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Abstract

Down syndrome (DS) is marked by intellectual disability (ID) and early-onset of Alzheimer’s
disease (AD) neuropathology, including basal forebrain cholinergic neuron (BFCN) degeneration.
The present study tested the hypothesis that maternal choline supplementation (MCS) lessens
hippocampal dysfunction and protects against BFCN degeneration in the Ts65Dn mouse model of
DS and AD. During pregnancy and lactation, dams were assigned to either a choline sufficient
(1.1 g/kg choline chloride) or choline supplemented (5.0 g/kg choline chloride) diet. Between 13
and 17 months of age, offspring were tested in the radial arm water maze (RAWM) to examine
spatial learning and memory followed by unbiased quantitative morphometry of BFCNs. Spatial
mapping was significantly impaired in unsupplemented Ts65Dn mice relative to normal disomic
(2N) littermates. Additionally, a significantly lower number and density of medial septum (MS)
hippocampal projection BFCNs was also found in unsupplemented Ts65Dn mice. Notably, MCS
significantly improved spatial mapping and increased number, density, and size of MS BFCNs in
Ts65Dn offspring. Moreover, the density and number of MS BFCNs correlated significantly with
spatial memory proficiency, providing powerful support for a functional relationship between
these behavioral and morphometric effects of MCS for the trisomic offspring. Thus, increasing
maternal choline intake during pregnancy may represent a safe and effective treatment approach
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for expectant mothers carrying a DS fetus, as well as a possible means of BFCN neuroprotection
during aging for the population at large.
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INTRODUCTION

Down syndrome (DS), caused by triplication of human chromosome 21 (HSA21), is the
most common genetic disorder resulting in intellectual disability (ID). By the third or fourth
decade of life, DS individuals develop dementia and the histopathological characteristics of
Alzheimer’s disease (AD) (Casanova et al., 1985; Fodale et al., 2006; Mann, 1988; Mann et
al., 1986, 1984; Mann and Esiri, 1989; Wisniewski et al., 1985a, 1985b), including
neurofibrillary tangles, neuritic plaques, and cholinergic basal forebrain pathology (Mufson
et al., 2003; Isacson et al., 2002; Sendera et al., 2000; Whitehouse et al., 1982). Currently,
there are no therapeutic interventions that prevent or reverse ID, age-related cognitive
impairment, or brain pathology in DS.

Several mouse models have been developed to study the relationship between the
triplication of specific genes in DS and distinct phenotypic features (see Das and Reeves,
2011; Rueda et al., 2011; Salehi et al., 2006 for reviews). The most well-characterized
animal model is the Ts65Dn mouse, which is segmentally trisomic for the distal region of
mouse chromosome 16 (MMU16) which contains more than 100 highly conserved genes
that are orthologous to those on HSA21 (Sturgeon and Gardiner, 2011). This triplicated
chromosomal segment also includes the “Down syndrome critical region,” (DSCR) which is
considered necessary, although not solely sufficient, for the DS phenotype (Belichenko et
al., 2009; Olson et al., 2007, 2004).

Similar to humans with DS, Ts65Dn mice are born with an intact basal forebrain cholinergic
neuron (BFCN) system, which undergoes progressive atrophy starting between four and six
months of age (Granholm et al., 2000; Holtzman et al., 1996; Hunter et al., 2003; Seo and
Isacson, 2005). BFCN atrophy coincides with a decline in hippocampal-dependent memory
function in Ts65Dn mice likely due to impairment of the cholinergic hippocampal projection
system arising from the medial septum (MS) and vertical limb of the diagonal band (VDB)
(Bimonte-Nelson et al., 2003; Crnic and Pennington, 2000; Fernandez and Garner, 2008;
Granholm et al., 2000; Holtzman et al., 1996; Hunter et al., 2003; Hyde and Crnic, 2001;
Hyde et al., 2001; Rye et al., 1984; Stasko and Costa, 2004). Cholinergic neurons within the
nucleus basalis of Meynert (NBM) also atrophy, which correlates with cognitive decline in
both DS and AD (Bierer et al., 1995; Davis et al., 1999; DeKosky et al., 2002; Mufson et al.,
2003).

Based on these findings, interventions that maintain BFCN viability are likely to improve
cognition in DS. A therapy which may hold promise in this regard is supplementation of the
maternal diet with additional choline, a hypothesis based on two converging lines of
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evidence: (a) the pattern of cognitive impairment in DS (and the Ts65Dn mouse) is
indicative of dysfunction of BFCNSs and their projections to the hippocampus and frontal
cortex (spatial memory and attention, respectively); and (b) in normal rodents,
supplementing the maternal diet with additional choline (~ 4.5X the amount in normal
chow) enhances these two cognitive domains in the offspring, and exerts structural and
functional changes in the septo-hippocampal cholinergic system (reviewed in Meck and
Williams, 2003; McCann et al., 2006; Zeisel and Niculescu, 2006). Prior findings from our
lab have provided support for this hypothesis, demonstrating that maternal choline
supplementation (MCS) produces lifelong improvements in performance of Ts65Dn
offspring in behavioral tasks dependent on BFCN projections to the frontal cortex (Moon et
al., 2010), and normalizes hippocampal neurogenesis in these animals (Velazquez et al.,
2013).

The current study was designed to extend this prior work by testing the hypothesis that MCS
improves performance of aged Ts65Dn offspring on tests of spatial learning and memory,
and that the mechanism(s) underlying these cognitive benefits are related to protection of the
BFCN hippocampal and cortical projection systems. To examine these hypotheses, we
assessed the effects of supplementing the maternal diet with additional choline (versus a
control diet with standard choline content) in Ts65Dn offspring and their normal disomic
(2N) littermates, with respect to (1) radial arm water maze (RAWM) performance, and (2)
morphometric indices of MS, VDB, and nucleus basalis of Meynert/substantia innominata
(NBMY/SI) cholinergic neurons.

METHODS

Subjects

Breeder pairs (Ts65Dn female and C57BI/6J Eicher x C3H/HeSnJ F1 male mice) were
purchased from Jackson Laboratories (Bar Harbor, ME), mated at Cornell University,
(Ithaca, NYY), and randomly assigned to either a choline-controlled, standard rodent chow
diet (AIN-76A with 1.1 g/kg choline chloride; Dyets Inc., Bethlehem, PA) or a rodent chow
diet with choline supplementation (AIN-76A with 5.0 g/kg choline chloride; Dyets Inc) as
reported previously (Kelley et al., 2014a, 2014b; Velazquez et al., 2013). The two levels of
maternal choline intake selected for these studies with the Ts65Dn model were based on
numerous prior studies demonstrating lasting cognitive benefits of increased maternal
choline intake in normal rodents (Meck and Williams, 1999; 2003; Meck et al., 2007). The
choline content of the control diet is considered to provide adequate choline intake during
pregnancy (Meck et al., 2007). The choline-supplemented diet provided approximately 4.5
times the concentration of choline in the normal diet, within the range of dietary variation
observed in the human population (Detopoulou et al., 2008). The breeder pairs were
provided ad libitum access to their assigned diet. Pups were weaned on postnatal day 21
(PND 21) and given ad libitum access to the control diet.

Breeder pairs yield litters with segmentally trisomic (Ts65Dn) mice and disomic (2N)
littermates. At weaning, tail snips were sent to Jackson laboratories (Bar Harbor, ME) for
genotyping by quantitative polymerase chain reaction (qQPCR) for the detection of the extra
chromosomal segment of MMU16, and determination of Pde6b™! homozygosity. Pde6brd?
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is a recessive mutation that leads to retinal degeneration (Keeler, 1966); mice homozygous
for the Pde6b™! mutation were excluded from the study.

After weaning, the pups were group-housed with same-sex littermates. Only male mice were
used for these experiments. In pilot experiments, we observed that ad libitum access to food
produces obesity in many of these mice over time, resulting in a tendency to float in the
water rather than purposefully swim to search for the hidden escape platform. Therefore, to
prevent obesity, a daily ration was calculated to yield body weights that were approximately
90% of their free-feeding weights. Two weeks prior to behavioral testing, mice were singly
housed to prevent fighting between cage-mates, which often occurs when group-housed
male mice of this strain are returned to the home-cage following daily behavioral testing. A
combination of daily handling, testing and the provision of items in the home-cage (i.e.,
plastic igloos, tubes, and plastic-gel bones, Nestlets) countered the environmental
impoverishment of single animal housing. All of these objects were always in the animals’
cages throughout the experiment. Once each week, the soiled objects were removed and
replaced with clean objects. Mice were housed in a room with a 12:12-hour reversed light-
dark cycle (lights off at 8:00 a.m.) and tested during the dark cycle. The behavioral testing
room directly adjoined the housing room, preventing any light exposure during the transport
of the animals between rooms.

All protocols were approved by the Institutional Animal Care and Use Committee of Cornell
University and conform to the National Institutes of Health Guide for the Care and Use of
Laboratory Animals.

Behavioral Testing: Radial arm water maze (RAWM)

The RAWM was used to assess spatial learning and memory. Variations of this task have
been used successfully in prior studies with Ts65Dn mice (Bimonte-Nelson et al., 2003;
Howell and Gottschall, 2012; Hunter et al., 2003; Lockrow et al., 2011; Velazquez et al.,
2013) and other AD mouse models (Arendash et al., 2004). Because this task requires mice
to navigate the arms of the maze to find the escape platform, it prevents the thigmotactic
behavior exhibited by Ts65Dn mice in the Morris water maze.

The RAWM was configured in a pool (100 cm diameter) containing six arms (25.5 cm high,
35 cm long, 20 cm wide) radiating from the center. This configuration created a central area
of 40 cm diameter. Water temperature was maintained at 20-22 °C, cool enough to ensure
adequate motivation to perform the task, but sufficiently warm to avoid hypothermia. The
escape platform was a cylinder (surface 10 cm diameter, 7.5 cm tall) made of clear plastic,
tinted black, situated 1 cm below the water surface. Because the inside of the pool was also
black, the escape platform was not visible to the animals. Numerous distinctive extra-maze
cues were available to allow the mice to navigate using spatial mapping. Two individuals
conducted the behavioral testing, each testing an equal number of mice per treatment group.
Animals were tested in two consecutive cohorts, in a stratified randomized balanced design
across 4 groups, resulting in an age range of 12.8 to 16.7 months (Mean = 15.5, SD = 1.75;
see Table 1) at the start of testing. Behavioral testing followed a 20-day protocol after which
the animals were immediately sacrificed at ages 13.7 — 17.8 months. Whenever possible, one
Ts65Dn and one 2N male pup were selected from each litter for behavioral testing.
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Experimenters conducting the behavioral testing were blind to the subject’s genotype and
maternal diet.

RAWM testing comprised three phases: (1) training, (2) hidden platform (HP) task, and (3)
visible platform (VP) task, as described below.

Training—~For one session prior to maze testing, the mice were acclimated to the maze and
the basic procedures of the task (e.g., swimming, finding the hidden platform). During this
phase, all arms were blocked except for the start arm and the goal arm that contained the
hidden platform, providing a direct escape route. This same procedure was used on the first
trial of the first day of the hidden platform task (see below) but on all subsequent trials, all
arms were accessible.

Hidden platform (HP) task—The HP task began on the day following training. In this
task, mice were tested for five trials per session for a total of 15 sessions. The escape
platform remained in the same location throughout testing for each animal, with the animals
starting from a different arm on each of the five daily trials, pseudo-randomly determined.
Each animal was assigned a different hidden platform location for the entirety of this task,
with the goal location balanced across treatment groups. On each trial, the mice were given
60 seconds to locate the platform; if the platform was not located within that period, the
mouse was guided to the platform. If at least half of the animal’s body entered a non-goal
arm an error was tallied. After each trial, each animal was given a 15 second rest period on
the platform and then returned to its home cage during the inter-trial interval (ITI) in order
to prevent hypothermia, a particular concern for Ts65Dn mice (livonen et al., 2003; Stasko
and Costa, 2004; Stasko et al., 2006). All mice were tested on trial 1 before any mouse was
tested on trial 2, etc., with the result that each animal had a 10-20 minute rest period
between consecutive trials. The animals were weighed every other day and fed immediately
following the last trial of each day.

Visible platform (VP) task—On the day following completion of the HP task, the mice
were tested on the VP task for five sessions, using the same water maze apparatus.
Successful performance in the VP task does not require spatial mapping but depends on
other abilities needed for success in the HP task, including the ability to swim, and climb
onto the platform, motivation to escape from the water, arousal regulation, and visual acuity.
In the VP task, a black curtain was placed around the water maze to obscure extramaze cues.
The location of the platform was indicated by a prominent intramaze cue: a tall, white P\VC
pipe affixed to the platform (3.8 cm diameter x 30.5 cm high). The location of the platform
was changed on every trial. All other testing characteristics were the same as in the HP task,
including the amount of time allotted per trial to search for the platform, the resting period
on the platform, and the ITI.

Tissue preparation—Upon completion of behavioral testing, mice were deeply
anesthetized with ketamine (85 mg/kg)/xylazine (13 mg/kg) via intraperitoneal injection,
perfused tran-scardially with 0.9% saline (50 ml), followed by 4% paraformaldehyde (50
ml) in phosphate buffer (PB; 0.1M; pH = 7.4). Ages at sacrifice are shown in Table 1. Brains
were extracted from the calvaria, postfixed for 24 h in the same fixative, and placed in a
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30% sucrose PB solution at 4 °C until sectioning. Each brain was cut in the coronal plane at
40 um thickness, on a sliding freezing microtome into six adjacent series and stored at 4 °C
in a cryoprotectant solution (30 % ethylene glycol, 30 % glycerol, in 0.1 M PB) prior to
immunohistochemical staining (Kelley et al., 2014a, 2014b; Velazquez et al., 2013).

Immunohistochemistry—Immunohistochemistry was performed as previously described
(Kelley et al., 2014a, 2014b). Tissue was immunostained using the following primary
antibodies: a goat polyclonal antibody against choline acetyltransferase (ChAT, 1:1000;
Millipore, Billerica, MA), a rabbit polyclonal antibody against the pan-neurotrophin receptor
p75NTR (1:2000; Millipore), and a rabbit polyclonal antibody against the cognate nerve
growth factor (NGF) receptor tyrosine receptor kinase A (TrkA, 1:10,000, gift from Dr. L.
Reichardt, UCLA). A 1/6 series of sections was singly immunolabeled for each marker,
group sizes are as listed in Table 1. Briefly, sections were washed in 0.1 M phosphate buffer
(PB; pH 7.4) to remove cryoprotectant, rinsed in Tris-buffered saline (TBS), and incubated
in sodium (meta)periodate (2.139 g per 100 ml TBS) to inhibit endogenous peroxidase
activity. To improve primary antibody penetrance throughout the full depth of the tissue,
sections was washed in TBS with 0.25 % Triton X-100, followed by rinses in a blocking
solution to prevent nonspecific binding consisting of 3 % serum (raised against host
organism of secondary antibody: ChAT, horse serum; p75NTR and TrkA, goat serum) in
TBS/Triton X-100. Tissue was then incubated overnight at room temperature with the
primary antibody in TBS/Triton X-100 with 1 % serum and then washed in TBS and
incubated for 1 h with a biotinylated 1gG secondary antibody raised against the host of the
primary antibody: ChAT, anti-goat; p75NTR, anti-rabbit; TrkA, anti-rabbit (Vector
Laboratories, Burlingame, CA). Tissue was washed in TBS and incubated with an avidin-
biotin complex (ABC) solution (Elite Kit, Vector Laboratories) for 1 h to amplify the
immunochemical reaction. Immunolabeling was visualized using an acetate-imidazole
buffer containing 0.05 % 3,3’-diaminobenzidine tetrahy-drochloride (DAB; Sigma-Aldrich,
St. Louis, MO) and 0.0015 % freshly prepared H,0,. Sections were washed in acetate-
imidazole buffer to terminate the immunochemical reaction, mounted onto chrome-alum-
subbed slides, air dried for 24 h, dehydrated through a series of graded alcohols (70%, 95%,
and 100 %), cleared in xylenes, and cover-slipped with distyrene/dibutylphthalate
(plasticizer)/xylene (DPX) mounting medium (Kelley et al., 2014a, 2014b; Velazquez et al.,
2013).

BFCN nomenclature—The BFCN subregions examined included the medial septum
(MS), vertical limb of the diagonal band (VDB), and nucleus basalis of Meynert/substantia
innominata (NBM/SI).

Stereology—ChAT-, p75NTR- and TrkA-immunoreactive neuron counts were determined
in the MS, VDB, and NBM/SI using the optical fractionator, a stereological model that pairs
the optical disector probe (a three-dimensional counting space) with a two-dimensional grid
that provides an unbiased random-start and systematic interval sampling of the region of
interest. All analyses were conducted using Stereo Investigator software (version 9.14.5 32-
bit, Micro-BrightField, Inc., Williston, VT, USA) coupled to a Nikon Optiphot-2
microscope. Values are presented as estimate per brain derived from a sampling of the
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region of interest bilaterally across a 1/6 series for each marker (X60, n.a. 1.40, 50 x 50 um
counting frame, 151 x 151 um grid size, 10 um disector height). Tissue thickness was
measured at every site that contained cells and the reciprocal for (disector height)/(mean
measured thickness) was used for reported numbers and statistical analyses. The large
sampling fraction allowed for a CE, = 1 of <0.10 (Gundersen, 1999). Cell density is
presented as cells per 1,000,000 um3 (Kelley et al., 2014a). Calculation was performed for
each animal, prior to group averages. Photomicrographs were taken on a Nikon Optiphot-2
microscope (Tokyo, Japan) connected to Stereo Investigator software (MicroBrightField,
Inc.) Background correction was used at the time of image capture to establish evenness of
illumination across the field, and scale bars were added within the Stereo Investigator
software. Panels were compiled in PowerPoint (version 14.0.6129.5000, 32-bit, Microsoft,
Redmond, WA, USA) and each micrograph was equally corrected for brightness and
contrast. No retouching or further manipulations were performed.

Regional area analysis—Regional basal forebrain areas (um?) were derived by
planimetry. Previous comparison between Cavalieri estimator and planimetry values showed
no difference between methods (Kelley et al., 2014a: slope m = 1.001, correlation r2 =
0.998, r = 0.999). Values represent summation from tracings outlining each basal forebrain
subfield across a 1/6 series: an average of four MS sections, four VDB sections, and seven
NBMY/SI sections. An area estimate for each basal forebrain subregion was calculated by
averaging measures for ChAT- and p75NTR-immunolabeled tissue prior to deriving group
averages.

Neuron size—BFCN size was measured using a 5-ray nucleator probe for an average of
60 cells per stain, per region, per animal (X60 oil-immersion lens n.a. 1.40) using random
sampling across rostrocaudal and dorsoventral axes derived with the optical fractionator.
The nucleator involves taking five measurements from an approximate center of the cell to
the perimeter of the cell in one plane (< 1.0 ym z-axis) of section (Gundersen, 1988). The
probe derives an average radius for each cell and volume was calculated from this value
using a weighted geometric formulae (shape assumption spheroid).

Antibody tissue penetration—A major criterion for the use of the optical disector is
antibody penetration through the full depth of the stained section. The depth of ChAT,
p75NTR and TrkA antibody penetration through a tissue section in the z-axis was
determined using the same optical disector system and software used to count labeled
neurons in this study (see above). ChAT, p75NTR and TrkA antibodies penetrated the full
depth of the section allowing for the equal probability of counting all objects, a prerequisite
for stereology (Mufson et al., 2000; Kelley et al., 2014a, 2014b; Velazquez et al., 2013).

Statistical Analyses

Statistical and correlation analyses were performed using the Statistical Analysis System
(version 9.3; SAS Institute, Cary, NC). The statistical procedure used for each outcome
measure is presented below.
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HP and VP tasks—For both the HP and VP tasks, the dependent measure for each mouse
was the mean number of errors committed per trial, averaged for each block of sessions. For
the HP task, the 15 sessions were divided into five 3-day blocks for analysis; for the VP
task, the 6 sessions were divided into three 2-day blocks. The data were analyzed using a
generalized linear mixed model (PROC GLIMMIX), an established method for conducting
repeated measures analyses with various probability distributions including Gaussian
(Wolfinger and O’Connell, 1993). Fixed factors for the models included Genotype (Ts65Dn
and 2N), Maternal Diet (diet containing normal levels of choline or choline-supplemented),
and Cohort (cohorts 1 and 2), as well as appropriate interaction terms. The random factors in
the model included Session-Block (defined above) and individual mouse performance. If the
interaction between Genotype and Maternal Diet was significant, three post-hoc contrasts of
interest were examined: (1) Comparison of unsupplemented Ts65Dn and 2N mice to
determine the effect of genotype for mice born to dams maintained on a diet with normal
choline levels; (2) Comparison of Ts65Dn mice born to unsupplemented dams versus
supplemented dams to determine the effect of MCS for Ts65Dn mice; and (3) Comparison
of supplemented 2N mice to unsupplemented 2N mice to determine the effects of MCS for
the 2N mice. A Bonferroni correction was applied to these three comparisons, yielding an
alpha level of 0.05/3 or 0.0167 as the threshold for significance. If the interaction was not
significant, only the main effects of Maternal Diet and/or Genotype are reported.

Morphometric analyses—Analyses of variance (ANOVA) assessed group differences in
mean number, density, and size of neurons reactive for ChAT, p75NTR and TrkA within
each BFCN region (MS, VDB, NBM/SI) as described previously (Kelley et al., 2014a).
Significant interactions between Maternal Diet and Genotype (p = 0.05) were followed up
with the three comparisons of interest listed above using a Bonferroni correction.

Group differences in regional area of the various BFCN regions were assessed using the
non-parametric Wilcoxon rank sum because normality assumptions of ANOVA were not
met.

Correlations between behavioral and morphometric data—A non-parametric
Spearman rank correlation was used to assess the relationship between each of the
morphometric indices for the MS [count, density, and neuron size for each marker (ChAT,
p75NTR TrkA)], and the mean number of errors committed in block 3 of the HP task, the
block of testing sessions in which the largest group differences were observed. The use of a
non-parametric test mitigated the influence of a few outliers.

The final sample size for all behavioral and morphometric measures is presented in Table 1.
The four treatment groups were: 1) disomic mice born to dams maintained on a choline
normal diet (2N Ch); (2) Ts65Dn mice born to dams maintained on a choline normal diet
(Ts Ch); (3) disomic mice born to dams maintained on a choline supplemented diet (2N Ch
+); and (4) Ts65Dn mice born to dams maintained on a choline supplemented diet (Ts Ch+).
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Note that the final sample size for the TrkA endpoints was smaller than for the other
analyses due to tissue labeling variability.

Body Weight

Analysis of body weight at the start of testing revealed a main effect of Genotype (F (1,69) =
16.61, p < 0.0001) but no effect of Maternal Diet (F (1,69 = 0.35, p = 0.556), and no
interaction of Genotype and Maternal Diet (F (1,69 = 0.09, p = 0.769). The average body
weight of trisomic mice was 9% lower than the 2N mice (means + S.E.M: 2N mice: 35.2 =
0.50; Ts65Dn mice: 32.18 £ 0.55), consistent with prior reports (Bianchi et al., 2010; Fuchs
etal., 2012; Roper et al., 2006).

BFCN Subregions

The nomenclature and topography of the mouse BFCN subfields are in accordance with
earlier studies by our collaborative group (Kelley et al., 2014a; 2014b). BFCNs of the MS,
VDB and NBM/SI appear as small, spherical and ovoid ChAT-immunoreactive neurons
concentrated along the midline with extensions ventrolaterally between the subcallosal
region, rostrally, and hemispheric crossing of the anterior commissure, caudally. More
caudally, a diffuse group of large multipolar cholinergic neurons are located along the
ventromedial aspect of the globus pallidus, which correspond to the NBM/SI (see
Supplementary Fig. A.1 - A.3).

Effects of genotype and MCS on HP and VP task performance

Analysis of mean errors in the HP task revealed a main effect of Genotype (F (1, 101.5) =
20.77, p < 0.0001). Although the main effect of Maternal Diet was not significant (F

(1, 101.5) = 2.43, p = 0.122), there was a significant interaction of Genotype and Maternal
Diet (F (1, 101.5) = 5.11, p = 0.026). Specifically, Ts65Dn mice born to dams on the
unsupplemented diet committed a significantly higher number of errors than their 2N
counterparts (p < 0.0001, Fig. 1A). Supplementing the maternal diet with additional choline
significantly improved performance of the Ts65Dn offspring relative to Ts65Dn offspring
born to dams on the unsupplemented diet (p = 0.012, Fig. 1A). The relationship between the
groups did not vary by session-block (Fig. 1B). MCS did not significantly affect
performance of the 2N mice on this task.

In the VP task, neither the main effect of Genotype (p > 0.20), the main effect of Maternal
Diet (p > 0.20) nor the interaction of Genotype and Maternal Diet (p > 0.20) was significant.
Although a significant interaction was detected between Genotype and Session-block

(F(2, 68.72) = 4.61; p=0.013), the two genotypes did not differ significantly in any session-
block (Fig 1C).

Effects of genotype and MCS on BFCN density

In the MS, there was a significant interaction between Genotype and Maternal Diet for
ChAT-immunoreactive neuron density (F(1 70y = 2.70, p= 0.017). MS ChAT-
immunoreactive neuron density was significantly reduced by 18% for unsupplemented
Ts65Dn offspring relative to their 2N counterparts (p = 0.008, Fig. 2A). MCS significantly
increased the density of MS ChAT-immunoreactive neurons by 17% for Ts65Dn mice (p =
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0.036, Fig. 2A), achieving a level comparable to unsupplemented 2N mice. Maternal diet
did not affect this measure for the 2N mice.

The density of MS p75NTR- immunoreactive neurons was also significantly lower (13%) for
Ts65Dn mice relative 2N counterparts (Main effect of Genotype: F(; 73) = 16.16, p =
0.0001, Fig. 2A). This same genotype effect was found for the density of MS TrkA-
immunoreactive neurons (Main effect of Genotype: F(; 43) = 10.97, p = 0.002, Fig. 2A).
MCS significantly increased the density of p75NTR-immunoreactive MS neurons by 7% for
both genotypes (Main effect of Maternal Diet: F(1 73) = 4.31, p = 0.041, Fig. 2A), but did not
affect TrkA-immunoreactive neuron density in this region, indicating a dissociation between
NGF receptor phenotypes.

The NBMY/SI of Ts65Dn mice showed a significant 22% reduction in the density of p75NTR-
immunoreactive neurons relative to 2N mice (Main effect of Genotype: F(y 4) = 44.78, p <
0.0001, Fig. 2C) similar to that seen in the MS. MCS had no effect on this measure in the
NBM/SI. In contrast to observations within the MS, neither ChAT- nor TrkA-
immunoreactive neurons were significantly altered by Genotype, Maternal Diet or their
interaction, in the NBM/SI.

For the VDB, there was no significant effect of Genotype, Maternal Diet or their interaction
for BFCN density, regardless of the markers examined (Fig. 2B).

Effects of genotype and MCS on BFCN cell counts

Genotype did not significantly alter ChAT-immunoreactive neuron count in any of the three
regions examined. MCS did alter the number of ChAT-immunoreactive BFCN neurons, but
the effect varied by subregion and genotype. In the MS, an interaction between Genotype
and Maternal Diet was seen (F (1, 70y = 4.63, p = 0.035). MCS produced a significant 30%
increase in the number of MS ChAT-immunoreactive neurons in Ts65Dn mice (Ts65Dn Ch
vs. Ts65Dn Ch+; p =0.009, Fig. 3A), but not 2N mice (p > 0.20). In the VDB, MCS
produced a significant 20% increase in the num- -ber of ChAT-immunoreactive neurons,
with a comparable effect seen for the two genotypes (Main effect of Maternal Diet: F(;, 70) =
5.58, p = 0.021, Fig. 3B). A similar but non-significant 9% increase in ChAT-
immunoreactive neurons was seen in the NBM/SI for both genotypes (Main effect of
Maternal Diet: F(; gg) = 2.30, p = 0.134, Fig. 3C).

The number of p75NTR immunoreactive neurons was significantly reduced (23%) in
trisomic mice relative to their 2N counterparts in the NBM/SI (Main effect of Genotype:
F(1,64) = 17.61, p < 0.0001; Fig. 3C), with no Genotype effect for the MS (Fig. 3A) or VDB
(Fig. 3B). MCS did not significantly affect the number of p75NTR- labeled neurons for either
genotype in any BFCN subregion examined (Fig. 3A-C).

The number of TrkA-immunoreactive neurons was significantly higher in Ts65Dn mice than
their 2N counterparts in the VDB (Main effect of Genotype: F(y, 37) = 4.72, p = 0.036; Fig
3B). In contrast, the genotypes did not differ significantly for TrkA-immunoreactive neuron
count in the MS (p = 0.103, Fig. 3A) or NBM/SI (p = 0.150, Fig. 3C). MCS did not
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significantly alter TrkA-immunoreactive neuron counts for either genotype in any region
examined.

Effects of genotype and MCS on BFCN size

ChAT-, p75NTR- or TrkA-immunoreactive neuron size did not differ between the two
genotypes in any region examined. MCS altered BFCN size only in the MS, producing a
significant 15% increase in TrkA-immunoreactive neuron size in this region, with a
comparable effect seen in both genotypes (Main effect of Maternal Diet: F(1 42) = 3.89, p=
0.050, Fig. 4A). MCS did not alter the size of TrkA- immunoreactive neurons in the VDB
(Fig. 4B) or NBMY/SI (Fig. 4C), nor ChAT- or p75NTR-immunoreactive neurons in any
subregions examined (Fig. 4A-C).

Effects of genotype and MCS on region area

Region area of the VDB and NBM/SI was significantly larger in the unsupplemented
Ts65Dn mice relative to their 2N counterparts (Wilcoxon Rank Sum Test, VDB: p = 0.016,
Fig. 5B; NBM/SI: p = 0.033; Fig. 5C). In contrast, MS region area did not vary by genotype
(Fig. 5A). The effect of MCS on region area varied by genotype and the specific subregion
evaluated. MCS led to a significant 8% average decrease in MS area for 2N mice (Wilcoxon
Rank Test, p = 0.046, Fig. 5A), with no effect for the VDB or NBM/SI. There was no effect
of MCS on region area for Ts65Dn mice for any subfield examined (Fig. 5A-C).

Correlations between maze performance and BFCN indices

Correlational analyses revealed a significant negative association between the mean number
of errors in block 3 of the HP task and density of ChAT-immunoreactive MS neurons (r&=
-0.31, p=0.014; Fig. 6A). A similar trend was seen for the density of TrkA-
immunoreactive MS neurons (rs=-0.27, p = 0.095; Fig. 6B). There were no significant
relationships between maze performance and size of ChAT- or TrkA-immunoreactive
neurons.

A significant negative correlation was also observed between the mean number of block 3
errors and size of p75NTR-immunoreactive neurons in the MS (rs=—0.26; p = 0.036; Fig.
6C), with a similar trend seen for MS p75NTR-immunoreactive neuron numbers (rs =—0.23,
p = 0.062; Fig. 6D).

DISCUSSION

The present study demonstrated that supplementing the maternal diet with additional choline
during pregnancy and lactation significantly improved spatial cognition of Ts656Dn
offspring and provided BFCN neuroprotection in a phenotypic- and subregion-specific
manner. Moreover, several of these BFCN indices, notably those in the MS, correlated
significantly with maze performance, providing powerful support for a functional
relationship between these behavioral and morphometric effects of MCS. These data have
significant translational potential for minimizing BFCN dysfunction in DS, and add to the
growing evidence that maternal choline intake should be increased during pregnancy.
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MCS improves spatial cognition of Ts65Dn offspring

Unsupplemented Ts65Dn mice performed significantly less well in the HP task than their
2N littermates. In contrast, these groups did not differ in the VP task, indicating that the
impaired performance of the unsupplemented trisomic mice in the HP task cannot be
attributed to impairments in visuomotor skills, swimming ability, or motivation to escape
from the water. Rather, these data collectively indicate that the poor performance of Ts65Dn
mice in the HP task is due to impaired spatial mapping, subserved by the hippocampus,
consistent with prior findings with spatial mazes (Belichenko et al., 2007; Bimonte-Nelson
et al., 2003; Chang and Gold, 2008; Escorihuela et al., 1995; Holtzman et al., 1996; Hunter
et al., 2003; Reeves et al., 1995; Sago et al., 1998, Velazquez et al., 2013), as well as other
hippocampal-dependent tasks (Bianchi et al., 2010; Hyde and Crnic, 2001; Hyde et al.,
2001; Lockrow et al., 2011).

Importantly, supplementing the maternal diet with additional choline significantly improved
performance of the trisomic offspring in the HP task. These results extend our prior findings
that MCS improves attention and emotion regulation in Ts65Dn offspring (Moon et al.,
2010), functions subserved by BFCN projections to the cortex. A prior study from our lab
also demonstrated that MCS normalized hippocampal neurogenesis in Ts65Dn offspring,
which correlated with their improved spatial mapping ability (Velazquez et al., 2013).
Together, these findings suggest that increased maternal choline intake during pregnancy
and lactation results in lasting improvement in cognitive and affective functions in Ts65Dn
offspring, perhaps due to the normalization of BFCN projection systems.

MCS did not significantly affect performance of the 2N mice on the spatial learning task.
This lack of effect in the 2N mice is likely due to the task not being sufficiently demanding.
This inference is based on prior water maze studies, which have shown benefits of MCS for
normal rats when the location of the hidden escape platform was changed daily, but not
when it remained in the same location across sessions (Tees, 1999; Tees and Mohammadi,
1999), as was the case in the version of the HP task used in the present study. The less
demanding reference memory version of the HP task was selected for the present study only
after extensive pilot testing demonstrated that the Ts65Dn mice could not solve the more
demanding explicit memory version of this task.

MCS protects MS BFCNs in Ts65Dn offspring

We observed differences in BFCN number and density between unsupplemented trisomic
and unsupplemented 2N mice, which varied by BFCN subregion and phenotypic marker. In
the MS, the densities of ChAT-, p75NTR- and TrkA-immunoreactive neurons were
significantly reduced in the unsupplemented trisomic mice relative to their 2N counterparts.
A similar pattern, albeit non-significant, was seen for total number of BFCNs in this region,
for all three markers, consistent with previous reports using Ts65Dn mice in the age-range
examined here (Contestabile et al., 2006; Cooper et al., 2001; Hunter et al., 2001; Salehi et
al., 2006; Seo and Isacson, 2005). In the VDB, there were no genotype differences in the
number of ChAT- or p75NTR-immuno-reactive neurons, consistent with earlier studies using
18-19 month old mice (Contestabile et al., 2006; Hunter et al., 2004). In contrast, the
number of VDB TrkA-immunoreactive neurons was significantly higher for Ts65Dn mice
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than 2N mice. In the NBMY/SI, the trisomic mice exhibited significantly reduced number and
density of p75NTR-immunoreactive neurons relative to 2N mice, but no differences for
ChAT- or TrkA-immunoreactive neurons.

MCS normalized select BFCN phenotypes, with the greatest effect on MS neurons. Ts65Dn
mice born to supplemented dams had a significantly higher number and density of ChAT-
immunoreactive neurons within the MS than their unsupplemented counterparts. Moreover,
MCS increased the density of p75NTR-containing neurons in the MS, and the number of
ChAT-immunoreactive neurons in the VDB for both genotypes. Although, neither count nor
density of these neurons was significantly affected by MCS in the NBM/SI, the patterns
across groups were similar. Taken together, these data collectively suggest that MCS has
beneficial effects on cholinotrophic BFCN subtypes. The regional variability of MCS effects
may be related to differences in BFCN target-derived support related to its survival
neurotrophin, NGF, and/or the differences in the specific projection sites of each BFCN
subregion. In this regard, the MS and VDB project to the hippocampus, whereas the
NBM/SI projects to the neocortex (Rye et al., 1984, Mesulam et al., 1983).

In contrast to the lower number and density of ChAT- and p75NTR-immunoreactive BFCNSs
for unsupplemented Ts65Dn mice, the size of these neurons did not vary by genotype within
any basal forebrain subregion examined. Previous findings indicate atrophy for both ChAT-
and p75NTR-immunolabeled BFCNSs in the MS and VDB for Ts65Dn mice at younger (6—10
mos) and older (18-22 mos) ages (Lockrow et al., 2011; Salehi et al., 2006; Cooper et al.,
2001; Granholm et al., 2000; Holtzman et al., 1996). However, similar to the current
findings, no differences between genotypes were reported for BFCN cell size in mice 11 to
14 months of age (Granholm et al., 2002; Seo and Isacson, 2005). These findings suggest
atrophy of BFCNs in unsupplemented trisomic mice which is detectable in young and old
animals but not during middle-age. These results imply either an increase in cell-size for
trisomic mice from young adulthood to middle age, possibly as a neuroplastic compensation
for a frank loss in number and density of cholinergic neurons, or alternatively, degenerative
neuronal atrophy in 2N mice from young adulthood to middle age.

Supplementing the maternal diet with additional choline significantly increased the size of
TrkA-immunoreactive MS neurons in both Ts65Dn and 2N offspring. Similar patterns,
albeit non-significant, were seen for the size of ChAT- and p75NTR-immunoreactive neurons
in this region. A prior study reported that MCS significantly increased p75NTR-
immunoreactive cell size in the MS/VDB at 6 to 7 months of age in normal rats, relative to
rats born to dams on a standard choline diet (Williams et al., 1998), but no studies to date
have examined the effects of this maternal choline dietary intervention on the size of TrkA-
immunoreactive neurons. The increase in TrkA-immunoreactive cell size in the MS suggests
upregulation of the NGF cognate cell survival receptor (Bothwell, 1995; Hempstead, 2006).
These findings lend further support to the concept that MCS has a complex, heterogeneous
effect on intracellular mechanisms and signaling pathways associated with cholinotrophic
neuronal activity, which our morphometric data suggests may be region- and age-dependent.
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Possible Mechanisms

The current investigation demonstrated that supplementing the maternal diet with additional
choline improved spatial cognition in the Ts65Dn offspring and offered some protection to
BFCNs, with the greatest effect on those within the MS, which provide the primary
cholinergic innervation to the hippocampus (Mesulam et al., 1983). Importantly, errors in
the maze task were significantly (inversely) correlated with the density of ChAT- and TrkA-
immunoreactive neurons in the MS as well as the number and size of p75NTR-
immunoreactive neurons in the MS. The data reported herein suggest that the normalization
of MS cholinergic hippocampal projection neurons in Ts65Dn mice due to MCS contributes
to their improved spatial cognition. Our group has also shown that MCS partially
normalized adult hippocampal neurogenesis in trisomic offspring relative to their
unsupplemented counterparts, and that the degree of neurogenesis was a significant
predictor of water maze performance (Velazquez et al., 2013). These findings suggest that
both of these effects of MCS (increased hippocampal neurogenesis and BFCN
neuroprotection) contribute to improved spatial cognition in supplemented Ts65Dn mice.

The protection of BFCNs in Ts65Dn mice may reflect the effects of increased maternal
choline intake on neurotrophic factors. For example, normal adult rat offspring of choline-
supplemented dams exhibit increased brain levels of NGF and brain-derived neurotrophic
factor (BDNF) relative to those born to unsupplemented dams (Glenn et al., 2007;
Sandstrom et al., 2002). Based on these data, it is reasonable to posit that MCS enhances
target-derived neuroprotection of Ts65Dn BFCNs, which typically begin to atrophy at six
months of age due to impaired retrograde transport of NGF (Cooper et al., 2001; Granholm
et al., 2000; Holtzman et al., 1996, 1992; Salehi et al., 2006). The resulting increased
functionality of these neurons would then contribute to improvement in various cognitive
tasks, especially related to BFCN projection systems, notably the hippocampus and frontal
cortex.

Although much remains to be learned regarding the specific mechanism(s) by which
supplementing the maternal diet with additional choline exerts life-long effects on offspring
cognitive functioning, BFCN projection neurons, hippocampal neurogenesis and
neurotrophins, all of these effects likely reflect one or both of two broad categories of
effects: First, these effects may be due to organizational brain changes, secondary to
choline’s role as the precursor to phosphatidyl choline, a major constituent of cellular
membranes, and its role as the precursor of acetylcholine, an important ontogenetic signal
(Cermak et al., 1999; Meck et al., 1989; Zeisel and Niculescu, 2006). Second, these effects
may be related to epigenetic modifications with lasting effects on gene expression,
secondary to choline’s role as a methyl donor (Niculescu et al., 2004, 2006; Waterland and
Jirtle, 2003; Zeisel, 2009). Choline has a primary role as a methyl donor, through the
betaine-methionine pathway, and alterations in dietary levels of choline during early
development can produce life-long effects on gene expression through DNA methylation
and histone modifications (Blusztajn and Mellot, 2012; Davison et al., 2009).
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Increased need for choline during early development

The lifelong beneficial effects of MCS seen in the Ts65Dn offspring in the current study
should be interpreted within the context of current choline intake recommendations. Dietary
recommendations for choline were first established in 1998 by the Institute of Medicine,
based on the level of choline needed to prevent liver dysfunction. However, several
converging lines of evidence suggest that these recommendations are insufficient during
pregnancy to optimize brain development, cognitive functioning, and lifelong health of the
offspring. First, data from both animal models and humans indicate that pregnancy causes a
pronounced depletion of maternal choline pools indicating that choline requirements during
pregnancy are increased and that the need for this nutrient by the fetus may commonly
exceed the amount consumed by the mother (Gwee and Sim, 1979; 1978; Yan et al., 2012;
Zeisel et al., 1995). Indeed, a doubling of choline intake by pregnant women does not
increase the urinary excretion of choline, a water-soluble biomolecule, indicating that the
higher intake level does not exceed metabolic requirements (Yan et al., 2012). Second, and
perhaps most importantly, numerous rodent studies indicate that supplementing the maternal
diet with additional choline produces lifelong beneficial cognitive effects for the offspring
and reduces age-related cognitive decline (e.g., McCann et al., 2006; Meck and Williams,
2003; Meck et al., 2008). Finally, consistent with the present findings, MCS not only
improves cognitive functioning in normal offspring but also offers protection against a
variety of neural insults including those associated with fetal alcohol syndrome (Thomas et
al., 2009), Rett syndrome (Nag and Berger-Sweeney, 2007), epilepsy (Holmes et al., 2002;
Wong-Goodrich et al., 2008), and schizophrenia (Stevens et al., 2008), providing additional
support for increasing maternal choline intake during pregnancy.

Conclusions

The present behavioral and morphometric findings indicate that increasing maternal choline
intake normalizes BFCNs in the Ts65Dn mouse model of DS in a complex, phenotype- and
subregion-specific manner. Support for the functional effects of these changes is provided
by powerful correlative analyses, which link select BFCN changes to improved performance
in a task subserved by the septo-hippocampal system. Although extrapolations to humans
with DS must be tempered by the fact that the Ts65Dn mouse does not recapitulate all of the
genetic or phenotypic features of DS, the present findings raise the exciting possibility that
increasing maternal choline intake during pregnancy may represent a safe and beneficial
intervention for expectant mothers carrying a DS fetus, as well as possibly provide BFCN
neuroprotection during aging for the population at large.
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Fig. 1. RAWM performance
(A) Average errors per trial (collapsed across sessions) in the HP Task was significantly

higher for the unsupplemented Ts65Dn mice than their 2N counterparts. MCS significantly
improved performance for Ts65Dn (p = 0.011) but not 2N mice; (B) Mean errors per trial
across the 15 sessions of the HP task; (C) Mean errors in the VP task across the 6 sessions
on this task; no significant groups differences were seen. Abbreviations: 2N Ch: disomic
mice born to dams maintained on a choline normal diet (n = 19); Ts Ch: Ts65Dn mice born
to dams maintained on a choline normal diet (n = 13); 2N Ch+: disomic mice born to dams
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maintained on a choline supplemented diet (n = 20); Ts Ch+: Ts65Dn mice born to dams
maintained on a choline supplemented diet (n = 21); HP: Hidden platform task of the radial
arm watermaze; VP: Visible platform task of the radial arm watermaze; MCS: maternal
choline supplementation; * p < 0.05, ** p < 0.001.
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Fig. 2. Density of ChAT-, p75NTR- and TrkA-immunoreactive cells in the basal forebrain
(A) In the MS, Ts Ch mice showed a significantly lower ChAT-immunoreactive density

relative to 2N Ch mice (p = 0.008), whereas both groups of Ts65Dn mice showed reduced
density of p75NTR-immunoreactive and TrkA-immunoreactive neurons relative to 2N mice
(p75NTR: p=0.0001; TrkA: p = 0.002). MCS significantly increased the density of ChAT-
immunoreactive neurons in Ts65Dn mice (p = 0.036); (B) No significant differences were
seen in the VDB; (C) In the NBM/SI, both groups of Ts65Dn mice showed reduced
p75NTR_immunoreactive neuron density relative to 2N mice (p < 0.0001). Abbreviations:
2N Ch: disomic mice born to dams maintained on a choline normal diet; Ts Ch: Ts65Dn
mice born to dams maintained on a choline normal diet; 2N Ch+: disomic mice born to dams
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maintained on a choline supplemented diet; Ts Ch+: Ts65Dn mice born to dams maintained
on a choline supplemented diet; Geno: Main effect of Genotype; MS: Medial Septum; VDB:
Ventral Diagonal Band; NBM/SI: Nucleus Basalis of Meynert/Substantia Innominata;
BFCNSs: basal forebrain cholinergic neurons; ChAT: Choline Acetyltransferase; p75NTR:
pan neurotrophin receptor; TrkA: tyrosine kinase A receptor; MCS: maternal choline
supplementation;*p < 0.05, **p < 0.001.
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Fig. 3. Number of ChAT-, p75NTR-, and TrkA-immunoreactive neurons in the basal forebrain
(A) In the MS, MCS significantly increased the number of ChAT-immunoreactive neurons

in Ts65Dn mice (p = 0.009); (B) In the VDB, both groups of Ts65Dn mice showed a
significantly higher number of TrkA-immunoreactive neurons (p = 0.036). MCS increased
the number of ChAT-immunoreactive BFCNs for both genotypes (p = 0.021); (C) In the
NBM/SI, Ts65Dn mice exhibited a significantly higher number of p75NTR-immunoreactive
neurons than the 2N mice (p < 0.0001). Abbreviations: 2N Ch: disomic mice born to dams
maintained on a choline normal diet; Ts Ch: Ts65Dn mice born to dams maintained on a
choline normal diet; 2N Ch+: disomic mice born to dams maintained on a choline
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supplemented diet; Ts Ch+: Ts65Dn mice born to dams maintained on a choline
supplemented diet; Geno: Main effect of Genotype; MS: Medial Septum; VDB: Ventral
Diagonal Band; NBM/SI: Nucleus Basalis of Meynert/Substantia Innominata; BFCNSs: basal
forebrain cholinergic neurons; ChAT: Choline Acetyltransferase; p75NTR: pan neurotrophin
receptor; TrkA: tyrosine kinase A receptor; MCS: maternal choline supplementation; * p <
0.05, ** p< 0.001.
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Fig. 4. Size of ChAT-, p75NTR- and TrkA-immunoreactive cells in the basal forebrain
(A) In the MS, MCS increased TrkA-immunoreactive BFCNs for both genotypes (p =

ChAT p75NTR TrkA

Page 28

0.050); There was no effect of genotype, maternal diet, nor their interaction in (B) the VDB,
or (C) the NBM/SI. Abbreviations: 2N Ch: dis-omic mice born to dams maintained on a
choline normal diet; Ts Ch: Ts65Dn mice born to dams maintained on a choline normal diet;
2N Ch+: disomic mice born to dams maintained on a choline supplemented diet; Ts Ch+:
Ts65Dn mice born to dams maintained on a choline supplemented diet; MS: Medial Septum;
VDB: Ventral Diagonal Band; NBM/SI: Nucleus Basalis of Meynert/Substantia Innominata;
BFCNSs: basal forebrain cholinergic neurons; ChAT: Choline Acetyltransferase; p75NTR:
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pan neurotrophin receptor; TrkA: tyrosine kinase A receptor; MCS: maternal choline
supplementation; * p < 0.05, ** p < 0.001.
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Fig. 5. Regional basal forebrain areas
(A) MCS decreased MS area for 2N mice (p = 0.046), but had no effect for Ts65Dn mice;

(B) Unsupplemented Ts65Dn mice showed significantly larger VDB area than
unsupplemented 2N mice (p = 0.016), a pattern also seen for the (C) NBM/SI (p = 0.033).
MCS had no effect on VDB or NBM/SI for either genotype. Abbreviations: 2N Ch:
disomic mice born to dams maintained on a choline normal diet; Ts Ch: Ts65Dn mice born
to dams maintained on a choline normal diet; 2N Ch+: disomic mice born to dams
maintained on a choline supplemented diet; Ts Ch+: Ts65Dn mice born to dams maintained
on a choline supplemented diet; MS: Medial Septum; VDB: Ventral Diagonal Band,;
NBM/SI: Nucleus Basalis of Meynert/Substantia Innominata; BFCNSs: basal forebrain
cholinergic neurons; ChAT: Choline Acetyltransferase; p75NTR: pan neurotrophin receptor;

Neurobiol Dis. Author manuscript; available in PMC 2015 October 01.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Ash et al.

Page 31

TrkA: tyrosine kinase A receptor; MCS: maternal choline supplementation; * p < 0.05, ** p
<0.001.
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Fig. 6. Correlations between HP performance and BFCN indices in the MS
Mean errors in block 3 of the HP task was negatively correlated with (A) Density of ChAT-

immunoreactive BFCNs (p = 0.014), (B) Density of TrkA-immunoreactive BFCNSs (p =
0.095); (C) Cell size of p75NTR-immunoreactive BFCNSs (p = 0.036), and (D) Number of
p75NTR- immunoreactive BFCNs (p = 0.062). Abbreviations: 2N Ch: disomic mice born to
dams maintained on a choline normal diet; Ts Ch: Ts65Dn mice born to dams maintained on
a choline normal diet; 2N Ch+: disomic mice born to dams maintained on a choline
supplemented diet; Ts Ch+: Ts65Dn mice born to dams maintained on a choline
supplemented diet; HP: Hidden platform task of the radial arm watermaze; BFCNs: basal
forebrain cholinergic neurons; ChAT: Choline Acetyltransferase; p75NTR: pan neurotrophin
receptor; TrkA: tyrosine kinase A receptor.
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