
The Journal of Nutrition
 

Prenatal, but not postnatal, curcumin administration rescues neuromorphological and
cognitive alterations in Ts65Dn Down syndrome mice

--Manuscript Draft--
 

Manuscript Number: JN-2020-0327R2

Full Title: Prenatal, but not postnatal, curcumin administration rescues neuromorphological and
cognitive alterations in Ts65Dn Down syndrome mice

Short Title: Prenatal and postnatal curcumin in Down syndrome

Article Type: Original Research Article

Section/Category: Ingestive Behavior and Neurosciences

Keywords: Down syndrome;  Ts65Dn mice;  curcumin;  neurogenesis;  cognition

Corresponding Author: Carmen Martínez-Cué, Ph.D.
Universidad de Cantabria Facultad de Medicina
Santander, SPAIN

Corresponding Author's Institution: Universidad de Cantabria Facultad de Medicina

First Author: Noemí Rueda

Order of Authors: Noemí Rueda

Verónica Vidal

Susana García-Cerro

Alba Puente

Victor Campa

Sara Lantigua

Oriol Narcís

Renata Bartesaghi

Carmen Martínez-Cué, Ph.D.

Abstract: Background:  The cognitive dysfunction in Down syndrome (DS) is partially caused by
deficient neurogenesis during fetal stages. Curcumin enhances neurogenesis and
learning and memory.
Objectives:  We aimed to test the ability of curcumin to rescue the neuromorphological
and cognitive alterations of the Ts65Dn (TS) mouse model of DS when administered
prenatally or during early post-natal stages, and to evaluate whether these effects were
maintained several weeks after the treatment.
Methods:  To evaluate the effects of prenatal curcumin administration, 65 pregnant TS
females were subcutaneously treated with curcumin (300 mg/kg) or vehicle from ED
(Embryonic Day) 10 to PD (Post-natal Day) 2. All the analyses were performed on their
TS and Control (CO) male and female progeny. At PD2, the changes in neurogenesis,
cellularity, and brain weight were analyzed in 30 TS and CO pups. The long-term
effects of prenatal curcumin were evaluated in another cohort of 44 TS and CO mice
between PD30 and PD45. The neuromorphological effects of early postnatal
administration of curcumin were assessed on PD15 in 30 male and female TS and CO
pups treated with curcumin (300 mg/kg) or vehicle from PD2 to PD15. The long-term
neuromorphological and cognitive effects were assessed from PD60 to PD90 in 45
mice. Data was compared by ANOVAs.
Results:  Prenatal administration of curcumin increased the brain weight (+45%,  P
<0.001), the density of BrdU (Bromodeoxyuridine)- (+150%,  P  <0.001) and DAPI
(4′,6-diamidino-2-phenylindole)- (+38%,  P  =0.005) positive cells, and produced a
long-term improvement of cognition in TS (+35%,  P  =0.007) mice with respect to
vehicle-treated mice. Post-natal administration of curcumin did not rescue any of the
short- or long-term altered phenotypes of TS mice.
Conclusion:  The beneficial effects of prenatal curcumin administration to TS mice
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suggest that it could be a therapeutic strategy to treat DS cognitive disabilities.
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 ABSTRACT 1 

Background: The cognitive dysfunction in Down syndrome (DS) is partially caused by 2 

deficient neurogenesis during fetal stages. Curcumin enhances neurogenesis and 3 

learning and memory. 4 

Objectives: We aimed to test the ability of curcumin to rescue the neuromorphological 5 

and cognitive alterations of the Ts65Dn (TS) mouse model of DS when administered 6 

prenatally or during early post-natal stages, and to evaluate whether these effects were 7 

maintained several weeks after the treatment. 8 

Methods: To evaluate the effects of prenatal curcumin administration, 65 pregnant TS 9 

females were subcutaneously treated with curcumin (300 mg/kg) or vehicle from ED 10 

(Embryonic Day) 10 to PD (Post-natal Day) 2. All the analyses were performed on their 11 

TS and Control (CO) male and female progeny. At PD2, the changes in neurogenesis, 12 

cellularity, and brain weight were analyzed in 30 TS and CO pups. The long-term 13 

effects of prenatal curcumin were evaluated in another cohort of 44 TS and CO mice 14 

between PD30 and PD45. The neuromorphological effects of early postnatal 15 

administration of curcumin were assessed on PD15 in 30 male and female TS and CO 16 

pups treated with curcumin (300 mg/kg) or vehicle from PD2 to PD15. The long-term 17 

neuromorphological and cognitive effects were assessed from PD60 to PD90 in 45 18 

mice. Data was compared by ANOVAs. 19 

Results: Prenatal administration of curcumin increased the brain weight (+45%, 20 

P<0.001), the density of BrdU (Bromodeoxyuridine)- (+150%, P<0.001) and DAPI (4′,6-21 

diamidino-2-phenylindole)- (+38%, P=0.005) positive cells, and produced a long-term 22 

improvement of cognition in TS (+35%, P=0.007) mice with respect to vehicle-treated 23 

mice. Post-natal administration of curcumin did not rescue any of the short- or long-24 

term altered phenotypes of TS mice. 25 
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Conclusion: The beneficial effects of prenatal curcumin administration to TS mice 26 

suggest that it could be a therapeutic strategy to treat DS cognitive disabilities. 27 

Keywords: Down syndrome; Ts65Dn mice; curcumin; neurogenesis; cognition 28 

29 
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INTRODUCTION 30 

Curcumin (diferuloylmethane), a polyphenolic compound commonly used as a coloring 31 

agent and as a food additive, is obtained from turmeric, the dried rhizome of the plant 32 

Curcuma Longa. Preclinical studies have demonstrated its therapeutic potential in 33 

different inflammatory, cardiovascular, neurological, and neurodegenerative diseases 34 

due to its anti-inflammatory, anti-oxidant, and immunomodulatory effects (1-6). 35 

Curcumin also stimulates cellular proliferation and neurogenesis in the hippocampi of 36 

rodents (1, 7-9), and neural differentiation in rats with cerebral ischemia (10, 11) and in 37 

murine models of Alzheimer's disease (AD) (1, 9, 12, 13). Additionally, curcumin 38 

improves hippocampal LTP (Long-Term Potentiation) (14), synaptic transmission in 39 

mice (14, 15), improves learning and memory in humans and rodents (9, 15-19), 40 

reduces the formation of β-amyloid plaques, inhibits tau phosphorylation, and prevents 41 

AD-associated cognitive decline (4, 19, 20).  42 

Down syndrome (DS), the most common genetic cause of intellectual disability, affects 43 

approximately 1 of every 800 newborns, and is caused by the total or partial triplication 44 

of chromosome 21 (21). The most widely accepted model of DS is the Ts65Dn (TS) 45 

mouse that carries a partial mutation of 92 chromosome 21 orthologous genes (22). 46 

This mouse presents many DS altered phenotypes (23, 24). As in DS, the brain volume 47 

of the TS mouse is smaller during embryonic periods (25, 26), and some encephalic 48 

structures such as the hippocampus or the cerebellum present a reduced volume in 49 

adult TS mice (27-30).   50 

This reduced volume is associated with a smaller cellular density in different brain 51 

areas such as the hippocampal granular cell layer (GCL) (26, 31-33). In TS mice, this 52 

hypocellularity is caused by alterations in pre- and post-natal neurogenesis in the 53 

hippocampal Dentate Gyrus (DG) and in the subventricular zone (SVZ) (26, 28-31, 33-54 

39), which is partially responsible for the cognitive deficits in these mice (23, 40). 55 
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Altered synaptic connectivity in TS brains also contributes to their cognitive deficits. TS 56 

mice present a reduced synaptic density in the neocortex and in CA1 in early post-natal 57 

(26) and adult stages (41), as well as functional and neuromorphological alterations in 58 

synapses, dendrites, and spines (42-48).  59 

There is no effective treatment for the cognitive deficits found in DS. Various 60 

pharmacotherapies have been proven to reduce neuromorphological alterations and 61 

enhance cognition in TS mice (29, 30, 35, 37, 49-56), but many of them either cannot 62 

be administered to humans due to their adverse effects, or have not been proven to be 63 

effective in different clinical trials (57). Besides, all of them have been tested in adults 64 

with DS. Since the neuromorphological alterations that lead to the cognitive deficits in 65 

this population appear at pre-natal stages (38, 58, 59), and prenatal diagnosis of DS 66 

can be performed from the tenth week of gestation (21), efforts should be made to find 67 

compounds that can palliate these alterations and that can be safely administered 68 

during these stages. 69 

Because curcumin is a natural compound that is usually taken in the diet and has no 70 

adverse effects in humans (60), in this study we evaluated its effects on some of the 71 

neuromorphological alterations responsible for the cognitive deficits in TS mice. 72 

Curcumin crosses the placental and the blood brain barrier and also reaches the pups 73 

through lactation (60-64). Thus, we administered curcumin to pregnant TS females and 74 

to newborn pups and evaluated its immediate effects on neurogenesis and 75 

synaptogenesis, and assessed whether the neuromorphological and cognitive 76 

alterations in TS mice were maintained several weeks after the discontinuation of the 77 

pre- or post-natal curcumin treatments.  78 

79 
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METHODS 80 

Animals, diets, and treatments 81 

This study was approved by the Cantabria University Institutional Laboratory Animal 82 

Care and Use Committee and performed in accordance with the Declaration of Helsinki 83 

and the European Communities Council Directive (86/609/EEC). 84 

TS and CO (Control) mice were generated and karyotyped as previously described 85 

(65).  86 

Diet 87 

Pregnant and lactating TS females under all treatment conditions were fed with Tekcal 88 

18% protein (#2018, containing 18.6% raw protein, 6.2% fat, and 44.2% 89 

carbohydrates) Global Mouse Chow, specially formulated for gestation and lactation 90 

(INVIGO, Huntingdon, UK), from ED (Embryonic Day) 0 until the weaning of the pups. 91 

For the study of the long-term effects of the prenatal treatments and the short- and 92 

long- term effects of the post-natal treatments, all TS and CO mice received Tekcal 93 

Mouse Chow 14% protein (#2014, containing 14.3% raw protein, 4.0% fat, and 48.0% 94 

carbohydrates), designed to promote normal body weight and longevity in the rodents 95 

from weaning (Postnatal Day (PD), 21) to the end of each study.  96 

Treatments 97 

The experimental design of the prenatal and postnatal studies is summarized in 98 

Supplemental figure 1. 99 

Study I: Prenatal Treatments  100 

A total of sixty-five pregnant TS females were subcutaneously treated with curcumin 101 

(300 mg/kg), or vehicle (Bovine Serum Albumin (BSA) 10%) from ED10 until PD2; 102 

Supplemental figure 1). In humans, these ages correspond to ED38 and ED82, 103 
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respectively (66). The dose of curcumin was selected because it has been 104 

demonstrated to be neuroprotective and/or induce neurogenesis in mice (9). This dose 105 

of curcumin leads to plasma levels of 2.5 µg/mL in mice (67), while in humans an oral 106 

dose of 10 g yields to similar plasma levels (2.3 ± 0.26 µg/mL) (68). In most human 107 

studies, curcumin is administered orally at doses ranging from 0.4 to 20 g (7, 67). 108 

 Male and female TS and CO pups gestated by 30 TS females under the different 109 

treatments were used for the study of the short-term effects, and another cohort of TS 110 

and CO mice of both sexes gestated by 35 TS dams under the two treatment 111 

conditions was used for the long-term effects study. All the experimental analyses of 112 

the effects of the prenatal treatments were performed on the progeny of the pregnant-113 

treated TS mice.  114 

The offspring of these females were assigned to one of four experimental groups, 115 

depending on their karyotype and the prenatal treatment that they received: CO pups 116 

that were treated prenatally with vehicle (CO-V) or curcumin (CO-C), and TS pups that 117 

prenatally received vehicle (TS-V), or curcumin (TS-C). For the long-term effects study, 118 

forty-four male and female TS and CO pups gestated by dams under the two 119 

treatments were assigned to the same aforementioned experimental groups. Seven to 120 

eight pups from each group were used to evaluate the short-term effects (i.e. 121 

neurogenesis, cellularity, and brain weight), while 10-12 juvenile mice prenatally 122 

treated with curcumin or vehicle (CO-V: n=12, TS-V: n=11, CO-C: n=11, TS-C: n=10) 123 

were used to assess the long-term effects of the treatments (i.e. cognition in the Morris 124 

Water Maze (MWM), neurogenesis, cellularity, and pre- and post-synaptic markers). 125 

Short-term effects of prenatal treatments 126 

To evaluate the short-term effects of prenatal curcumin treatment on cell proliferation, 127 

on PD2 all the pups received an intraperitoneal injection of Bromodeoxyuridine (BrdU) 128 
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(150 µg/g). Two hours later, they were euthanized, weighed, and their brains were then 129 

removed, processed and cryosectioned as described in (65).  Seven series, each 130 

containing 6-8 hippocampal sections, were obtained from each animal to perform the 131 

histological analyses: GCL volume, cell proliferation (BrdU), and granule cell density 132 

(4′,6-Diamidino-2-phenylindole, DAPI staining).  133 

Long-term effects of prenatal treatments 134 

To evaluate the long-term effects of the prenatal treatments on new neuron survival, on 135 

PD15, all the pups received an intraperitoneal injection of BrdU (150 µg/g). They were 136 

subjected to the behavioral experiments (MWM) between PD30 and PD45, which 137 

corresponds to 6 and 8 months of age, respectively, in humans (69). On PD45, the 138 

animals were euthanized by decapitation and the brains of 7-8 animals per group were 139 

removed, fixed with PFA, and used for the following histological and 140 

immunohistochemical analyses: GCL volume, cell proliferation (Ki67 141 

immunohistochemistry), survival (BrdU immunohistochemistry) and pre- and post-142 

synaptic density (Synaptophysin (SYN) and Postsynaptic Density Protein 95 (PSD95) 143 

immunohistochemistry). To this end, free-floating 50 µm coronal sections covering the 144 

whole hippocampus were cryosectioned. Nine series, each containing 6-8 hippocampal 145 

sections, were obtained from each animal.  146 

Study II: post-natal treatments 147 

From PD3 until PD15, which corresponds to ED89 and ED152, respectively, in human 148 

neurodevelopment (66),  a total of 75 male and female TS and CO pups were 149 

subcutaneously treated with curcumin (300 mg/kg) or vehicle (BSA 10%), 150 

(Supplemental figure 1). Seven- eight animals from each group were used for the 151 

short-term effects analyses (i.e. neurogenesis, cellularity, and brain weight), and 10-12 152 

animals per group in the long-term effects experiments (CO-V: n=10, TS-V: n=12, CO-153 
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C: n=11, TS-C: n=12) were used to assess the long-term effects of the treatments (i.e. 154 

cognition in the MWM, neurogenesis, cellularity, and pre- and post-synaptic markers). 155 

 156 

Short-term effects of post-natal treatments 157 

To evaluate the short-term effects of curcumin administration on cell proliferation, on 158 

PD15, 7-8 animals from each group received an intraperitoneal injection of BrdU (150 159 

µg/g). Two hours later, they were euthanized and their brains were then removed, 160 

fixed, frozen, and cryosectioned following the same procedure previously described for 161 

the study of the short-term effects of prenatal treatments, in order to perform the 162 

histological analyses.  163 

Long-term effects of post-natal treatments 164 

To evaluate the long-term effects of postnatal curcumin treatment, another cohort of 45 165 

male and female TS and CO mice was used. On PD60, which corresponds to 10 166 

months of age in humans (69), all the animals received an intraperitoneal injection of 167 

BrdU (150 µg/g) in 9% saline, and were then subjected to the behavioral experiments. 168 

In order to perform the histological and immunohistochemical analyses, on PD90, 169 

which corresponds to 12 months of age in humans (69), the animals were euthanized 170 

and their brains were removed, fixed, frozen, and cryosectioned following the same 171 

procedure previously described for the study of the long-term effects of prenatal 172 

treatments. 173 

Histological and immunohistochemical analyses 174 

Nissl staining 175 

GCL volume was determined on 1 of 7 series for the short-term studies, and on 1 of 9 176 

series for the long-term studies. Nissl staining was performed as previously described 177 
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(70). Each coronal section was photographed, and the GCL volume was calculated 178 

using the Cavaliery stereological method as previously described (65). 179 

Cell proliferation (Ki67 and BrdU immunofluorescence)  180 

BrdU immunohistochemistry was performed using the same protocols and antibodies 181 

described (65). The total number of BrdU+ cells in the GCL and in the SGZ was 182 

counted in all sections of a series for the short- and long-term analyses, respectively, 183 

using the same method previously described (71). To calculate the density of 184 

proliferating cells in each animal, the total number of positive cells per slice was divided 185 

by the volume of the GCL, or by the area of the SGZ layer, for the short- and long-term 186 

analyses respectively.  187 

Ki67 immunohistochemistry was performed following the same protocols and using the 188 

same antibodies previously described (65). Ki67-positive cells were counted in the SGZ 189 

using an optical fluorescence microscope (Zeiss Axioskop 2 plus, 40x objective). To 190 

determine the density of Ki67+ cells, the total number of these cells was divided by the 191 

SGZ area.  192 

DAPI staining 193 

To calculate the number of mature cells, hippocampal sections were counterstained 194 

with DAPI (Calbiochem, Billerica, MA, USA; 1:1000) and the cell counts were 195 

performed using a previously described physical dissector system coupled with 196 

confocal microscopy (72, 73).  197 

SYN and PSD95 immunofluorescence 198 

SYN and PSD95 immunohistochemistry were performed using the same protocol and 199 

antibodies previously described (54, 65). Fluorescent images were captured in the 200 

Molecular Layer (ML) of the DG, the CA1, and the CA3 using the same parameters and 201 
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software previously described (65). For each marker, the number of individual puncta 202 

exhibiting SYN or PSD95 immunoreactivity was counted in a 325 μm2 circle for each 203 

image in each hippocampal field.     204 

Cognitive analysis. Morris Water Maze (MWM) 205 

Spatial learning and memory were evaluated using a modified version of the MWM 206 

(51). Sixteen consecutive daily sessions were performed: 12 acquisition sessions 207 

(platform submerged, in eight of these, the position of the platform changed daily, while 208 

in the remaining four it was kept constant), followed by a probe trial, and 4 cued 209 

sessions (platform visible). The computerized tracking system Anymaze (Stoelting, 210 

Wood Dale, IL, USA) was used to analyze the trajectories of each animal in each trial.  211 

Statistics 212 

Shapiro–Wilk tests were used to test the normality of the data sets. Because all the 213 

datasets were normally distributed, parametric tests were used. The water maze data 214 

from the acquisition sessions (sessions 1-12) were analyzed using two-way Analysis of 215 

Variance (ANOVA) with Repeated Measures (RM) (‘session’ x ‘karyotype’ x 216 

‘treatment’). The percentage of time spent in each quadrant during the probe trial was 217 

analyzed by RM ANOVA (‘quadrant’). The rest of the data were analyzed using two-218 

way (‘karyotype’ x ‘treatment’) ANOVA or. The mean values of each experimental 219 

group were compared post hoc using Fisher’s LSD (Least Significant Difference) post-220 

hoc tests. The differences between groups were considered to be statistically 221 

significant when P<0.05. All analyses were performed using IBM SPSS (Armonk, New 222 

York, USA) for Windows version 22.0. 223 

224 
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RESULTS  225 

Short-term effects of pre- and postnatal treatment 226 

1. Body and Brain weight 227 

At PD2, TS-V mice presented smaller body (P<0.05) and brain weights (P<0.01; table 228 

1) than their CO-V littermates. Prenatal curcumin increased the brain weight of TS-C 229 

mice with respect to TS-V mice (P<0.001), and CO-C mice presented higher body 230 

(P<0.001) and brain weights than CO-V animals (P<0.001).  231 

In the postnatal short-term effects study, TS-V mice also presented smaller body 232 

(P<0.001) and brain weights (P<0.05) than their CO-V littermates. Postnatal curcumin 233 

administration did not modify the body or brain weights of TS or CO mice. 234 

2. Granular cell layer volume   235 

At PD2, the GCL volume of the TS-V animals did not differ from that of CO-V mice 236 

(table 1). Prenatal curcumin treatment increased the volume of this layer in CO-C mice 237 

with respect to CO-V animals (P<0.01). 238 

Immediately after the postnatal treatments (PD15), TS-V mice presented a smaller 239 

GCL volume than CO-V mice (P<0.05). However, postnatal curcumin treatment did not 240 

modify the volume of this layer in TS or CO mice. 241 

3. BrdU immunohistochemistry 242 

At PD2, TS-V mice presented a lower density (P<0.01; figures 1A and 2A) and a 243 

lower total number of BrdU+ cells than their CO-V littermates (P<0.01; figure 2B). 244 

Immediately after prenatal curcumin treatment TS-C mice presented an increased 245 

density (P<0.001; figure 2A) and total number of BrdU+ cells with respect to TS-V 246 

mice (P<0.01; figure 2B).  247 
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At PD15, TS-V mice presented a lower density (P<0.05, figures 1B and 2C) and a 248 

lower total number of BrdU+ cells (P<0.05, figure 2D) than their CO-V littermates. 249 

Postnatal curcumin treatment did not exert any short-term effects on the density (figure 250 

2C) or the total number of BrdU+ cells in the hippocampi of TS or CO mice (figure 2D).  251 

4. Mature granule cell count (DAPI) 252 

TS-V mice presented a lower total number of DAPI+ cells than CO-V animals at PD2 253 

(P<0.05; figures 1A and 2F); however, the density of this population of cells did not 254 

significantly differ between TS-V and TS-C mice (figure 2E). On PD2, TS-C mice 255 

presented an enhanced density (P=0.005; figure 2E) and total number of DAPI+ cells 256 

when compared with TS-V animals (P<0.01; figure 2F).  257 

At PD15, TS-V mice showed a lower total number of DAPI+ cells than CO-V animals 258 

(P<0.05; figures 1B and 2H), although the density of this population of cells did not 259 

significantly differ between TS-V and CO-V mice (figure 2G). Postnatal curcumin 260 

treatment did not affect the density (figure 2G) or the total number of DAPI+ cells in TS 261 

or CO mice (figure 2H).  262 

5. PSD95 and Synaptophysin (SYN) 263 

Immediately after postnatal curcumin treatment, TS-V mice presented a lower number 264 

of PSD95+ puncta than their CO-V littermates in the three hippocampal areas analyzed 265 

(CA1: P<0.05; CA3: P<0.01; ML: P<0.001; figure 3A). TS-C animals presented a 266 

short-term enhancement in the number of PSD95+ puncta with respect to TS-V mice in 267 

CA3 and the ML (P<0.05), but not in CA1 (figure 3A). 268 

At PD15, TS-V mice presented a lower number of SYN+ puncta than CO-V mice in 269 

CA1 (P<0.05), CA3 (P<0.001), and the ML (P<0.01; figure 3B). Postnatal curcumin 270 

administration increased the number of SYN+ puncta in CA1 in TS-C animals with 271 
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respect to TS-V mice (P<0.05), but it did not exert any effect in CA3 or the ML (figure 272 

3B).  273 

Long-term effects of pre- and post-natal treatment 274 

1. Histology: GCL volume, Ki67 and BrdU immunohistochemistry and DAPI 275 

staining 276 

Several weeks after the discontinuation of the prenatal or postnatal treatments, TS-V 277 

mice presented a smaller GCL volume at PD45 (P<0.05; Supplemental figure 2A) 278 

and at PD90 (P<0.05; Supplemental figure 2B); a lower density (P<0.05; 279 

Supplemental figure 2C) and total number of Ki67+ cells at PD45 (P<0.05; 280 

Supplemental figure 2E) and at PD90 (density: P<0.05, Supplemental figure 2D, 281 

total number: P<0.05; Supplemental figure 2F) than CO-V mice. In addition, at PD45, 282 

TS-V mice also presented a lower density (P<0.01; Supplemental figure 2G) and total 283 

number of BrdU+ cells (P<0.05; Supplemental figure 2I) than CO-V mice, and at 284 

PD90 (density: P<0.05, Supplemental figure 2H, total number: P<0.05; 285 

Supplemental figure 2J), and a lower density and total number of DAPI+ cells at 286 

PD45 (density: P<0.05, Supplemental figure 2K; total number: P<0.01; 287 

Supplemental figure 2M) and PD90 (density: P<0.05, Supplemental figure 2L; total 288 

number: P<0.05; Supplemental figure 2N) than CO-V mice.  289 

However, prenatal or postnatal curcumin administration did not exert any long-term 290 

effect on the GCL volume, the density, or the total number of Ki67+, BrdU+, or DAPI+ 291 

cells in TS or CO mice (Supplemental figure 2). 292 

2. PSD95 and Synaptophysin 293 

TS-V mice presented a lower density of PSD95+ puncta in all hippocampal areas 294 

analyzed at PD45 (CA1: P<0.05; CA3: P<0.05; ML: P<0.01; Supplemental figure 3A) 295 
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and at PD90 (CA1: P<0.05; CA3: P<0.05; ML: P<0.05; Supplemental figure 3B) when 296 

compared to CO-V mice.  297 

Although TS-C mice tended to present a higher number of PSD95+ puncta in all 298 

hippocampal areas analyzed with respect to TS-V mice at PD45, these effects were not 299 

statistically significant (Supplemental figure 3A). At PD90, postnatally treated TS-C 300 

mice did not differ from TS-V animals in the number of PSD95+ puncta in any of the 301 

tested areas (Supplemental figure 3B). 302 

TS-V mice presented a smaller number of SYN+ puncta than CO-V mice in CA1 303 

(P<0.01), CA3 (P<0.01), and the ML (P<0.05; Supplemental figure 3C) at PD45, and 304 

at PD90 in CA1: (P<0.05) and the ML (P<0.001; Supplemental figure 3D). 305 

Curcumin did not exert any long-term effects in the number of SYN+ puncta displayed 306 

by TS or CO mice, whether it was administered prenatally (Supplemental figure 3C), 307 

or postnatally (Supplemental figure 3D). 308 

2. Cognition:  Morris Water Maze (MWM) 309 

2.1. Reference learning and memory 310 

Between PD30 and PD45, the four groups of mice prenatally treated with curcumin or 311 

vehicle reduced their latency to reach the platform when all sessions were taken into 312 

account (sessions 1-12: RM ANOVA ‘session’: P<0.001; figure 4A, Supplemental 313 

table 1), both in the sessions in which the platform position was changed daily 314 

(sessions 1-8: P<0.001), and in those in which the platform position was kept constant 315 

(sessions 9-12: P<0.001). 316 

The reduction in latency between sessions was significantly different between animals 317 

of both karyotypes (‘session x karyotype’: P<0.001), and was also significantly different 318 

between animals from the two treatment conditions (‘session x treatment’: P<0.001). 319 
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Several weeks after the discontinuation of the postnatal treatment all the mice reduced 320 

their latency to reach the platform when all sessions were taken into account (session 321 

1-12: RM ANOVA ‘session’: P<0.001; figure 4B, Supplemental table 1), both in the 322 

sessions in which the platform position was changed daily (sessions 1-8: P<0.001), as 323 

well as in those in which the platform position was kept constant (sessions 9-12: 324 

P<0.001). The reduction in latency between sessions significantly differed between 325 

animals of both karyotypes (‘session x karyotype’: P<0.001), but not between both 326 

treatment conditions (‘session x treatment’: P=0.39). 327 

When each pair of learning curves was analyzed separately, TS-V mice presented a 328 

deteriorated performance when compared with CO-V mice at PD45 (P<0.001 figure 329 

4C), and at PD90 (P<0.001; figure 4D). 330 

Prenatal treatment with curcumin exerted a long-term benefit in the cognitive abilities of 331 

TS animals, as demonstrated by the reduced latency of TS-C mice when compared to 332 

TS-V mice (P=0.007; figure 4E). However, postnatal treatment with curcumin did not 333 

exert any long-term benefit in the cognitive abilities of TS animals, as demonstrated by 334 

the similar latency to reach the platform displayed by TS-C and TS-V mice across the 335 

twelve acquisition sessions (figure 4F).  336 

Prenatal curcumin treatment also induced a long-term improvement in the performance 337 

of CO-C mice with respect to CO-V mice (P=0.041; figure 4G). However, postnatal 338 

administration of curcumin did not exert any long-term benefit in the performance of CO 339 

mice (figure 4H).  340 

2.2. Cued sessions 341 

TS and CO mice prenatally treated with curcumin or vehicle did not differ in their 342 

latency to reach the platform during the cued sessions (ANOVA ‘karyotype’: P=0.063, 343 

‘treatment’: P=0.089, ‘karyotype x treatment’: P=0.25, data not shown).  344 
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TS-V mice postnatally treated with vehicle displayed a longer latency to reach the 345 

platform than their CO-V littermates (ANOVA ‘karyotype’: P=0.006). Curcumin 346 

treatment reduced this latency in TS mice, but not in CO mice (‘treatment’: P=0.20, 347 

‘karyotype x treatment’: P=0.049).  348 

2.3. Spatial memory  349 

During the probe trial, TS-V mice crossed over the site where the platform was placed 350 

during the training sessions a fewer number of times than CO-V mice (prenatally 351 

treated: P<0.001; figure 5A; postnatally treated: P<0.001; figure 5B), and entered in 352 

the trained quadrant fewer times than CO-V mice (prenatally treated: P<0.05; figure 353 

5C; postnatally treated: P<0.001; figure 5D). 354 

Prenatal treatment with curcumin exerted a long-term enhancement in the number of 355 

crossings over the platform position performed by TS-C mice with respect to TS-V mice 356 

(P<0.05; figure 5A), but it had no effect on the number of entries in the trained 357 

quadrant (figure 5C). Postnatal treatment with curcumin did not exert any effect on the 358 

number of crossings over the platform position (figure 5B), or the number of entries in 359 

the trained quadrant (figure 5D). 360 

Exposure to curcumin during gestation increased the percentage of time that TS-C 361 

animals spent in the trained quadrant (P<0.001; figure 5E) with respect to the rest of 362 

the quadrants; while TS-V mice did not exhibit a preference for any of the quadrants 363 

(figure 5E).   364 

Postnatal curcumin exposure also produced a small long-term improvement in the 365 

memory of TS mice, since TS-C mice increased the percentage of time that they spent 366 

in the trained quadrant with respect to the rest of the quadrants (P=0.044; figure 5F); 367 

while TS-V mice spent a similar percentage of time in all quadrants (P=0.98; figure 368 

5F).  369 
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All groups of prenatally and postnatally treated CO mice, including those that received 370 

vehicle, showed a marked preference for the trained quadrant (prenatal CO-C: 371 

P<0.001; prenatal CO-V: P<0.001; figure 5G, postnatal CO-C: P<0.001; postnatal CO-372 

V: P<0.001; figure 5H). 373 

 374 

375 
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DISCUSSION 376 

In this study, prenatal curcumin administration increased the body and brain weights, 377 

GCL volume, cell proliferation in the DG, the density of mature granule neurons, and 378 

the cognitive abilities of TS and CO mice. These beneficial effects were not observed 379 

when curcumin was administered in early postnatal stages to TS or CO mice.  380 

In DS and in the TS mouse, brain development is compromised due to neurogenesis 381 

defects, which begin during prenatal stages (26, 58, 59,74). These alterations lead to a 382 

pronounced hypocellularity (27, 74-76) that plays an essential role in the cognitive 383 

alterations of TS mice and DS individuals. Because of the early onset of these 384 

alterations, they ought to be corrected during the critical window of neurodevelopment 385 

(i.e. prenatally, or during early postnatal stages) (30, 52, 58, 77).  386 

Because curcumin is usually ingested in the diet, and it does not present toxicity or 387 

important side effects (60), its efficacy in treating different pathologies is currently being 388 

evaluated in clinical trials (16, 78). However, concerns have been raised about the 389 

safety of curcumin administration during pregnancy, because it produces cytotoxicity in 390 

mouse blastocysts, resulting in an increased number of spontaneous abortions (79). 391 

However, these effects are only observed during the first stages of development after 392 

embryonic implantation (ED3 to ED8) (80). Curcumin administration from ED13 to 393 

ED16 to female mice with placental inflammatory syndrome reduced the number of 394 

spontaneous abortions and increased the number of pups per birth (81). Other studies 395 

did not find that curcumin affected the number of dead embryos or the implantation rate 396 

(60, 82). Consistent with these results, in the present study, TS females received 397 

curcumin or vehicle from ED10 to PD2, and no differences were found between the 398 

number of dams aborting, or in the number of pups per birth under curcumin or vehicle 399 

treatment.  400 
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We performed a preliminary analysis of the data to determine whether there were 401 

differences in the phenotypes studied between male and female mice. Because males 402 

and females did not differ in any phenotype, in all the experiments we analyzed the 403 

data of both sexes together. The few studies that have assessed TS mice phenotypes 404 

in both sexes separately show conflicting results. Some of them reported sex 405 

differences in cognition (83, 84); however, consistent with our results, other studies did 406 

not find differences between them (85, 86).  407 

Consistent with previous reports (28-30, 51, 52), this study found a decrease in the 408 

brain weight, GCL volume, reduced neurogenesis, and hypocellularity in TS mice 409 

hippocampi at all ages analyzed. Prenatal curcumin administration produced a short-410 

term enhancement in the brain weight, GCL volume, cell proliferation, and the density 411 

of mature cells in both TS and CO mice. It is likely that after prenatal curcumin 412 

administration, its well-known pro-neurogenic effects were responsible for both the 413 

reduction of the neuroanatomical anomalies in TS mice, and for its improvement in CO 414 

mice. In fact, curcumin promotes neurogenesis and cell proliferation in different 415 

models, including embryonic neural progenitor cells (7, 12, 87-89).   416 

However, the present study did not find any short- or long-term enhancement of cell 417 

proliferation or survival when curcumin was administered in early postnatal periods 418 

when neurogenesis is still proceeding at a high rate. Conversely, several studies have 419 

demonstrated that curcumin is able to promote neurogenesis in adult animals when the 420 

rate of neurogenesis is not that high (8, 12, 15, 87). Curcumin exerts its effects on 421 

hippocampal neurogenesis mainly by increasing BDNF (Brain-derived Neurotrophic 422 

Factor) levels and through the expression of 5-hydroxytryptamine (5-HT) 1A receptors 423 

(2, 8, 9). In TS mice, administration of fluoxetine during early postnatal stages rescues 424 

neurogenesis through the increase in BDNF and 5-HT1A receptors in the hippocampus 425 

at PD45 (30), and these effects are maintained in the adult TS mouse (53). It is unclear 426 
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why, if similar mechanisms are implicated in the pro-neurogenic effect of curcumin and 427 

fluoxetine, curcumin failed to produce these effects in TS mice in the present study 428 

when administered postnatally, or after the discontinuation of the treatment. It also 429 

remains to be elucidated why these mechanisms that enhance neurogenesis in normal 430 

adult animals failed to do so in CO mice under these conditions. 431 

It is possible that longer duration treatments or continuous administration of curcumin is 432 

necessary to induce and maintain its beneficial effects. Curcumin administration to old 433 

rats for either 6 or 12 weeks produced higher cell proliferation when the treatment was 434 

longer (15). Thus, a cumulative effect of this molecule over long periods of time might 435 

be necessary to promote proliferation (15). A longer administration may be necessary 436 

to promote neurogenesis in postnatally treated TS and CO mice, and to maintain the 437 

pro-neurogenic effects in prenatally treated mice after discontinuation of the treatment.  438 

Prenatal curcumin-treated TS and CO mice displayed a long-term improvement in 439 

reference and spatial memory in the MWM. These results are consistent with the pro-440 

cognitive effects of curcumin administration in humans and rodents (9, 15, 16, 18) that 441 

have been attributed to the enhancement in neurogenesis and synaptic transmission 442 

(14, 15). In the present study, the cognitive effects found several weeks after prenatal 443 

curcumin administration cannot be attributed to changes in neurogenesis or cellularity, 444 

since these parameters were not modified in TS or CO mice at this time-point.  445 

Cognitive function in DS and in the TS mouse is also compromised by excessive 446 

oxidative stress and neuroinflammation, both of which are enhanced in mice and 447 

human trisomic brains from the embryonic stages and throughout their entire life-span 448 

(21, 23, 71, 90, 91). Curcumin exerts antioxidant and anti-inflammatory effects (15, 92-449 

94). Thus, the long-term pro-cognitive effects of curcumin observed in TS and CO mice 450 

after prenatal treatments could be due to its antioxidant and/or anti-inflammatory 451 

effects (1, 4, 5, 48).  452 
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After postnatal curcumin administration, TS or CO mice did not differ from the vehicle 453 

treated mice in reference learning and memory, although TS mice displayed a slight 454 

enhancement in spatial memory in the probe trial. Post-natal curcumin administration 455 

produced a short-term increase (PD15) in the expression of the postsynaptic marker 456 

PSD95 in CA3 and the ML, and of the presynaptic marker SYN in CA1, but these 457 

effects were no longer evident several weeks after the discontinuation of the treatment. 458 

As mentioned above, longer or continuous administration regimens might maintain 459 

synaptogenesis and/or produce greater improvement in TS mice cognition. 460 

In conclusion, prenatal curcumin administration enhanced the body and brain weights, 461 

GCL volume, cell proliferation, and mature cell density in TS and CO mice, and 462 

induced a long-term enhancement of cognition in animals of both karyotypes. However, 463 

curcumin administration did not exert any long-term effects in neurogenesis or granule 464 

neuron density in prenatally treated mice, or any short-term or long-term effects in 465 

postnatally treated mice. Because of the similar effects elicited by curcumin in TS and 466 

CO mice, the mechanisms inducing these changes are not likely to be selectively 467 

targeting alterations due to trisomy. Some of the properties of this compound could 468 

produce similar neuromorphological and cognitive benefits in both normal and 469 

pathological conditions. These results suggest that curcumin administration could be a 470 

promising strategy to enhance neurodevelopment and cognition in DS and in the 471 

normal population. However, further studies are necessary to elucidate the treatment 472 

duration and doses required at the different life stages in order to produce and maintain 473 

these beneficial effects. Finally, curcumin has a very low oral bioavailability (67), but 474 

efforts are being made to increase it using different strategies (95), which would 475 

enhance the probability of producing its beneficial effects when administered in the 476 

diet.  477 
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Table 1. Short-term effects of prenatal and postnatal curcumin administration on the body weight, brain weight and GCL volume of TS 

and CO mice  

  TS-V TS-C CO-V CO-C ‘karyotype’ ‘treatment’ ‘karyotype x 
treatment’ 

Prenatal  

Short-term 

Body 
weight (g) 

1.37 ± 0.06 c 1.52 ± 0.08 bc 1.60 ± 0.045 b 1.93 ± 0.05 a <0.001 <0.001 0.19 

 Brain 
weight (g) 

0.110 ± 0.002 c 0.159 ± 0.006 a 0.135 ± 0.003 b 0.168 ± 0.007 a 0.004 <0.001 0.16 

 GCL 
volume 

(mm3) 

0.32 ± 0.03 b 0.39 ± 0.02 b 0.40 ± 0.05 b 0.59 ± 0.03 a 0.10 0.055 0.04 

Postnatal 

Short-term 

Body 
weight (g) 

6.79 ± 0.19 b 6.43 ± 0.26 b 9.25 ± 0.61 a 8.31 ± 0.47 a 0.001 0.078 0.41 

 Brain 
weight (g) 

0.388 ± 0.006 b 0.383 ± 0.003 b 0.417 ± 0.01 a 0.417 ± 0.004 a 0.001 0.75 0.75 

 GCL 
volume 

(mm3) 

0.77 ± 0.03 b 0.76 ± 0.03 b 0.90 ± 0.05 a 0.82 ± 0.049 b 0.038 0.26 0.45 

1Values are means ± SEMs, n=7-8 per group. Means in a row without a common letter differ, P<0.05 (Fisher’s post hoc tests).  
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2 The last three columns display the P values of the main effects of ‘karyotype’, ‘treatment’ and ‘karyotype x treatment’ after two-way ANOVAs.  

3 CO: Control; CO-C: Control Curcumin; CO-V: Control Vehicle; GCL: Granular Cell Layer; TS: Ts65Dn; TS-C: TS-Curcumin; TS-V: TS Vehicle.
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FIGURE LEGENDS 

 

Figure 1. Representative confocal images of BrdU+ immunohistochemistry 

(upper row), and of DAPI staining (lower row), in the hippocampi of TS and CO 

mice treated with curcumin or vehicle prenatally (A), or postnatally (B). Scale bars 

in A and B: 5 μm. CO: Control; CO-C: Control Curcumin; CO-V: Control Vehicle; TS: 

Ts65Dn; TS-C: TS-Curcumin; TS-V: TS Vehicle. 

Figure 2. Density of BrdU+ cells immediately after prenatal (A) or postnatal (C) 

treatments; total number of BrdU+ cells immediately after prenatal (B) or 

postnatal (D) treatments; Density of DAPI+ cells immediately after prenatal (E) or 

postnatal (G) treatments; and total number of DAPI+ cells immediately after 

prenatal (F) or postnatal (H) treatments. Values are means ± SEMs, n=7-8 per 

group. Bars without a common letter differ by P<0.05 Fisher’s post hoc tests. BrdU: 

Bromodeoxyuridine; CO: Control; CO-C: Control Curcumin; CO-V: Control Vehicle; 

DAPI: 4’,6-diamidino-2-phenylindole; LSD: Least Significant Difference; TS: Ts65Dn; 

TS-C: TS-Curcumin; TS-V: TS Vehicle. 

Figure 3. Number of PSD95 (A) and SYN + (B) puncta in the CA1, CA3 areas and 

ML of the hippocampus of TS and CO mice immediately after postnatal treatment 

with curcumin or vehicle. Values are means ± SEMs, n=7-8 per group. Bars without 

a common letter differ by P<0.05, Fisher’s post hoc tests. CA1: Cornus Ammonis 1; 

CA3: Cornus Ammonis 3; CO: Control; CO-C: Control Curcumin; CO-V: Control 

Vehicle; LSD: Least significant Difference; ML: Molecular Layer; PSD95: Postsynaptic 

Density Protein 95; SYN: Synaptophysin; TS: Ts65Dn; TS-C: TS-Curcumin; TS-V: TS 

Vehicle. 

Figure 4. Latency to reach the platform during the twelve acquisition sessions in 

the MWM exhibited between by all groups prenatally (A) and postnatally (B) 
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treated, by TS-V and CO-V prenatally (C) and postnatally (D) treated mice, by TS-

C and TS-V prenatally (E) and postnatally (F) treated mice, and by CO-C and CO-

V prenatally (G), and postnatally (H) treated mice. Values are means ± SEMs, n=10-

12 per group. *: p<0.05, **: p<0.01, ***: p<0.001 vs. CO-V (in C, D, G and H) or vs. TS-

V (in E and F), Fisher’s LSD post hoc tests. On the right side of each figure, the P-

value of the difference between both learning curves across the twelve sessions (RM 

ANOVAs) is shown. On top of each figure, the P values of the differences between the 

learning curves of the different groups of mice during the first 8 and the last 4 sessions 

are shown. CO: Control; CO-C: Control Curcumin; CO-V: Control Vehicle; LSD: Least 

Significant Difference; TS: Ts65Dn; TS-C: TS-Curcumin; TS-V: TS Vehicle. 

Figure 5. Number of crossings over the platform position performed by TS and 

CO mice treated with curcumin or vehicle prenatally (A) or postnatally (B); 

Number of entries in the trained quadrant performed by TS and CO mice treated 

with curcumin or vehicle prenatally (C) or postnatally (D) in the probe trial; 

Percentage of time spent in each quadrant during the probe trial by TS-C and TS-

V prenatally (E), or postnatally (F) and by CO-C and CO-V animals treated 

prenatally (G) or postnatally (H). Values are means ± SEMs, n=10-12 per group. 

Labeled bars without a common letter differ P<0.05, Fisher’s LSD post hoc tests. The 

dotted lines in figures C-F represent the chance level, i.e. a probability equal to 25% of 

the time. CO: Control; CO-C: Control Curcumin; CO-V: Control Vehicle; LSD: Least 

Significant Difference; TS: Ts65Dn; TS-C: TS-Curcumin; TS-V: TS Vehicle. 
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