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ABSTRACT
Background: The cognitive impairments that characterize Down syndrome (DS) have been attributed to brain

hypocellularity due to neurogenesis impairment during fetal stages. Thus, enhancing prenatal neurogenesis in DS could

prevent or reduce some of the neuromorphological and cognitive defects found in postnatal stages.

Objectives: As fatty acids play a fundamental role in morphogenesis and brain development during fetal stages, in

this study, we aimed to enhance neurogenesis and the cognitive abilities of the Ts65Dn (TS) mouse model of DS by

administering oleic or linolenic acid.

Methods: In total, 85 pregnant TS females were subcutaneously treated from Embryonic Day (ED) 10 until Postnatal

Day (PD) 2 with oleic acid (400 mg/kg), linolenic acid (500 mg/kg), or vehicle. All analyses were performed on their TS and

Control (CO) male and female progeny. At PD2, we evaluated the short-term effects of the treatments on neurogenesis,

cellularity, and brain weight, in 40 TS and CO pups. A total of 69 TS and CO mice were used to test the long-term effects

of the prenatal treatments on cognition from PD30 to PD45, and on neurogenesis, cellularity, and synaptic markers, at

PD45. Data were compared by ANOVAs.

Results: Prenatal administration of oleic or linolenic acid increased the brain weight (+36.7% and +45%, P < 0.01),

the density of BrdU (bromodeoxyuridine)- (+80% and +115%; P < 0.01), and DAPI (4′,6-diamidino-2-phenylindole)-

positive cells (+64% and +22%, P < 0.05) of PD2 TS mice with respect to the vehicle-treated TS mice. Between PD30

and PD45, TS mice prenatally treated with oleic or linolenic acid showed better cognitive abilities (+28% and +25%,

P < 0.01) and a higher density of the postsynaptic marker PSD95 (postsynaptic density protein 95) (+65% and +44%,

P < 0.05) than the vehicle-treated TS animals.

Conclusion: The beneficial cognitive and neuromorphological effects induced by oleic or linolenic acid in TS mice

suggest that they could be promising pharmacotherapies for DS-associated cognitive deficits. J Nutr 2020;150:1631–

1643.
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Introduction

Down syndrome (DS), the most common genetic cause of
intellectual disability, is characterized by numerous neurobio-
logical alterations. One of the factors partially responsible for
the cognitive impairments in DS is brain hypocellularity due
to alterations in neurogenesis during the early developmental
stages (1–4).

The Ts65Dn (TS) mouse, the most commonly used DS model,
resembles many of its phenotypes exhibiting altered cognitive
abilities, hypocellularity, and reduced neurogenesis (4, 5–7).

Thus, therapies aimed at rescuing neurogenesis might be a good
approach to treating intellectual disability in DS individuals.
Several pharmacotherapies have been reported to rescue the
neurogenesis and cognitive deficits in DS murine models when
administered in the pre- or postnatal stages (8–20). However,
some of these drugs have failed to produce any benefit in
humans or cannot be safely administered to individuals with
DS. In addition, DS individuals and TS mice present altered
brain development, beginning at the fetal stages (2, 3, 21).
Therefore, these alterations should be corrected from the early
developmental stages, using safe drugs or natural substances
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that can be administered during the prenatal or early postnatal
stages (2, 10, 11, 22). In this context, the administration of fatty
acids could be a promising strategy.

There is a direct association between the percentage of fatty
acids in maternal plasma and the development of cognitive
function in neonates (23), and exogenous administration of
fatty acids during the pre- and postnatal periods increases
brain development in humans and other animals (24). Oleic
acid is a monounsaturated acid of the ω-9 series. It is present
endogenously in the organism and it can also be obtained
from the diet. Oleic acid acts as a neurotrophic factor in
initial life stages, inducing neuronal differentiation, the growth
of new neurites, neuronal migration, and synapse formation
(25–30).

α-Linolenic acid is an essential PUFA of the ω-3 series, which
has to be obtained from the diet. Linolenic acid is essential for
proper brain development and its deficit can affect neurogenesis
and neuronal function (31–33). In rodents, supplementation of
linolenic acid, or its derivative DHA, in the diet of pregnant
females enhances cognition and neurogenesis in the brains of
their offspring (32–51).

In DS, the lower concentrations of fatty acids in brain
phospholipids (52) could be partially responsible for some of
the neuromorphological and cognitive alterations encountered
in this syndrome. Thus, treatment with fatty acids during
the critical windows of neurogenesis (the prenatal and early
postnatal periods) may induce beneficial effects. In addition,
oleic acid and linolenic acid do not produce important side
effects, and their efficacy in treating different pathologies
is currently being evaluated (53–55). Thus, the aim of this
study was to analyze whether prenatal administration of oleic
or linolenic acid restores the neuromorphological alterations
found in TS mice, and whether these effects are maintained after
discontinuation of the treatment, leading to enhanced cognitive
abilities.

Methods
Animals, diets, and treatments
This study was approved by the Cantabria University Institutional
Laboratory Animal Care and Use Committee and performed in
accordance with the Declaration of Helsinki and the European
Communities Council Directive (86/609/EEC).

TS mice were generated by repeated backcrossing of B6EiC3Sn
a/A-Ts(17 < 16>)65Dn females with C57BL/6Ei × C3H/HeSNJ
(B6EiCSn) F1 hybrid males. TS mice were compared with euploid
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littermates (Control, CO). Trisomy was determined by real-time qPCR
as previously described (56).

Diet.
All pregnant and lactating TS mice were fed with Tekcal 18%
protein (#2018, containing 18.6% raw protein, 6.2% fat, and 44.2%
carbohydrates) Global Mouse Chow, specially formulated for gestation
and lactation (INVIGO), from ED (Embryonic Day) 0 until the weaning
of the pups. In order to study the long-term effects, all TS and CO
mice received Tekcal Mouse Chow 14% protein (#2014, INVIGO,
containing 14.3% raw protein, 4.0% fat, and 48.0% carbohydrates),
designed to promote normal body weight and longevity in the
rodents from weaning [Postnatal Day (PD) 21] to the end of the
study.

Treatments.
A total of 85 pregnant TS females were subcutaneously treated with
oleic acid (400 mg/kg), linolenic acid (500 mg/kg), or vehicle (BSA
10%) from ED10 until PD2. The doses selected are neuroprotective
and/or induce neurogenesis (35, 47, 57, 58). Plasma concentrations of
the 3 compounds in the PD2 pups were quantified by HPLC. Male
and female TS and CO pups gestated by 45 TS females under the
different treatments were used to study the short-term effects, and TS
and CO mice of both sexes gestated by 40 dams under the 3 treatment
conditions were used for the long-term effects study. All experimental
analyses were performed on the progeny of the pregnant-treated TS
mice.

The offspring of these females were assigned to 1 of the 6
experimental groups depending on their karyotype and the prenatal
treatment that they received: CO pups that were treated prenatally with
vehicle (CO-V), oleic acid (CO-OA), or linolenic acid (CO-LNA), and
TS pups that prenatally received vehicle (TS-V), oleic acid (TS-OA), or
linolenic acid (TS-LNA). For the long-term effects study, 69 male and
female TS and CO pups gestated by dams under the 3 treatments were
assigned to the same experimental groups. Six to 7 pups from each group
were used to evaluate the short-term effects (i.e. neurogenesis, cellularity,
and brain volume), and 10–13 juvenile mice prenatally treated with oleic
acid, linolenic acid, or vehicle (n = 10–13 per group; CO-V: n = 10, TS-
V: n = 13, CO-OA: n = 12, TS-OA: n = 10, CO-LNA: n = 12, TS-LNA:
n = 12), were used to assess the long-term effects of the treatments [i.e.
cognition in the Morris water maze (MWM), neurogenesis, cellularity,
and pre- and postsynaptic markers].

Short-term effects of prenatal treatments.
To evaluate the short-term effects of oleic and linolenic acids on cell
proliferation, on PD2, all pups received an intraperitoneal injection of
bromodeoxyuridine (BrdU) (150 μm/g). After 2 h, they were weighed,
euthanized by decapitation, and their brains were removed, weighed and
fixed in paraformaldehyde (PFA) solution, transferred to 30% sucrose,
and frozen at −80◦C. Coronal sections of 30 μm covering the whole
hippocampus were cryosectioned, and stored at −20◦C. From each
animal 7 series containing 6–8 hippocampal sections were obtained
to perform histological analyses: granular cell layer (GCL) volume,
cell proliferation (BrdU), and granule cell density [4′,6-diamidino-2-
phenylindole (DAPI) staining].

Long-term effects of prenatal treatments.
To evaluate the long-term effects of the different treatments on new
neuron survival, on PD15 all pups received an intraperitoneal injection
of BrdU (150 μg/g). On PD21, all the animals were weaned and
subjected to the behavioral experiments (MWM) between PD30 and
PD45. On PD45, the animals were euthanized by decapitation and
the brains of 6–7 animals per group were removed, fixed with PFA,
and used for the following histological and immunohistochemical
analyses: GCL volume, cell proliferation (Ki67 immunohistochemistry),
survival (BrdU immunohistochemistry), pre- and postsynaptic density
[synaptophysin (SYN) and postsynaptic density protein 95 (PSD95)
immunohistochemistry]. To this end, free-floating 50 μm coronal
sections covering the whole hippocampus were cryosectioned. Nine
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series, containing 6–8 hippocampal sections, were obtained from each
animal.

Nissl staining
Morphological analysis of GCL volume was performed on 1 of 7 series,
for the short-term studies, and on 1 of 9 series, for the long-term studies.
Nissl staining was performed as previously described (59). To calculate
the GCL volume, each coronal section of the brain was photographed
and the images were analyzed using ImageJ software (http://rsb.info.nih
.gov/ij/). In all cases, the Cavaliery stereological method was used (60).

Cell proliferation (Ki67 and BrdU
immunofluorescence)
To quantify the short-term effect of the treatments on cell proliferation
in the GCL of PD2 animals, BrdU immunohistochemistry was
performed as previously described (10). The primary antibody used
was an AntiBrdU at 1:100 (Santa Cruz) in PBS-TX (Triton X) 0.1%
supplemented with 1% goat serum. The total number of BrdU+ cells
was counted in the selected sections with Zen 2.6 software in the
GCL and calculated using the optical dissector method, as previously
described (60). In each animal, the total number of positive cells per
slice was divided by the volume of the GCL, to calculate the density of
proliferating cells.

For the long-term analyses of cell proliferation, the protocol
described by Stagni et al. (18) was followed. The primary antibodies
used were a rabbit anti-Ki67 at 1:750 (Abcam) diluted in phosphate
buffer (PB) with 0.5% TX-100 and 0.1% BSA and an AntiBrdU at 1:100
(Santa Cruz). The total number of Ki67-positive cells or BrdU-positive
cells in the selected sections was counted using an optical fluorescence
microscope (Zeiss Axioskop 2 plus, 40× objective). The total number
of positive cells was divided by the area of the subgranular zone (SGZ)
(defined as the length of the SGZ multiplied by the thickness of the
section) to determine the Ki67+ or BrdU+ cell density in the SGZ. The
total number of Ki67+ cells and BrdU+ cells in the SGZ was calculated
using the optical dissector method, as previously described (59, 60).

DAPI staining
For the study of the short- and long-term effects on the number of
mature cells, sections were counterstained with DAPI (Calbiochem;
1:1000). In both the short- and long-term analysis, cell counts were
performed using a previously described physical dissector system
coupled with confocal microscopy (61, 62).

SYN and PSD95 immunofluorescence
For the long-term synaptic effects study, SYN and PSD95 immunohis-
tochemistry were employed following the protocol previously described
in Stagni et al. (18). The antibodies used were a mouse monoclonal anti-
SYN (SY38) antibody (Millipore-Biomanufacturing and Life Science
Research) and a rabbit polyclonal anti-PSD95 antibody (Abcam) both
diluted to 1:1000. Fluorescent images were captured by a confocal
microscope (Leica SP5), using a 63 × 1.4 objective and an 8× zoom.
For each marker, 4 sections per animal were used comprising the entire
hippocampus, and 1 random area in the molecular layer (ML) of the
dentate gyrus (DG), CA (Cornus Ammonis) 1, and CA3 per section
was measured. Image analysis was performed using the NIH ImageJ
software. For each marker, the number of individual puncta exhibiting
SYN or PSD95 immunoreactivity was counted in a circle with an area
of 325 μm2 for each image in each hippocampal field.

Cognitive analysis, MWM
Spatial learning and memory were evaluated using a modified version of
the MWM (20). Sixteen consecutive daily sessions were performed: 12
acquisition sessions (platform submerged, in 8 of these, the position of
the platform changed daily, while in the other 4 it was kept constant),
followed by a probe trial and 4 cued sessions (platform visible). The
computerized tracking system Anymaze (Stoelting) was used to analyze
the trajectories of the animals and record escape latency, distance
traveled, and swimming speed of each animal in each trial.

Statistics
Shapiro–Wilk tests were used to test the normality of the data sets.
As they were all normally distributed, parametric tests were used. The
water maze data from the acquisition sessions (sessions 1–12) were
analyzed using 2-factor ANOVA with repeated measures (RM) (‘session’
× ‘karyotype’ × ‘treatment’ or ‘trial’ × ‘karyotype’ × ‘treatment’).
The rest of the data from the short- and long-term studies was
analyzed using 2-factor (‘karyotype’ × ‘treatment’) ANOVA or RM
ANOVA (‘quadrant’). The mean values of each experimental group
were compared post hoc using Fisher’s LSD (least significant difference)
post hoc tests. The differences between groups were considered to be
statistically significant when P < 0.05. All analyses were performed
using IBM SPSS (Armonk) for Windows version 22.0.

Results
Short-term effects of prenatal treatment

Plasma concentrations.

After administration of the vehicle to TS females during
pregnancy, their PD2 offspring showed a mean value of
9.3 μg/mL of oleic acid and 2.7 μg/mL of linolenic acid in
plasma. The PD2 pups whose TS mothers received oleic acid
from ED10 to PD2 presented a mean value of 20.4 μg/mL of this
fatty acid, whereas PD2 pups born from pregnant TS females
that received linolenic acid during gestation showed a mean
plasma concentration of 8.6 μg/mL of this acid.

Body and brain weight.

At PD2, TS-V mice presented smaller body (P < 0.05;
Figure 1A) and brain weights (P < 0.01; Figure 1B) than CO-
V mice. Prenatal linolenic acid treatment increased the body
weight of LNA-CO pups with respect to CO-V mice (P < 0.001;
Figure 1A).

Prenatal administration of oleic acid increased the brain
weight of TS-OA mice at PD2 with respect to TS-V pups
(P < 0.01). Linolenic acid administration increased the brain
weight of mice of both karyotypes, as demonstrated by the
significant increase observed in the TS-LNA group with respect
to TS-V mice (P < 0.001), and in CO-LNA when compared with
CO-V pups (P < 0.001; Figure 1B).

GCL volume.

At PD2, the 3 groups of TS mice presented smaller GCL volumes
than the 3 groups of controls (‘karyotype’: P = 0.012; Figure 1C
and D). Oleic acid treatment increased the GCL volume in pups
of both karyotypes (TS-OA compared with TS-V, P < 0.05, CO-
OA compared with CO-V, P < 0.05), whereas prenatal linolenic
acid administration only enhanced the GCL volume of CO mice
with respect to the CO-V group (P < 0.05; Figure 1C and D).

BrdU immunohistochemistry.

At PD2, TS-V mice presented a lower number of BrdU+ cells
per slice (P < 0.01, Figure 2A and B), and a lower total number
of cells than their CO-V littermates (P < 0.01; Figure 2C). Both
prenatal treatments increased the number of BrdU+ cells per
slice in TS pups (TS-OA compared with TS-V: P < 0.001; TS-
LNA compared with TS-V: P < 0.01; Figure 2B), and the total
number of BrdU+ cells (TS-OA compared with TS-V: P < 0.01;
TS-LNA compared with TS-V: P < 0.01; Figure 2C). However,
neither the density nor the total number of this population of
cells were significantly modified by any of the treatments in PD2
CO mice.
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FIGURE 1 Body (A) and brain (B) weights, and GCL volume (C) of PD2 TS and CO mice prenatally treated with oleic acid, linolenic acid,
or vehicle. Representative microscopy sections of Nissl staining in the hippocampus of the 6 groups of mice (D). Values in A, B, and C are
means ± SEMs, n = 6–7 per group. Labeled bars without a common letter differ by P < 0.05, by Fisher’s LSD post hoc tests; scale bar in
D: 200 μm. CO, Control; CO-LNA, Control linolenic acid; CO-OA, Control oleic acid; CO-V, Control vehicle; GCL, granular cell layer; LSD, least
significant difference; PD, Postnatal Day; TS, Ts65Dn; TS-LNA, TS linolenic acid; TS-OA, TS oleic acid; TS-V, TS-vehicle; GR, Granular Region; H,
Hilus.

Mature granule cell count (DAPI staining).

TS-V mice presented a lower total number of DAPI+ cells than
their CO-V littermates (P < 0.05; Figure 2D and F), although
the density of this population of cells did not significantly differ
between PD2 pups of both karyotypes (Figure 2E). In TS mice,
oleic acid treatment increased the density (TS-OA compared
with TS-V: P < 0.05; Figure 2E) and the total number of
DAPI+ cells (TS-OA compared with TS-V P < 0.01; Figure 2F),
and both treatments significantly increased the total number of
this population of cells in CO animals (CO-OA compared with
CO-V: P < 0.05; CO-LNA compared with CO-V: P < 0.05;
Figure 2F).

Long-term effects of prenatal treatment

Histology.

At PD45, TS-V mice presented a lower density (P < 0.01;
Supplemental Figure 1B), and a lower total number of Ki67+
(P < 0.01; Supplemental Figure 1C) and BrdU+ (P < 0.05;
Supplemental Figure 1E) cells than their CO-V littermates.
Prenatal treatment with oleic or linolenic acid did not exert
any long-term effect on the GCL volume, the density, or the
total number of Ki67+ or BrdU+ cells in TS mice, since
neither TS-OA nor TS-LNA mice differed in any of these
measurements from TS-V mice (Supplemental Figure 1A–E).
However, at PD45, TS-LNA mice showed a higher density of
mature DAPI + cells than TS-V mice (P < 0.05; Supplemental
Figure 1F).

At PD45, TS-V mice presented a smaller number of
PSD95+ puncta than their CO-V littermates in all hippocampal
areas analyzed (CA1: P < 0.05; CA3: P < 0.05; ML:
P < 0.01; Figure 3A and B). Prenatal treatment with oleic
acid produced a long-term enhancement of the number of
PSD95+ puncta in TS mice (TS-OA compared with TS-
V: CA1: P < 0.05; CA3: P < 0.01; ML: P < 0.05);

whereas treatment with linolenic acid increased the number of
PSD95+ puncta in the ML of TS-LNA mice with respect to
TS-V animals, although no changes were observed in the other
hippocampal areas analyzed (CA1: P = 0.65; CA3: P = 0.14;
ML: P < 0.05).

Although TS-V mice presented a smaller number of
SYN+ puncta than CO-V mice in CA1 (P < 0.05), CA3
(P < 0.01), and in the ML (P < 0.01; Figure 3C and D), none
of the treatments modified the number of SYN + puncta in TS
or CO mice.

Cognition: MMW

Reference learning and memory.

The 6 groups of mice reduced their latency to reach the
platform when all sessions were taken into account (session
1–12: RM ANOVA ‘session’: P < 0.001; Figure 4A), both
in the sessions in which the platform position was changed
daily (sessions 1–8: P < 0.001) and in those in which
the platform position was kept constant (sessions 9–12:
P < 0.001).

The reduction in latency between sessions significantly
differed between animals of both karyotypes (‘session ×
karyotype’: P < 0.001) and of the 3 treatment conditions
(‘session × treatment’: P = 0.001).

When each pair of learning curves was analyzed separately,
TS-V mice presented a deteriorated performance when com-
pared with their CO-V littermates (P < 0.001; Figure 4B).

TS-OA (sessions 1–12: P = 0.006; sessions 1–8: P = 0.018;
sessions: 9–12: P = 0.026; Figure 4C), and TS-LNA mice
showed lower latencies to reach the platform than TS-V animals
(sessions 1–12: P = 0.007; sessions 1–8: P = 0.020; sessions 9–
12: P = 0.059; Figure 4E).
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FIGURE 2 Representative confocal images of BrdU+ immunohistochemistry (A) and by DAPI staining (D), number of BrdU+ cells per slice (B),
the total number (C) of BrdU+ cells, and of the density (E) and total number (F) of DAPI+ cells in the hippocampus of TS and CO pups prenatally
treated with oleic acid, linolenic acid, or vehicle. Scale bar in A: 100 μm, scale bar in D: 5 μm. Values in B, C, E, and F are means ± SEMs, n = 6–7
per group. Labeled bars without a common letter differ by P < 0.05, by Fisher’s LSD post hoc tests. BrdU, bromodeoxyuridine; CO, Control;
CO-LNA, Control linolenic acid; CO-OA, Control oleic acid; CO-V, Control vehicle; DAPI, 4′,6-diamidino-2-phenylindole; LSD, least significant
difference; PD, Postnatal Day; TS, Ts65Dn; TS-LNA, TS linolenic acid; TS-OA, TS oleic acid; TS-V, TS-vehicle; GR, Granular Region; H, Hilus.
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FIGURE 3 Representative confocal images PSD95 (A), and SYN (C) immunochemistry in the hippocampus, number of PSD95+ (B), and
SYN+ (D) puncta in the CA1, CA3 areas and ML of the hippocampus aged 45-d TS and CO mice that received oleic acid, linolenic acid, or vehicle
prenatally. Scale bars in A and C: 5 μm. Values in B and D are means ± SEMs, n = 6–7 per group. Labeled bars without a common letter differ
by P < 0.05, by Fisher’s LSD post hoc tests. CA1, Cornus Ammonis 1; CA2, Cornus Ammonis 2; CO, Control; CO-LNA, Control linolenic acid;
CO-OA, Control oleic acid; CO-V, Control vehicle; LSD, least significant difference; ML, molecular layer; PD, Postnatal Day; PSD95, postsynaptic
density protein 95; SYN, synaptophysin; TS, Ts65Dn; TS-LNA, TS linolenic acid; TS-OA, TS oleic acid; TS-V, TS-vehicle.
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FIGURE 4 Latency to reach the platform during the 12 acquisition sessions in the MWM exhibited between PD30 and PD45 by all
groups of mice (A), by TS-V and CO-V mice (B), by TS-OA and TS-V mice (C), by CO-OA and CO-V mice (D), by TS-LNA and TS-V
mice (E), and by CO-LNA and CO-V mice (F). Values are means ± SEMs, n = 10–13 per group. ∗P < 0.05,

∗∗
P < 0.01,

∗∗∗
P < 0.001

compared with CO-V (in B, D, and F) or compared with TS-V (in C and E), 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 12 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-LNA, Control linolenic acid; CO-OA, Control oleic acid; CO-V, Control vehicle; LSD, least significant difference;
MWM, Morris water maze; PD, Postnatal Day; RM, repeated measures; TS, Ts65Dn; TS-LNA, TS linolenic acid; TS-OA, TS oleic acid; TS-V,
TS-vehicle.

In the case of CO animals, prenatal administration of oleic
acid did not modify their performance in the MWM, since CO-
OA mice did not differ in their latency to reach the platform
when compared with CO-V mice (sessions 1–12: P = 0.11;
sessions 1–8: P = 0.30; sessions 9–12: P = 0.060; Figure 4D).
CO-LNA animals presented lower latencies to reach the
platform than the CO-V group only in the sessions in which the
platform position was kept constant (sessions 1–12: P = 0.23;
sessions 1–8: P = 0.37; sessions 9–12: P = 0.043; Figure 4F).

Working memory.

When all the groups of mice were analyzed together, statistical
analyses demonstrated a marked reduction in their latency

to reach the platform across trials (RM ANOVA ‘trial’:
P < 0.001; Figure 5A). However, the reduction in these
latencies differed between the 3 groups of TS and the 3 groups
of CO mice (‘trial × karyotype’: P < 0.001), and between
TS and CO mice under the 3 treatment conditions (‘trial ×
treatment’: P = 0.037).

When each pair of learning curves was analyzed separately, it
was observed that TS-V animals showed a deteriorated working
memory, since they did not reduce their latency to reach the
platform throughout the trials (P = 0.82; Figure 5B), and their
latency to reach the platform was higher than that of CO-V mice
(P = 0.001, Figure 5B). However, TS-OA (RM ANOVA ‘trial’:
P = 0.012, Figure 5C) and TS-LNA mice (P = 0.052; Figure 5E)
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FIGURE 5 Latency to reach the platform during each trial of the first 8 acquisition sessions exhibited between PD30 and PD45 by all animals
(A), by TS-V and CO-V mice (B), by TS-OA and TS-V mice (C), by CO-OA and CO-V mice (D), by TS-LNA and TS-V mice (E), and by CO-LNA and
CO-V mice (F), in the MWM. Values are means ± SEMs, n = 10–13 per group. ∗P < 0.05,

∗∗
P < 0.01,

∗∗∗
P < 0.001, compared with CO-V (in B,

D, and F) or compared with TS-V (in C and E) Fisher’s LSD post hoc tests. On the right side of each figure, the P value of the main effects for
‘karyotype’ (Figure 5B), or ‘treatment’: (Figure 5C–F) after RM ANOVAs, are shown. The dotted lines and the P values beside them represent
the significance of the change in latency across the trials (RM ANOVA ‘trial’ of each learning curve). CO, Control; CO-LNA, Control linolenic acid;
CO-OA, Control oleic acid; CO-V, Control vehicle; LSD, least significant difference; MWM, Morris water maze; PD, Postnatal Day; RM, repeated
measures; TS, Ts65Dn; TS-LNA, TS linolenic acid; TS-OA, TS oleic acid; TS-V, TS-vehicle.

reduced their latency to reach the platform between trials,
indicative of their ability to learn the platform position across
trials.

In euploid mice, both groups of mice, CO-OA (‘trial’:
P < 0.001; Figure 5D) and CO-LNA (P < 0.001; Figure 5F)
reduced their latency to reach the platform between
trials.

Cued sessions.

TS and CO mice under the different treatments did not
differ in their latency to reach the platform during the cued
sessions when the platform was visible (‘karyotype’: P = 0.14,
‘treatment’: P = 0.30; ‘karyotype × treatment’: P = 0.038; data
not shown).

Spatial memory.

During the probe trial, TS-V mice crossed fewer times over
the place where the platform was located during the training
sessions (P < 0.05; Figure 6A) and entered the trained

quadrant fewer times (P < 0.05; Figure 6B) than their CO-V
littermates.

Prenatal treatment with oleic acid or linolenic acid increased
the number of crossings that TS mice performed over the
platform position with respect to vehicle-treated trisomic
animals (TS-OA compared with TS-V: P = 0.05; TS-LNA
compared with TS-V: P < 0.05; Figure 6A), but did not exert
any significant effect on the number of entries that TS or CO
mice made into the trained quadrant (Figure 6B).

TS-V mice did not show a preference for any of the quadrants
(P = 0.54; Figure 6C and E). However, prenatal oleic acid or
linolenic acid treatment improved the spatial memory of TS
mice, since TS-OA and TS-LNA animals spent more time in
the trained quadrant than in the rest of the quadrants (TS-
OA: P < 0.001; TS-LNA: P < 0.001; Figure 6C and E). The
3 groups of CO mice spent a higher percentage of time in the
trained quadrant than in the rest of the quadrants (CO-OA:
P < 0.001; CO-LNA: P < 0.001; CO-V: P < 0.001; Figure 6D
and F).
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FIGURE 6 Number of crossings over the platform position (A) and number of entries in the trained quadrant (B) performed at PD45 in the
probe trial by TS and CO mice prenatally treated with oleic acid, linolenic acid, or vehicle. Percentage of time spent in each quadrant during the
probe trial by TS-OA, TS-LNA, and TS-V (C), and CO-OA, CO-LNA, and CO-V animals (D), and percentage of time spent in the trained quadrant
compared with the rest of the quadrants by TS-OA, TS-LNA, and TS-V (E), and CO-OA, CO-LNA, and CO-V (F) mice. Values are means ± SEMs,
n = 10–13 per group. Labeled bars without a common letter differ by P < 0.05, by Fisher’s LSD post hoc tests.

∗∗∗
P < 0.001 trained quadrant

compared with the rest of the quadrants, Fisher’s LSD post hoc tests. The dotted lines in Figure 6C–F represent the chance level, i.e. a probability
equal to 25% of the time. CO, Control; CO-LNA, Control linolenic acid; CO-OA, Control oleic acid; CO-V, Control vehicle; LSD, least significant
difference; PD, Postnatal Day; TS, Ts65Dn; TS-LNA, TS linolenic acid; TS-OA, TS oleic acid; TS-V, TS-vehicle.

Discussion

In this study, prenatal administration of oleic acid and linolenic
acid rescued several neuromorphological alterations found in
newborn TS mice. In particular, these treatments increased their
brain weight, the volume of their GCL, and the number of
proliferating and mature granule cells in their hippocampi.
When the effects of these treatments were analyzed 6 wk
after the discontinuation of the treatment, no significant effects
were found in the GCL volume, the number and density of
Ki67+ or BrdU+ cells or the number of SYN + puncta found
in the hippocampus of TS mice. However, both treatments
increased the number of PSD95 + puncta. When the long-term
functional effects of both prenatal treatments were analyzed,
TS mice that received oleic acid or linolenic acid showed
improved reference, working, and spatial memory in the
MWM.

Both oleic acid and linolenic acid have been demonstrated to
cross the placental and blood-brain barrier (35, 47, 63). In this
study, the pups of the dams treated with these acids presented
an increased concentration of both acids in plasma. Thus, oleic
acid and linolenic acid were adequately transferred to the pups,
incorporated into the bloodstream, and distributed throughout
the organism.

Consistent with the altered prenatal neurodevelopment of
TS mice and DS individuals (2, 3, 10, 11, 14, 21, 64), we
found that TS mice presented reduced brain weight, GCL
volume, cell proliferation, and density of mature cells. Both
lipid composition and fatty acid metabolism are essential
for proper neurodevelopment. DS individuals present lower
concentrations of MUFAs, especially of oleic acid, in their brains
(52, 65). Thus, these deficiencies could play an essential role
in the neurodevelopmental alterations and/or in the functional
anomalies found in DS. However, there is increasing evidence
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that brain development is not only affected by the total
concentrations of fatty acids, but also by the ratio and the
relation between these acids. Considering DS, corn oil is a
source of linoleic acid, which is a precursor of PUFAs of the
omega-6 series and produces arachidonic acid (ARA), and
improves brain developmentIn DS, corn oil is a source of
linoleic acid, a precursor of PUFAs of the ω-6 series, which
produces arachidonic acid (ARA) improves brain development
(66), supporting the idea of the essential role of ω-6 and
ARA in neurodevelopment. Furthermore, DS brains present an
increased ratio of PUFAs of the ω-3 series with respect to those
of the ω-6 series (65). These authors proposed that this ratio
was modified due to the decrease of ARA in brains and that this
effect plays a role in the alterations in neurodevelopment found
in DS. Therefore, in the present study it is possible that adding ω-
3 PUFAS to the diet induced a reduction in ARA concentrations,
thereby increasing the total amount of ω-3 fatty acids and
enhancing the ω-3: ω-6 ratio. This effect could be partially
responsible for the benefits found after its administration.

In the present study, the prenatal administration of oleic and
linolenic acids increased cell proliferation in the hippocampi
of TS pups and reduced the hypocellularity in this structure.
There is evidence of the proneurogenic effect of both acids
under different conditions (25, 32–34, 47, 48, 66). The prenatal
administration of compounds that increase neurogenesis, such
as the serotonin reuptake inhibitor Fluoxetine, normalizes the
neuroanatomical anomalies in TS mice (11). Thus, the increase
in granule cell density induced by these compounds could be due
to enhanced cell proliferation, differentiation, and/or survival.

During neurodevelopment, the primary role of oleic acid in
neurogenesis is to act as a neurotrophic factor (26, 27). During
this period, brain development is regulated by the α-fetoprotein
(AFP)/albumin ratio that modulates the neurotrophic effects
of oleic acid (67). Thus, the balance between these 2 signals
seems to be essential to induce neurogenesis in embryonic
development, whereas its imbalance contributes to the onset
of several alterations during neurodevelopment. DS individuals
present a reduction in the serum concentrations of AFP and
albumin (68, 69) that correlates with a lower concentration
of oleic acid in the brain (65). Thus, it is possible, that after
the administration of oleic acid during the prenatal stages,
adequate concentrations of this fatty acid were reached, thereby
correcting the alterations in hippocampal neurogenesis in TS
mice. However, after discontinuation of the treatment, these
concentrations would likely have returned to their original
altered states, and this might be 1 of the reasons why the
beneficial effects of oleic and linolenic acids on neurogenesis in
TS mice are not seen 1 mo later.

Regarding linolenic acid, it has been demonstrated that
during gestation, and in the first stages of postnatal life, an
adequate intake of ω-3 fatty acids, such as linolenic acid, is
necessary to allow the correct development of the brain and
neurogenesis (32). Most of the beneficial effects of ω-3 fatty
acids are due to their conversion into DHA. Numerous studies
have demonstrated that the administration of a diet rich in
linolenic acid promotes hippocampal neurogenesis (33, 34, 70).
In contrast, DHA deficiency during gestation, due to the reduced
intake of linolenic acid, alters brain morphology, including
the cortical and hippocampal areas, as well as hippocampal
neurogenesis (32). These authors suggest that the inhibition of
neurogenesis which occurs after linolenic acid restriction during
gestation could be due to a delay in the cell cycle or the onset
of neurogenesis. In TS mice, alterations in neurogenesis during
prenatal stages are also due to a slowing down of the cell

cycle (1, 10, 14). Thus, the administration of linolenic acid to
pregnant TS females could accelerate the speed and/or reduce
alterations in the cell cycle, increasing the number of neuronal
precursors in TS pups.

Oleic acid and linolenic acid treatment also enhanced the
number of mature granular cells, possibly due to the well-
known effect of both acids on neuronal differentiation and
survival (30, 70–72). This increased cellularity is likely to be
responsible for the increase in the GCL volume and brain
weight found in TS mice after prenatal oleic acid and linolenic
acid treatment. Linolenic acid treatment increases hippocampal
volume (47, 72); conversely, restriction of linolenic acid in the
diet during gestation alters normal brain development (32). As
low concentrations of fatty acids are found in DS brains (52,
65), their exogenous administration to pregnant TS mice could
positively impact prenatal brain development, restoring the size
of the hippocampal structures in their progeny.

However, most of the beneficial effects of the prenatal admin-
istration of oleic and linolenic acids on the neuromorphological
alterations found in TS mice were not maintained 6 wk after
the discontinuation of the treatment. These results indicate that
the presence of oleic acid and linolenic acid may be necessary to
induce their proliferative and prosurvival effects in TS mice.

Administration of fatty acids during adulthood also reduces
the neuropathology found in TS mice. Giacomini et al. (66)
showed that treatment with corn oil, which contains both
oleic and linoleic acids, rescued brain weight, neurogenesis,
dendritogenesis, and cognition in adult TS mice. In addition,
using cultures of neural progenitor cells (NPCs) obtained from
DS individuals, they demonstrated that both linolenic and oleic
acids can increase the proliferation rate of NPCs (66).

One of the most relevant results of this study is the
finding that prenatal administration of oleic and linolenic acid
produced long-term enhancement of the cognitive abilities of TS
mice in the MWM. Those animals that received this treatment
during gestation demonstrated better reference, working, and
spatial memory than the ones that received the vehicle, as
indicated by their reduced latency to reach the platform across
sessions (reference memory) and across trials in each session
(working memory). Finally, both treatments also increased the
memory of the platform position in TS mice, since these animals
spent more time searching for the platform position in the
trained quadrant and crossed over the platform position more
times than the vehicle-treated TS mice. These results agree
with the literature that reports the procognitive effects of oleic
and linolenic acids and their derivatives. DHA supplementation
improves cognition and spatial memory in normal rodents, in
murine models of Alzheimer’s disease (AD) (49, 50), and in the
pups of rats supplemented with linolenic acid during gestation
(51). Moreover, administration of corn oil to adult TS mice
also induces procognitive effects (66), and treatment with a diet
supplemented with fish oil that contained linolenic acid rescued
cognitive deficits in mice that overexpressed the RCAN-1 gene
which is triplicated in DS and TS mice (73).

The procognitive effects found in this study cannot be
attributed to changes in neurogenesis. However, changes in the
characteristics of the synaptic connections might be partially
responsible for these beneficial effects in the cognitive abilities
of TS mice.

Although the total number of synapses was unchanged after
both treatments, as demonstrated by the similar number of
SYN + puncta found in TS mice under all treatments, oleic
acid administration increased the number of PSD95 + puncta,
a postsynaptic marker of excitatory synapses (74, 75), in all
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hippocampal areas analyzed. Linolenic acid treatment only
increased PSD95+ in the ML of the hippocampus. Since the
number of synapses was similar in all groups, these results
suggest that the altered inhibitory-excitatory balance of TS mice
could have been partially corrected. The over-inhibition, due
to enhanced GABA(Gamma-Aminobutyric Acid)ergic transmis-
sion and reduced glutamatergic transmission, characteristic of
TS mice, has been proposed to play an essential role in the
cognitive difficulties of TS mice (76). Among the mechanisms
proposed as being responsible for the beneficial effects of oleic
and linolenic acids is the increase in glutamatergic transmission,
through the increased expression of vesicular glutamate trans-
porters 1 and 2 (VGluT1 and VGluT2) (33, 71, 72). Oleic acid
promotes the synthesis of the postsynaptic protein PSD95 (30),
which is implicated in long-term potentiation (LTP) generation
(77). Thus, an increase in excitatory transmission could be
partially responsible for the long-term benefits exerted by oleic
acid and linolenic acid in the reference memory, working
memory, and spatial memory of TS mice found in this study.

In conclusion, the prenatal administration of oleic and
linolenic acid restored several neuromorphological alterations
in the TS65Dn mouse model of DS. In addition, they
produced long-term enhancement of the cognitive abilities
of these animals, possibly by normalizing the excitatory-
inhibitory synaptic balance. These results provide evidence for
the potential therapeutic effect of oleic and linolenic acids in DS.
Given that both are natural substances present in the human
diet, they could be administered prenatally and thereby exert
stronger effects on the neurodevelopment of the DS population.
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