN, Khan MB, Yousuf S, Ahmad M, et al. (2009) Amelioration

of cognitive deficits and neurodegeneration by curcumin in rat model of sporadic

dementia of Alzheimer’s type (SDAT). Eur Neuropsychopharmacol 19:

636–647.

6. Xu Y, Lin D, Li S, Li G, Shyamala SG, et al. (2009) Curcumin reverses impaired

cognition and neuronal plasticity induced by chronic stress. Neuropharmacology

57: 463–471.

7. Reeta KH, Mehla J, Gupta YK (2009) Curcumin is protective against

phenytoin-induced cognitive impairment and oxidative stress in rats. Brain

Res 1301: 52–60.

8. Kuhad A, Chopra K (2007) Curcumin attenuates diabetic encephalopathy in

rats: behavioral and biochemical evidences. Eur J Pharmacol 576: 34–42.

9. Baum L, Lam CW, Cheung SK, Kwok T, Lui V, et al. (2008) Six-month

randomized, placebo-controlled, double-blind, pilot clinical trial of curcumin in

patients with Alzheimer disease. J Clin Psychopharmacol 28: 110–113.

10. Conboy L, Foley AG, O’Boyle NM, Lawlor M, Gallagher HC, et al. (2009)

Curcumin-induced degradation of PKC delta is associated with enhanced

dentate NCAM PSA expression and spatial learning in adult and aged Wistar

rats. Biochem Pharmacol 77: 1254–1265.

11. Kang SK, Cha SH, Jeon HG (2006) Curcumin-induced histone hypoacetylation

enhances caspase-3-dependent glioma cell death and neurogenesis of neural

progenitor cells. Stem Cells Dev 15: 165–174.

12. Zhang L, Fiala M, Cashman J, Sayre J, Espinosa A, et al. (2006) Curcuminoids

enhance amyloid-beta uptake by macrophages of Alzheimer’s disease patients.

J Alzheimers Dis 10: 1–7.

13. Garcia-Alloza M, Borrelli LA, Rozkalne A, Hyman BT, Bacskai BJ (2007)

Curcumin labels amyloid pathology in vivo, disrupts existing plaques, and

partially restores distorted neurites in an Alzheimer mouse model. J Neurochem

102: 1095–1104.

14. Ono K, Naiki H, Yamada M (2006) The development of preventives and

therapeutics for Alzheimer’s disease that inhibit the formation of beta-amyloid

fibrils (fAbeta), as well as destabilize preformed fAbeta. Curr Pharm Des 12:

4357–4375.

15. Zhao C, Deng W, Gage FH (2008) Mechanisms and Functional Implications of

Adult Neurogenesis. Cell 132: 645–660.

16. Aimone JB, Deng W, Gage FH (2010) Adult neurogenesis: integrating theories

and separating functions. Trends Cogn Sci 14: 325–337.

17. Xu Y, Ku B, Cui L, Li X, Barish PA, et al. (2007) Curcumin reverses impaired

hippocampal neurogenesis and increases serotonin receptor 1A mRNA and

brain-derived neurotrophic factor expression in chronically stressed rats. Brain

Res 1162: 9–18.

18. Kim SJ, Son TG, Park HR, Park M, Kim MS, et al. (2008) Curcumin stimulates

proliferation of embryonic neural progenitor cells and neurogenesis in the adult

hippocampus. J Biol Chem 283: 14497–14505.

19. Ennaceur A, Delacour J (1988) A new one-trial test for neurobiological studies of

memory in rats. 1: Behavioral data. Behav Brain Res 31: 47–59.

20. Broadbent NJ, Squire LR, Clark RE (2004) Spatial memory, recognition

memory, and the hippocampus. Proc Natl Acad Sci U S A 101: 14515–14520.

21. Wang Q, Sun AY, Simonyi A, Jensen MD, Shelat PB, et al. (2005)

Neuroprotective mechanisms of curcumin against cerebral ischemia-induced

neuronal apoptosis and behavioral deficits. J Neurosci Res 82: 138–148.

22. Jiang J, Wang W, Sun YJ, Hu M, Li F, et al. (2007) Neuroprotective effect of

curcumin on focal cerebral ischemic rats by preventing blood-brain barrier

damage. Eur J Pharmacol 561: 54–62.

23. Zhao J, Yu S, Zheng W, Feng G, Luo G, et al. (2010) Curcumin improves

outcomes and attenuates focal cerebral ischemic injury via antiapoptotic

mechanisms in rats. Neurochem Res 35: 374–379.

24. Leuner B, Waddell J, Gould E, Shors TJ (2006) Temporal discontiguity is

neither necessary nor sufficient for learning-induced effects on adult neurogen-

esis. J Neurosci 26: 13437–13442.

25. Leuner B, Glasper ER, Gould E (2010) Sexual experience promotes adult

neurogenesis in the hippocampus despite an initial elevation in stress hormones.

PLoS One 5: e11597.

26. Kee N, Teixeira CM, Wang AH, Frankland PW (2007) Preferential

incorporation of adult-generated granule cells into spatial memory networks in

the dentate gyrus. Nat Neurosci 10: 355–362.

27. Snyder JS, Choe JS, Clifford MA, Jeurling SI, Hurley P, et al. (2009) Adult-born

hippocampal neurons are more numerous, faster maturing, and more involved

in behavior in rats than in mice. J Neurosci 29: 14484–14495.

28. Snyder JS, Kee N, Wojtowicz JM (2001) Effects of adult neurogenesis on

synaptic plasticity in the rat dentate gyrus. J Neurophysiol 85: 2423–2431.

29. Kempermann G, Jessberger S, Steiner B, Kronenberg G (2004) Milestones of

neuronal development in the adult hippocampus. Trends Neurosci 27: 447–452.

30. Clelland CD, Choi M, Romberg C, Clemenson GD, Jr., Fragniere A, et al.

(2009) A functional role for adult hippocampal neurogenesis in spatial pattern

separation. Science 325: 210–213.

31. Squire LR (1993) The hippocampus and spatial memory. Trends Neurosci 16:

56–57.

32. Kempermann G, Gage FH (2002) Genetic determinants of adult hippocampal

neurogenesis correlate with acquisition, but not probe trial performance, in the

water maze task. Eur J Neurosci 16: 129–136.

33. Begum AN, Jones MR, Lim GP, Morihara T, Kim P, et al. (2008) Curcumin

structure-function, bioavailability, and efficacy in models of neuroinflammation

and Alzheimer’s disease. J Pharmacol Exp Ther 326: 196–208.

34. Kuwabara T, Hsieh J, Muotri A, Yeo G, Warashina M, et al. (2009) Wnt-

mediated activation of NeuroD1 and retro-elements during adult neurogenesis.

Nat Neurosci 12: 1097–1105.

35. Kathleen Baxter K, Uittenbogaard M, Yoon J, Chiaramello A (2009) The

neurogenic basic helix-loop-helix transcription factor NeuroD6 concomitantly

increases mitochondrial mass and regulates cytoskeletal organization in the early

stages of neuronal differentiation. ASN Neuro 1.

36. Uittenbogaard M, Baxter KK, Chiaramello A (2010) NeuroD6 genomic

signature bridging neuronal differentiation to survival via the molecular

chaperone network. J Neurosci Res 88: 33–54.

37. Berberoglu MA, Dong Z, Mueller T, Guo S (2009) fezf2 expression delineates

cells with proliferative potential and expressing markers of neural stem cells in

the adult zebrafish brain. Gene Expr Patterns 9: 411–422.

38. Chen B, Wang SS, Hattox AM, Rayburn H, Nelson SB, et al. (2008) The Fezf2-

Ctip2 genetic pathway regulates the fate choice of subcortical projection neurons

in the developing cerebral cortex. Proc Natl Acad Sci U S A 105: 11382–11387.

39. Rouaux C, Arlotta P (2010) Fezf2 directs the differentiation of corticofugal

neurons from striatal progenitors in vivo. Nat Neurosci 13: 1345–1347.

40. Alvania RS, Chen X, Ginty DD (2006) Calcium signals control Wnt-dependent

dendrite growth. Neuron 50: 813–815.

41. Wayman GA, Impey S, Marks D, Saneyoshi T, Grant WF, et al. (2006) Activity-

dependent dendritic arborization mediated by CaM-kinase I activation and

enhanced CREB-dependent transcription of Wnt-2. Neuron 50: 897–909.

42. Madsen TM, Newton SS, Eaton ME, Russell DS, Duman RS (2003) Chronic

electroconvulsive seizure up-regulates beta-catenin expression in rat hippocam-

pus: role in adult neurogenesis. Biol Psychiatry 54: 1006–1014.

43. Shirazi Fard S, Kele J, Vilar M, Paratcha G, Ledda F (2010) Tiam1 as a

signaling mediator of nerve growth factor-dependent neurite outgrowth. PLoS

One 5: e9647.

44. Sasaki N, Kurisu J, Kengaku M (2010) Sonic hedgehog signaling regulates actin

cytoskeleton via Tiam1-Rac1 cascade during spine formation. Mol Cell Neurosci

45: 335–344.

45. Ferguson GD, Wang H, Herschman HR, Storm DR (2004) Altered

hippocampal short-term plasticity and associative memory in synaptotagmin

IV (2/2) mice. Hippocampus 14: 964–974.

46. Liu YF, Chen HI, Wu CL, Kuo YM, Yu L, et al. (2009) Differential effects of

treadmill running and wheel running on spatial or aversive learning and

memory: roles of amygdalar brain-derived neurotrophic factor and synapto-

tagmin I. J Physiol 587: 3221–3231.

47. Dean C, Liu H, Dunning FM, Chang PY, Jackson MB, et al. (2009)

Synaptotagmin-IV modulates synaptic function and long-term potentiation by

regulating BDNF release. Nat Neurosci 12: 767–776.

48. Xue M, Stradomska A, Chen H, Brose N, Zhang W, et al. (2008) Complexins

facilitate neurotransmitter release at excitatory and inhibitory synapses in

mammalian central nervous system. Proc Natl Acad Sci U S A 105: 7875–7880.

49. Fujiwara T, Mishima T, Kofuji T, Chiba T, Tanaka K, et al. (2006) Analysis of

knock-out mice to determine the role of HPC-1/syntaxin 1A in expressing

synaptic plasticity. J Neurosci 26: 5767–5776.

50. Shan Q, Chan GC, Storm DR (2008) Type 1 adenylyl cyclase is essential for

maintenance of remote contextual fear memory. J Neurosci 28: 12864–12867.

51. Mons N, Segu L, Nogues X, Buhot MC (2004) Effects of age and spatial learning

on adenylyl cyclase mRNA expression in the mouse hippocampus. Neurobiol

Aging 25: 1095–1106.

Curcumin Enhances Neurogenesis and Cognition

PLoS ONE | www.plosone.org 11 February 2012 | Volume 7 | Issue 2 | e31211



52. Meneses A (2007) Stimulation of 5-HT1A, 5-HT1B, 5-HT2A/2C, 5-HT3 and

5-HT4 receptors or 5-HT uptake inhibition: short- and long-term memory.

Behav Brain Res 184: 81–90.

53. Matsuda S, Matsuda Y, D’Adamio L (2009) CD74 interacts with APP and

suppresses the production of Abeta. Mol Neurodegener 4: 41.

54. Pei JJ, Braak H, Gong CX, Grundke-Iqbal I, Iqbal K, et al. (2002) Up-

regulation of cell division cycle (cdc) 2 kinase in neurons with early stage

Alzheimer’s disease neurofibrillary degeneration. Acta Neuropathol 104:

369–376.

55. Gaudreault SB, Dea D, Poirier J (2004) Increased caveolin-1 expression in

Alzheimer’s disease brain. Neurobiol Aging 25: 753–759.

56. Moosmang S, Haider N, Klugbauer N, Adelsberger H, Langwieser N, et al.

(2005) Role of hippocampal Cav1.2 Ca2+ channels in NMDA receptor-
independent synaptic plasticity and spatial memory. J Neurosci 25: 9883–9892.

57. McKinney BC, Murphy GG (2006) The L-Type voltage-gated calcium channel

Cav1.3 mediates consolidation, but not extinction, of contextually conditioned
fear in mice. Learn Mem 13: 584–589.

58. Veng LM, Mesches MH, Browning MD (2003) Age-related working memory
impairment is correlated with increases in the L-type calcium channel protein

alpha1D (Cav1.3) in area CA1 of the hippocampus and both are ameliorated by

chronic nimodipine treatment. Brain Res Mol Brain Res 110: 193–202.
59. Tang T, Liu XJ, Zhang ZQ, Zhou HJ, Luo JK, et al. (2007) Cerebral

angiogenesis after collagenase-induced intracerebral hemorrhage in rats. Brain
Res 1175: 134–142.

Curcumin Enhances Neurogenesis and Cognition

PLoS ONE | www.plosone.org 12 February 2012 | Volume 7 | Issue 2 | e31211


