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Abstract
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In addition to mental retardation, individuals with Down syndrome (DS) also develop the
neuropathological changes typical of Alzheimer’s disease (AD) and the majority of these individuals
become demented. The Ts65Dn mouse model of DS exhibits key features of these disorders,
including early degeneration of cholinergic basal forebrain (CBF) neurons and impairments in
functions dependent on the two CBF projection systems; namely, attention and explicit memory.
Herein, we demonstrate that supplementing the maternal diet with excess choline during pregnancy
and lactation dramatically improved attentional function of the adult trisomic offspring. Specifically,
the adult offspring of choline-supplemented Ts65Dn dams performed significantly better than
unsupplemented Ts65Dn mice on a series of five visual attention tasks, and in fact, on some tasks
did not differ from the normosomic (2N) controls. A second area of dysfunction in the trisomic
animals, heightened reactivity to committing an error, was partially normalized by the early choline
supplementation. The 2N littermates also benefited from increased maternal choline intake on one
attention task. These findings collectively suggest that perinatal choline supplementation might
significantly lessen cognitive dysfunction in DS and reduce cognitive decline in related
neurodegenerative disorders such as AD.
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Down syndrome (DS), one of the most common causes of mental retardation (MR), is caused
by a trisomy of human chromosome 21 (HAS 21) as a result of non-disjunction during meiosis.
Individuals with DS also develop the neuropathological changes typical of Alzheimer’s disease
(AD) (Roizen and Patterson, 2003) and the majority of these individuals develop dementia
(Wisniewski et al., 1985b; Wisniewski et al., 1985a; Mann, 1988; Lai and Williams, 1989;
Visser et al., 1997). One of the most prominent neuropathological changes in both disorders
is pronounced degeneration of cholinergic basal forebrain (CBF) neurons (Whitehouse et al.,
1982; Sendera et al., 2000; Isacson et al., 2002) which innervate the entire cortical mantle and
the hippocampus (Mesulam et al., 1983; Mufson et al., 2003). The precise mechanism(s) by
which trisomy 21 leads to MR and early-onset of AD is unknown.
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The availability of mouse models for DS provides an opportunity to elucidate the mechanisms
which underlie the development of MR and AD-like symptomatology in this disorder and
develop therapeutic interventions. A segmental trisomy mouse model of DS, termed the
Ts65Dn mouse (Davisson et al., 1990) survivesto adulthood and exhibits a number of the
morphological, biochemical, and transcriptional changes seen in the human disease (Davisson
et al., 1990; Davisson et al., 1993; Reeves et al., 1995; Holtzman et al., 1996; Antonarakis et
al., 2001; Capone, 2001). Ts65Dn mice possess a third copy of the distal region of
mousechromosome 16 which contains approximately 94 genes orthologous to the DS critical
region of HSA 21 (Davisson et al., 1990; Davisson et al., 1993; Gardiner et al., 2003). Notably,
like humans with DS, these mice are born with intact CBF neurons (Holtzman et al., 1996) but
exhibit atrophy of these neurons by 6 months of age, accompanied by astrocytic hypertrophy
and microglial activation (Holtzman et al., 1992; Holtzman et al., 1996; Granholm et al.,
2000). Consistent with these degenerative changes, the most pronounced cognitive deficits in
humans with DS and this mouse model pertain to functions modulated by the two major CBF
projection systems, namely: (a) explicit memory function (Crnic & Pennington, 2000; Hyde
et al., 2001; Hyde and Crnic, 2001) subserved by projections from the medial septal nucleus
to the hippocampus (Walsh et al., 1998) and (b) attention and working memory (Crnic, 2000;
Driscoll et al., 2004) subserved by projections from the nucleus basalis to the frontal cortex
(Robbins et al., 1989; Muir et al., 1992; Sarter et al., 2001; Risbrough et al., 2002). As in
humans with DS, cognitive functioning in the Ts65Dn mouse declines during adulthood,
coincident with the loss of the CBF neuronal phenotype (Granholm et al., 2000; Hyde and
Crnic, 2001).
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These findings collectively suggest that treatments which improve functioning of CBF neurons
could prevent the pathological age-related cognitive decline in DS and probably also in related
neurodegenerative disorders such as AD. One viable candidate is supplementation with choline
during early development. This therapeutic approach was suggested by two lines of evidence
namely, that the cognitive functions most impaired in humans with DS and the Ts65Dn mouse
are subserved by CBF neurons and their projection systems (reviewed above), coupled with
the effects of perinatal choline supplementation in normal rodents. Specifically, pre- and/or
postnatal choline supplementation of normal rodents exerts organizational effects on CBF
neuronal systems (Meck et al., 1989; Williams et al., 1998; Cermak et al., 1999; Montoya et
al., 2000; Glenn et al., 2008; Napoli et al., 2008; Wong-Goodrich et al., 2008) and leads to
lifelong enhancements of cognitive functions dependent on these systems (i.e., explicit memory
and attention) (Meck et al., 1988; Schenk,1995; Meck and Williams, 1997; Mohler et al.,
1998; Williams et al., 1998; Tees, 1999a, b; Tees and Mohammadi, 1999; Mohler et al.,
2001; Meck et al., 2007). In addition, prenatal choline supplementation has been shown to
provide neuroprotection against various neural insults (Meck and Williams, 1997; Blusztajn,
1998; Thomas et al., 2000; Yang et al., 2000; Guo-Ross et al., 2002; Meck and Williams,
2003; Wong-Goodrich et al., 2008) as well as lasting enhancement of neurotrophin function
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(Sandstrom et al., 2002; Glenn et al., 2007; Mellott et al., 2007; Nag et al., 2008; WongGoodrich et al., 2008). In light of these lasting effects, early choline supplementation may
lessen the atrophy of CBF neurons in Ts65Dn mice, which appears to be caused by impaired
retrograde transport of target-derived NGF (Cooper et al., 2001; Salehi et al., 2006), and which
can be rescued by NGF administration (Cooper et al., 2001).
The present study was designed to test the putative cognitive benefit of perinatal choline
supplementation in the Ts65Dn mouse model of DS, using a series of visual attention tasks
which previously revealed dysfunction in this mouse model (Driscoll et al., 2004).

Methods
Subjects
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Breeder pairs (Ts65Dn female & C57Bl/6J Eicher × C3H/HeSnJ F1 male) were purchased
from Jackson Laboratories (Bar Harbor, ME) and mated at the University of Colorado Health
Sciences Center. Upon verification of insemination, the pregnant dams were randomly
allocated to one of two concentrations of choline chloride in the drinking water (0 or 25 mM),
which was provided ad libitum. Preliminary experiments demonstrated that the addition of
choline to the drinking water did not significantly affect water intake of either 2N or Ts65Dn
mice. These two levels of maternal choline intake continued until the pups were weaned at
postnatal day 21. The administration of choline was approved by the UCHSC Institutional
Animal Care and Use Committee (IACUC). All dams were given ad libitum access to standard
rodent chow (#2018; Harlan Tekland Global Diets).
With this regimen, the choline-supplemented dams consumed approximately 4.5 times the
choline intake of the unsupplemented dams, within the range of dietary variation observed in
the human population (Detopoulou et al., 2008). This choline supplementation regimen is the
standard protocol used in prior research demonstrating that pre- and/or early postnatal choline
supplementation produces lifelong improvement in memory function, neuroprotection, and
organizational effects on CBF neuronal systems in normal rodents (reviewed in the
Introduction). Although most of these prior studies pertain to rats rather than mice, this dosing
regimen, administered prenatally, has also been shown to improve performance of adult mice
in a signal detection task (Mohler et al., 2001) and a radial arm maze (Mohler et al., 1998) as
well as alter hippocampal development of mice (Albright et al., 2003). Early postnatal choline
administration, using this regimen, has also been shown to produce lasting improvement in
motor function in a mouse model of Rett syndrome (Nag et al., 2008).
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Before the mice were shipped to Cornell University for behavioral testing, they were typed for
the presence of the extra chromosome by fluorescence in situ hybridization of blood smears
using a bacterial artificial chromosome probe for the telomeric end of mouse chromosome 16
(Korenberg et al., 1999). DNA obtained from 1-mm tail clippings were typed by polymerase
chain reaction amplification of the viral insert in the Pdeb6b gene that leads to retinal
degeneration (Bowes et al., 1993). Mice homozygous for this mutation were excluded from
the study. Whenever possible, one trisomic and one normosomic (2N) male pup were selected
from each litter to participate in the behavioral testing.
Upon arrival at Cornell University, the mice (2–4 months of age) were housed individually in
polycarbonate cages with food and water ad libitum. Single housing was implemented based
on previous observations that male mice of this strain, caged in pairs, are prone to fighting
when reunited after being removed for behavioral testing. The mice were maintained on a 12:12
reversed light dark cycle under temperature controlled conditions. All procedures were
approved by the IACUC at Cornell University.
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Prior to behavioral testing, the animals were placed on a food restriction regimen to ensure
motivation for the food reward during each daily testing session. Target weights for the mice
were calculated at approximately 85% of their ad libitum weight. The daily food allowance
was gradually reduced and then maintained when the mouse reached this target weight. Feeding
after each test session consisted of subtracting the number of calories obtained as reward in
the testing chamber (Liquefied AIN-76A purified chow; Bio-Serv, Frenchtown, NJ) from the
daily allowance of lab chow (ProLab 1000; Purina Mills, Richmond, IN).
Testing Apparatus
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The mice were tested individually in one of six automated Plexiglas chambers, each controlled
by a PC and enclosed in an insulated, sound attenuating chamber. The testing chambers were
adapted from the nine hole operant chambers developed to assess attention in mice (Humby et
al., 1999; Marston et al., 2001). The slightly curved rear wall contained five circular response
ports,1 cm in diameter, located 2 cm above the floor and 5 mm apart. A nose-poke into any of
these ports constituted a response (or choice). Infrared photodiodes, positioned inside each port
0.5 cm from the opening, monitored responses to the port. Green 4 mA LEDs, one embedded
on the back surface of each port, provided the discriminative visual cues. On the chamber wall
opposite the response ports was an alcove (15 mm wide, 2 cm above the floor) containing the
dipper (ENV0302M, MED Associates, East Fairfield, VT) that dispensed the liquid reward.
Access to the dipper alcove was controlled by a thin metal door, which was activated by a
motor located outside of the testing chamber. As with the ports, nosepokes into the alcove were
monitored by infrared photodiodes. A nosepoke into this alcove port was required to initiate
each trial. All automated events in the chamber (door opening, dipper movement, responses,
etc.) were timed, controlled, and recorded by custom programs written in QBASIC. Each
chamber was fitted with an exhaust system which transported the air from each chamber
directly to the room exhaust ventilator system at a rate of four complete air changes per minute.
Each chamber was equipped with a wide-angle infrared video camera so that the behaviors of
the mice could be videotaped and later coded (described below). An infrared LED light source
was attached to the ceiling directly over the center of each testing chamber. The camera allowed
full view of the mouse at all times. Each camera was connected to a separate VHS videotape
recorder. To facilitate identification of session events during videotape coding, an array of
infrared LEDs was positioned outside the Plexiglas testing chamber but within viewing range
of the camera. These LEDs signaled the initiation of the trial, omission responses, premature
responses, correct responses, and time-outs.
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Behavioral Testing
Daily behavioral testing began at 6 months of age and lasted for approximately 6 months. Each
animal was randomly assigned to one of the six testing chambers, with the stipulation that each
chamber was balanced for the four treatment conditions. All mice were tested 6 days a week;
each daily session lasted for 30 minutes or 70 trials, whichever came first. All testing was
conducted by individuals blind to the genotype and perinatal choline treatment condition of
the animals. All testing equipment was thoroughly cleaned and dried following the testing of
each mouse, using Odormute (R.C. Steele Co, Brockport, NY), a detergent containing an
enzyme that removes olfactory cues (including pheromones).
Training—The training consisted of a series of four stages designed to familiarize the animals
with the testing chamber and the sequence of responses necessary to complete a trial for the
visual attention tasks. Briefly, during these four stages the mice learned that the door to the
dipper alcove would be raised at the start of each trial and that a nosepoke into the dipper port,
followed by a nosepoke into one of the five response ports, would produce the delivery of 0.01
Behav Neurosci. Author manuscript; available in PMC 2011 June 1.
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ml of the liquid diet in the dipper alcove. During the final training stage, each mouse was
required to respond for a fixed number of trials at each of the five response ports, to eliminate
preferences or aversions to any of the ports. These training stages required a total of 10–15
sessions on average. For a more detailed description of these stages, see Driscoll et al., 2004.
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Five-Choice Visual Discrimination Task—In this task, one of the five port LEDs was
illuminated on each trial; the mouse was rewarded for making a nose-poke into the illuminated
port. The location of the visual cue was pseudorandomized across trials, such that the number
of cue presentations in each port was equal for each daily session. A 2-s delay separated trial
initiation and cue onset; this delay (termed the “turn-around time”) allowed time for the mouse
to turn around and orient toward the ports before cue illumination. The LED remained
illuminated until the mouse made a response or until 32 s elapsed. Errors included responding
to an incorrect response port after trial initiation (inaccurate response), failing to respond to
any response port following trial initiation (omission error), and making a nose-poke into any
response port prior to cue onset (premature response). A 5-s intertrial interval separated
adjacent trials. All trials on which the mouse made an initiation poke into the dipper alcove
(regardless of the outcome of the trial) were defined as response trials. Failures to initiate a
trial within 60 s were termed nontrials; no cues were presented on these trials. A 5-s time-out
period was imposed following a nontrial or an error. This time-out period was signaled by the
illumination of a 3-W houselight on the ceiling of the chamber. Each mouse remained on this
task until it reached a criterion of 80% correct for two out of three consecutive sessions.
Attention Tasks 1 and 2—The mice were subsequently tested on two variations of the
initial visual discrimination task that were identical except for the duration of cue illumination,
which was shortened to 2 s and 1 s, respectively, for the two tasks (see Table 1). These tasks
tested attentional function and prepared the mice for the subsequent two attention tasks which
were more attentionally-demanding. Attention tasks 1 and 2 were administered for 8 and 15
sessions, respectively.
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Attention task 3 (learning to wait for the cue)—This task was identical to the prior tasks
except that the duration between trial initiation and cue onset varied pseudo-randomly across
trials. The pre-cue delay varied between 0, 2, and 4 s (see Table 1). These variable pre-cue
delays were added to the 2 s “turn-around time” (described above). Cue illumination duration
was constant at 1 s. If a response was made prior to cue onset (a premature response), the trial
was terminated and no cue was presented. As noted above, premature responses (as well as all
types of errors) were followed by a 5-s time-out period, signaled by the illumination of a 3-W
houselight on the ceiling of the chamber. The three pre-cue delays were presented pseudorandomly, such that the number of presentations of each combination of pre-cue delay and
response port (1–5) were balanced across each session. The mice were tested for 20 sessions
on this task. In this task, the mice learned to wait for the cue as well as sustain attention until
the cue was presented; thus the task tapped learning, inhibitory control, and sustained attention.
Attention Task 4—This task was identical to the prior task except that in addition to the
variable pre-cue delay, cue duration also varied randomly across trials (see Table 1). The delays
varied between 0, 2, and 4s (as in the prior task), and cue durations varied between 0.8, 1.0,
and 1.4 s. Pre-cue delay and cue duration were balanced across each session. This task placed
a greater demand on sustained attention because the cue duration was often very brief. The
mice were tested on this task for 20 sessions.
Reward Omission (RO) Task—This task was identical to Attention Task 3 except that the
reward was omitted on 20% of the correct responses (see Table 1). For these reward omission
(RO) trials, the alcove door was not raised after the correct response, and no reward was
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provided. The mice were tested for 20 sessions on this task. Based on our prior findings that
Ts65Dn mice exhibit a heightened emotional response to committing an error (Driscoll et al.,
2004), it was hypothesized that they would also exhibit a heightened reaction to the omission
of an expected reward.
Videotape Coding
All sessions of Attention Task 3 and the RO Task were videotaped. However, due to the labor
intensiveness of the coding, only two sessions from each task were coded for analysis. Because
it was not possible for the coders to simultaneously code all of the behaviors exhibited by the
mice as well as their activity level, obtaining both types of information (behaviors exhibited
and activity level) required scoring each videotape twice. For attention Task 3, both types of
information were scored and analyzed, whereas for the RO task, only activity level was scored.
The videotape coding program was written in Visual Basic and all coding was completed on
a PC.
Behaviors coded (Attention Task 3)—The frequency and duration of three behaviors
(wall-climbing, grooming, and jumping) were quantified, as well as the portion of the trial
(before or after the response) in which the behavior was exhibited. As noted above, in our prior
study (Driscoll et al., 2004), Ts65Dn mice were found to exhibit repetitive jumping specifically
after an error, behavior not seen in the 2N mice.
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Activity level (coded in Attention Task 3 and the RO Task)—To code activity level,
the chamber was divided into four quadrants (upper left, lower left, upper right, and lower
right). The movement of the animal was recorded and the number of crossings between
quadrants, referred to as “square crossings”, was tallied.
Reliability—Both sessions of each task were coded by a single individual who was unaware
of the animals’ genotype or treatment. Before coding these sessions, the coder practiced with
other taped sessions until a high level of intra-rater reliability was obtained. Pearson correlation
coefficients for all dependent measures were equal to or greater than .90 for the final practice
sessions as well as for the sessions presented in this report.
Statistical Analyses
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Automated performance measures—Statistical analyses were conducted using the
Statistical Analysis System (Version 9.1; SAS institute, Cary, NC) on a Cornell University
mainframe computer. Performance measures were analyzed using the PROC GLIMMIX
program, a generalized linear mixed models procedure for conducting repeated measures
analyses of both normal and non-normal data by specifying an appropriate link function and
error distribution (Wolfinger et al., 1993). The dependent measures included: percent correct
responses, percent inaccurate responses, percent premature responses, percent omission errors,
and percent non-trials. These endpoints were assumed to have binomial errors and a logit link
was used. In addition, alcove latency [the latency to make a nose-poke into the dipper alcove
after it was raised (to initiate the next trial)] was analyzed as a function of the outcome of the
prior trial, based on our prior findings (discussed above) that the Ts65Dn mice exhibit a
heightened emotional response to committing an error (Driscoll et al., 2004). Because the data
were not normally distributed, the dependent measure used to analyze the data was the percent
of trials for which the alcove latency was greater than 5 s, which corresponds to the approximate
75th percentile of the alcove latency distribution. The models for these outcomes included the
treatment group [Ts65Dn, WT (2N), Ts65Dn+Choline, 2N+Choline] plus (if appropriate)
predictors describing the trial conditions present in the particular task [e.g., pre-stimulus delay,
cue duration, trial-block (block of trials within each session), session-block and outcome of
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the previous trial (correct or incorrect]. Post hoc tests were conducted using Fisher’s least
significance difference (LSD) procedure.
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Videotape data
Behaviors (Attention Task 3)—The time spent grooming, wall climbing, and jumping
were determined for each mouse on each trial. Mean time spent in each behavior per trial was
calculated for each mouse by summing the total time across trials and dividing by the number
of trials, as a function of whether the most recent response was correct or incorrect. In addition,
for each mouse, the difference in the average behavior duration following an error and average
behavior duration following a correct response was calculated because this last measure best
captures the reactivity to an error (i.e., reaction to an error, correcting for the frequency/duration
of the behavior after a correct response). Because the data were not normally distributed, they
were analyzed using the nonparametric Wilcoxon Rank Sum test.
Activity level—Activity level in Attention Task 3 and the RO task was evaluated as a function
of the most recent response. For Attention Task 3, the most recent response was designated as
either correct or incorrect, and for the RO task, it was designated as either correct, incorrect,
or reward omission (RO). The variables included in the analyses were treatment group, most
recent response, and their interaction. The data were analyzed using the nonparametric
Wilcoxon Rank Sum test.
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Results
Final Sample Size
The final sample sizes for the four groups were: 10 Ts65Dn mice supplemented with choline,
9 Ts65Dn mice not supplemented with choline, 11 2N mice supplemented with choline, and
16 2N mice not supplemented with choline (referred to as “controls”). Nine were excluded
during the study for the following reasons: four developed kidney stones (3 cholinesupplemented 2N mice and 1 non-supplemented Ts65Dn mouse; one was found to have retinal
degeneration (a choline-supplemented 2N mouse), and another four mice died from unknown
causes (3 choline supplemented Ts65Dn and 1 unsupplemented 2N).
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Although there may appear to be a greater incidence of deaths or kidney stones in the
supplemented mice, the most parsimonious interpretation is that this pattern is spurious, based
on the fact that the many studies which have been conducted on pre- and/or early postnatal
choline supplementation in rodents over the past 20 years have not indicated an increased
incidence of either of these endpoints (e.g., Cheng et al., 2008, Glenn et al., 2008; Meck et al.,
1989; 1998; 2007; Mohler et al., 2001, Nag et al., 2008). However, additional studies are needed
to confirm the safely of this particular early choline regimen as most of these prior studies
supplemented the maternal diet for a shorter period of time, most commonly limited to either
the prenatal or postnatal period (but see Holmes et al., 2002).
Body Weight
The four treatment groups did not differ significantly in body weight [F(3, 42) = 2.24, p = 0.10].
Non-trials
The percentage of non-trials (trials on which the mouse did not initiate a trial by making a nosepoke into the dipper alcove at trial onset) did not differentiate the four groups for any of the 6
tasks (all p > 0.10), suggesting that appetitive motivation was comparable for all groups.
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Initial Visual Discrimination (no pre-cue delay, cue duration: 32 s)
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The four groups of animals did not differ significantly in the number of trials to criterion
[F(3, 135) = 0.40, p = 0.74] or errors to criterion [F(3, 46) = 1.06, p = 0.37; see Table 2]. These
findings indicate that basic associative learning ability was not impaired in the trisomic mice,
nor was it modified by perinatal choline supplementation.
Alcove Latency (AL) analysis did not reveal a significant main effect of Group or a significant
interaction of Group and previous trial outcome (correct or incorrect).
The Attention Tasks
Across the five attention tasks, consistent and significant effects were seen for several task
variables (pre-cue delay, cue duration, prior trial outcome), for all treatment groups. To
streamline the presentation of results, these effects are presented first, followed by a description
of the group differences within each of the five tasks.
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In all tasks, percent correct decreased as the duration of the pre-cue delay increased (p’s <
0.0001), reflecting the increasing demands on both inhibitory control and focused attention
with increasing pre-cue delay. In addition, in all tasks, a significant effect of previous trial
outcome (correct or incorrect) was observed (p’s < 0.0001), reflecting the fact that performance
was significantly better on trials that followed a correct response than on trials following an
error, indicative of the disruptive effect of committing an error. Finally, in Attention Task 4,
the only task in which cue duration varied, a significant effect of this parameter was seen
[F(2, 1418) = 133.04, p < 0.0001], reflecting the fact that performance declined with decreasing
cue duration due to the increasing demands on attention for trials with briefer cues.
Although each of the different error types was analyzed in addition to overall percent correct,
only the results for this measure are presented to streamline the presentation of results. The
impairment of the trisomic mice and the benefit of perinatal choline supplementation were
most pronounced for the percent correct measure, due to the fact that both omission errors and
inaccurate responses were increased in the trisomic mice (relative to controls) and decreased
by early choline supplementation (relative to the control diet). Percent correct provided an
index which enabled the effects of genotype and diet on these two error types to summate.
Attention Task 1 (no pre-cue delay, cue duration: 2 s)
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In Attention Task 1, a significant group effect was observed for percent correct [F(3, 42.2) =
2.90, p = 0.05]. The unsupplemented Ts65Dn mice performed significantly more poorly than
both the unsupplemented (p < 0.0007) and supplemented (p < 0.005) 2N mice (see Figure 1).
The performance of the choline-supplemented trisomic mice did not differ from either group
of 2N mice, but also did not differ significantly from the unsupplemented trisomic mice.
Analysis of alcove latency did not reveal a main effect of Group nor a significant interaction
of Group and previous trial outcome (correct or incorrect).
Attention Task 2 (no pre-cue delay, cue duration: 1 s)
The analysis of percentage correct revealed a significant effect of treatment group [F (3, 38.8)
= 4.24, p = 0.05]. As seen in Figure 2A, the unsupplemented Ts65Dn mice performed
significantly worse than both groups of 2N mice (p < 0.004). In contrast, the cholinesupplemented Ts65Dn mice did not differ significantly from either group of 2N mice (p > 0.3),
and performed significantly better than their unsupplemented counterparts (p = 0.05). Early
choline supplementation did not affect performance of the 2N mice in this task.
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The analysis of AL (percent of trials with AL > 5 s) did not reveal a significant effect of Group
[F(3, 41) = 1.69, p = 0.19], but a significant main effect of Prior trial outcome (correct or
incorrect) was seen [F(1, 41) = 45.25, p < 0.0001) as well as a significant interaction of Group
and Previous trial outcome [F(3, 41) = 5.71, p = 0.002; see Fig. 2B]. Contrasts revealed that no
treatment differences were seen for trials that followed a correct response. However, the
increased incidence of long ALs following an error, relative to after a correct response, was
significantly greater for the unsupplemented trisomic mice than for the other three groups (all
p < 0.045).. As a result, for trials following an error, the incidence of long ALs was significantly
greater for the unsupplemented trisomic mice than for either group of 2N mice (p’s < 0.002)
as well as the supplemented trisomic mice (p = 0.03). The supplemented trisomic mice did not
differ from either group of 2N mice.
Attention Task 3 (Variable pre cue delay: 0, 2, 4 s; constant 1 s cue duration)
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The analysis of percentage correct revealed a nonsignificant trend for the main effect of
Treatment Group [F(3, 42.3) = 2.63, p = 0.06; See Figure 3A], and a significant interaction
between Group and Session block [F(9, 925) = 8.02, p < 0.0001; see Figure 3B]. All groups
performed very poorly during the first session-block (Sessions 1–5) and did not differ
significantly during this stage. In these early sessions on the task, the mice were learning that
the cue would be presented after a delay on some trials, and that they must wait to respond.
During the learning of this new rule, they committed a high percentage of premature responses.
Group differences were seen, however, during the final 15 sessions (session blocks 2, 3, and
4) on the task. The unsupplemented Ts65Dn mice performed significantly more poorly than
both groups of 2N mice throughout these three blocks of sessions (p < 0.05). A significant
beneficial effect of the early choline supplementation was seen for the Ts65Dn mice: They did
not differ from the unsupplemented 2N mice for any session-block. In addition, the
supplemented trisomic animals performed significantly better than their unsupplemented
counterparts mice for session block 3 (p = 0.04); a similar nonsignificant trend was seen for
session-block 2 (p = 0.07). Notably, for this task, the early choline supplementation also
benefited the 2N mice: They performed significantly better than their unsupplemented
counterparts during session-block 2 (p = 0.01), indicating more rapid mastery of the new task
demands; i.e., learning to wait for the cue.
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The analysis of AL (percent of trials with AL > 5 s) showed a similar pattern as in Attention
Task 2. A Group effect was not seen [F(3, 41) = 1.60, p = 0.20], but a significant main effect of
Prior trial outcome (correct or incorrect) was found [F(1, 41) = 21.84, p < 0.0001) as well as a
significant interaction of Group and Previous trial outcome [F(3, 41) = 7.94, p = 0.0003; see
Figure 3C]. Contrasts revealed that no treatment differences were seen for trials that followed
a correct response. However, the increase in long ALs following an error, relative to after a
correct response, was significantly greater for the unsupplemented trisomic mice than for the
2N controls (p’s < 0.0003) or the supplemented trisomic mice (p = 0.005). As a result, for trials
following an error, the incidence of long ALs was significantly greater for the unsupplemented
trisomic mice than for ether group of 2N mice (p’s < 0.0008) as well as the supplemented
trisomic mice (p = 0.01). The supplemented trisomic mice did not differ from either group of
2N mice.
Attention Task 4 (Variable pre-cue delay: 0, 2, 4 s; variable cue duration: 0.8, 1.0, or 1.4 s)
The analysis of percentage correct for the 20 sessions of Attention Task 4 revealed a significant
main effect of Group [F(3, 39.7) = 5.90, p = 0.005; See figure 4A], reflecting the fact that overall,
the unsupplemented Ts65Dn mice performed significantly worse than the two 2N control
groups (p’s < 0.03). The Ts65Dn mice supplemented with choline early in life performed
significantly better than the unsupplemented Ts65Dn mice (p = 0.05) and did not differ from
the 2N mice.
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A significant interaction between Group and Pre-cue Delay was also found [F(6, 878) = 3.10, p
= 0.007; see figure 4B]. Contrasts revealed that the unsupplemented Ts65Dn mice performed
significantly worse than the unsupplemented 2N controls at all delays (all p’s < 0.002). In
contrast, the choline-supplemented Ts65Dn mice did not differ significantly from either group
of 2N mice for trials with either a 0s or 4s pre-cue delay. In addition, the supplemented trisomic
mice performed better than the unsupplemented trisomic mice for trials with a 0 s (p = 0.002)
or 4s (p = 0.02) pre-cue delay.
The analysis of AL (percent of trials with AL > 5 s) showed the same pattern as the prior two
attention tasks. A Group effect was not seen [F(3, 41) = 1.61, p = 0.20], but a significant main
effect of Prior trial outcome (correct or incorrect) was seen [F(1, 41) = 83.15, p < 0.0001) as
well as a nonsignificant trend for the interaction of Group and Previous trial outcome
[F(3, 41) = 2.69, p = 0.06]. Contrasts revealed that no treatment differences were seen for trials
that followed a correct response. However, the increase in long ALs for trials following an
error, relative to after a correct response, was significantly greater for the unsupplemented
trisomic mice than for the other three groups (see Figure 4C). As a result, for trials following
an error, the incidence of long ALs was significantly greater for the unsupplemented trisomic
mice than for ether group of 2N mice (p’s < 0.03); a trend also seen for the comparison between
the unsupplemented and supplemented trisomic mice (p = 0.06). The supplemented trisomic
mice did not differ from either group of 2N mice.
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Reward Omission Task
The analysis of percent correct responses for the 20 sessions on the RO Task revealed a main
effect of Group [F(3, 39.8) = 6.99, p = 0.0007], as well significant interactions between Group
and Previous Trial Outcome (correct, incorrect, or reward omission) [F(6, 334) = 2.27; p = 0.04],
and Group and Delay [F(6, 434) = 2.30, p = 0.03]. As seen in Figure 5A, the interaction of Group
and Previous Trial Outcome reflected the fact that, whereas the unsupplemented trisomic mice
were impaired relative to both groups of 2N mice regardless of prior trial outcome (all p’s <
0.05), the benefit provided by the perinatal choline supplementation varied somewhat by prior
trial outcome. The supplemented trisomic mice performed significantly better than the
unsupplemented trisomic mice regardless of prior trial outcome (p’s < 0.05). However, the
extent to which the early choline supplementation normalized the performance of the Ts65Dn
mice (relative to controls) varied by prior trial outcome: The choline-supplemented trisomic
mice did not differ from the 2N mice for trials following an error or RO, whereas they performed
significantly less well than the unsupplemented 2N mice for trials following a correct response
(p = 0.04). They did not differ, however, from the supplemented 2N group regardless of prior
trial outcome.
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The interaction of Group and Delay [F(6, 254) = 2.61, p = 0.01] reflected the fact that the
impairment of the unsupplemented trisomic mice (relative to the 2N controls), although seen
at all pre-cue delays (p’s < 0.008), was most pronounced on trials with a 0 s delay prior to cue
presentation (see Figure 5B). This pattern indicates that the unsupplemented trisomic mice had
particular difficulty engaging and focusing attention immediately at trial onset. The perinatal
choline supplementation was very effective in alleviating this attentional dysfunction of the
trisomic mice, as they did not differ from either group of 2N at any pre-cue delay, and they
were superior to the unsupplemented trisomic mice at the 0 s (p = 0.009) and 2 s (p = 0.05)
delays, a trend also seen at the 4 s delay (p = 0.09).
Analysis of percent long AL (> 5s) revealed significant group differences for trials following
an error or RO but not for trials following a correct response (see Fig. 5C). The percentage of
trials with a long AL (>5 s) was significantly greater for the unsupplemented trisomic mice
than for either group of 2N mice for trials following an error (p’s < 0.003) or a RO (p’s <
0.0006). Perinatal choline supplementation was effective in normalizing the incidence of long
Behav Neurosci. Author manuscript; available in PMC 2011 June 1.
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AL’s following an error or RO: For both conditions, the incidence of long ALs of the
supplemented trisomic mice did not differ from that of controls, and was significantly lower
than that of their unsupplemented counterparts. (p = 0.001 for post-error AL; p = 0.0008 for
post-RO AL).
Videotape Findings
Attention Task 3—Sessions 6 and 7 were selected for coding, based on the finding that all
four treatment groups differed in performance (percent correct) during these two sessions.
Behaviors—As noted above, the time spent in each behavior was evaluated separately for
each trial outcome (correct or incorrect), and in addition, a difference score was analyzed (i.e.,
the difference in the average behavior duration following an error and average behavior
duration following a correct response). Because this last measure best captures the reactivity
to an error (i.e., reaction to an error, correcting for the frequency/duration of the behavior after
a correct response, the presented results focus on this index. However, the conclusions drawn
from these analyses did not differ from those drawn from the analyses conducted separately
for each prior trial outcome.
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Jumping—Corroborating the results of our prior study (Driscoll et al., 2004), the
unsupplemented trisomic mice exhibited pronounced jumping specifically after an error,
contrary to the controls who jumped relatively little after either an error or a correct response.
The difference score (mean frequency of jumping per trial after an error minus mean frequency
of jumping per trial after a correct response) was significantly higher for the unsupplemented
trisomic mice than for either group of 2N mice (supplemented or not) (p’s < 0.008; see Figure
6A). Note that the 2N and Ts65Dn mice did not differ in jumping after a correct response (p
= .40); thus, this difference is due to the increased jumping of the trisomic mice specifically
after an error. The perinatal choline supplementation was not effective in normalizing this
heightened reactivity to committing an error (p = 0.60; unsupplemented vs. supplemented
Ts65Dn). Consistent with this finding, the difference score for the supplemented Ts65Dn mice
was marginally larger than for either group of 2N mice (p’s < 0.05), indicating excessive errorinduced jumping in these mice as well. Finally, the perinatal choline supplementation did not
affect this measure for the 2N mice (p = 0.50).
Grooming—No group differences were seen for this behavior regardless of prior trial
outcome.
Wall-climbing—No group differences were seen for this behavior regardless of prior trial
outcome.
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Activity level (square crossings/trial)—The four groups did not differ significantly in
square crossings per trial following a correct response (treatment group, p = 0.72). In contrast,
the increase in activity level following an error (relative to after a correct response) was
significantly greater for the trisomic mice than for the 2N controls (p = 0.003; see Figure 6B);
this effect was not modified by perinatal choline supplementation (p = 0.21; unsupplemented
vs supplemented trisomic mice). Thus, the increase in activity level seen following an error
(relative to after a correct response) was also significantly greater for the supplemented trisomic
mice than for the 2N controls (p’s < 0.004). Perinatal choline supplementation also did not
affect activity level of the 2N mice for any condition.
RO Task—Sessions 1 and 2 were selected for coding because it was hypothesized that the
emotional reaction engendered by the omission of an expected reward would be most
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Activity level (square crossings/trial)—The increase in activity level seen following an
error or a RO, relative to a correct response (i.e., the difference score), was significantly greater
for the unsupplemented trisomic mice than for the 2N controls (p’s for the two conditions,
respectively, 0.02 and 0.007; see Figure 6C). In contrast, the trisomic mice supplemented with
choline early in life did not differ from the 2N controls for the difference score relating posterror activity to that seen after a correct response (p = 0.36), or post-RO activity relative to
after a correct response (p = 0.33). Correspondingly, the post-error increase in activity (relative
to after a correct response) was significantly greater for the unsupplemented trisomic mice than
for their supplemented counterparts (p < 0.03), a trend also seen following a RO (p = .12),
again relative to activity following a correct response (i.e., difference scores). Thus, contrary
to post-error activity in Attention Task 3, these data suggest some normalization of arousalinduced hyperactivity in the trisomic mice by perinatal choline supplementation.

Discussion
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The results of this study replicate our prior findings that Ts65Dn mice exhibit profound
attentional dysfunction as well as heightened reactivity to committing an error (Driscoll et al.,
2004). The present study also revealed heightened reactivity of the trisomic mice to omission
of an expected reward. Moreover, these findings demonstrate that increased maternal choline
intake during pregnancy and lactation significantly ameliorated attentional functioning of the
trisomic offspring, and provided some benefit, although less pervasive, to their 2N littermates.
The effect of increased maternal choline intake on the heightened reactivity to errors and reward
omission seen in the trisomic mice was more equivocal, but the pattern of findings indicates
some benefit for this area of dysfunction as well.
Attentional Dysfunction in unsupplemented Ts65Dn mice
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The pattern of findings indicates that the impaired performance of the unsupplemented Ts65Dn
mice was due to attentional dysfunction, consistent with our prior study (Driscoll et al.,
2004). They performed significantly more poorly than 2N littermate controls on all five
attentionally-demanding tasks, but did not differ from these littermates in the initial visual
discrimination task. The absence of group differences on this latter task indicates that they did
not differ from controls in basic associative ability, motivation, visual acuity, motor
functioning, or understanding of the basic task rules. The inference that the inferior
performance of the unsupplemented trisomic mice reflects attentional dysfunction was also
informed by the results of the analyses of the various types of errors in the five attention tasks
(data not shown). These trisomic mice did not differ from their 2N littermates in the percentage
of premature responses in any of the tasks, arguing against impulsivity or impaired inhibitory
control as a cause of their impaired performance. Rather the trisomic mice committed a higher
percentage of omission errors and inaccurate responses than the 2N mice, particularly on trials
with the briefest cues and the longest pre-cue delays, consistent with our prior findings (Driscoll
et al., 2004). Overall, this pattern of group differences implicates attentional dysfunction in the
unsupplemented trisomic mice.
Perinatal Choline Supplementation Ameliorates the Attentional Dysfunction of the trisomic
mice
Increased maternal choline intake during gestation and lactation produced a significant
amelioration of the attentional functioning of the trisomic offspring, when tested during
adulthood. The degree of benefit provided by the early choline supplementation varied
somewhat across the five attention tasks and across various conditions within each task, but in
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general, the performance of the trisomic mice supplemented with choline early in life was
significantly better than that of their unsupplemented trisomic counterparts and did not differ
significantly from controls. It should be noted, however, that attentional function of the
supplemented trisomic mice was not completely normalized. In some tasks, the supplemented
trisomic mice committed a higher rate of omission errors than controls, even in instances where
the overall percent correct did not reveal significant differences between these groups.
Nonetheless, there is no question that the increased maternal choline intake significantly
improved the attentional abilities of the trisomic mice, even if complete normalization was not
achieved.
Effect of choline supplementation on heightened emotionality of the trisomic mice
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Several findings indicated that the unsupplemented Ts65Dn mice exhibited an increased
emotional response to committing an error or not receiving an expected reward. First, the
analysis of the coded videotapes from Attention Task 3 revealed that the unsupplemented
Ts65Dn mice exhibited repetitive jumping specifically after committing an error, behavior not
seen in the 2N littermate controls, replicating our previous results (Driscoll et al., 2004).
Consistent with this finding, in all five attention tasks, the unsupplemented trisomic mice
exhibited a significantly greater incidence of long alcove latencies following an error or reward
omission than the controls, indicating a greater hesitancy to respond following these trial
outcomes. Finally, analysis of videotapes from Attention Task 3 and the Reward Omission
task revealed that the increase in activity level produced by an error or reward omission (relative
to after a correct response) was significantly greater for the unsupplemented trisomic mice than
for the controls. These findings collectively indicate that, for the unsupplemented trisomic
mice, the emotional reaction to committing an error or not receiving an expected reward was
more excessive or less well regulated than for the 2N mice.
The effect of perinatal choline supplementation on this area of dysfunction was somewhat
equivocal. The incidence of long ALs (> 5 s) following an error or reward omission was not
different for the supplemented trisomic mice than for the 2N controls. However, heightened
activity and jumping following an error were seen to a comparable degree in both groups of
trisomic mice in Attention Task 3; i.e., a benefit of early choline supplementation was not seen.
Nonetheless, in the Reward Omission Task, the choline supplementation partially normalized
the heightened activity level produced by either an error or reward omission (relative to after
a correct response). This latter finding is somewhat difficult to interpret, however, because the
activity level of the supplemented trisomic mice did not differ from their unsupplemented
counterparts for trials following either an error or reward omission; the inference that the early
choline supplementation was beneficial is based on the relative increase in activity for these
conditions; i.e., compared to that seen after a correct response.
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The most parsimonious explanation for these findings, collectively, is that the greater incidence
of trials with a long AL following an error or reward omission seen for the unsupplemented
trisomic mice reflects not only increased activity and jumping but also some hesitancy to
respond, and that this latter effect was normalized by the early choline supplementation,
resulting in a normalization of AL despite the fact that the increased post-error or post- reward
omission activity and jumping were not normalized (Attention Task 3) or only partially
normalized (the Reward Omission Task). In sum, the overall pattern of findings suggests partial
amelioration of this area of dysfunction by perinatal choline supplementation, consistent with
a recent report suggesting improved emotion regulation in rats supplemented with choline
prenatally (Cheng et al., 2008). This type of effect may be mediated by lasting changes in the
functioning of the amygdala and/or orbito-frontal cortex, structures subserving emotion or
affect that have strong cholinergic innervation.
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Effect of choline supplementation in the wild-type (2N) mice—Providing excess
choline during early development also significantly improved the performance of the 2N mice
but only during session block 2 (sessions 6–10) of Attention Task 3. The pattern of results
suggests that the supplemented 2N mice learned the new rule (i.e., that the cue would be
presented after a delay on some trials) faster than their unsupplemented counterparts. Future
studies are needed to ascertain whether this benefit is specific to the learning process involved
in this type of task or whether it extends to associative function in general.
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Although the perinatal choline supplementation facilitated learning of Attention Task 3 by the
2N mice, this task series did not reveal an effect on the attentional function of these mice, as
indicated by asymptotic performance on these tasks after the basic rules had been mastered.
However, it seems likely that such an effect would have been seen had the tasks been more
attentionally-demanding due to briefer cues and/or longer pre-cue delays, This suggestion is
based on the findings of Mohler and colleagues (2001), in which prenatal choline
supplementation improved performance of normal mice in a signal detection task, but only
when very brief cues were used. This improvement of attentional function as a result of early
choline supplementation is consistent with the evidence suggesting that this early nutritional
supplementation exerts lasting effects on cholinergic basal forebrain neurons and their
projections to frontal cortex and hippocampus (cited in the Introduction), coupled with the
evidence that cholinergic projections from the nucleus basalis to frontal cortex play an
important role in this aspect of attention (e.g., Sarter et al., 2001).
The demonstration of this benefit for the 2N mice in the present study adds to the substantial
evidence that perinatal choline supplementation produces lifelong improvements in cognitive
functioning in normal rats and mice. Most of these prior findings, however, have involved rats
and most have shown improved performance in spatial mazes and tests of timing ability (Meck
et al., 1988; Meck et al., 1989; Meck et al., 1997; Tees et al., 1999; Tees et al., 1999; Williams
et al., 1998; Cheng et al., 2008). There are, however, two prior studies that have demonstrated
that prenatal choline supplementation improves specific aspects of attentional function, one
(discussed above) showing improved performance of mice in a signal detection task (Mohler
et al., 2001) and one showing an enhanced ability of rats to simultaneously time auditory and
visual signals (Meck and Williams, 1997). Thus the present study extends the type of task and
aspect of cognitive functioning influenced by this early nutritional manipulation in normal
rodents, and adds to the evidence that such effects are seen in mice as well as rats.
Putative neural mechanisms
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The neural mechanism(s) underlying the lasting cognitive and affective benefit of perinatal
choline supplementation for the Ts65Dn mice remains to be elucidated but prior studies provide
a plausible hypothesis; namely, that the early nutritional manipulation reduced the adult-onset
atrophy of CBF neurons, possibly via a normalization of neurotrophin function. This hypothesis
is based on several lines of converging evidence. First, the attentional dysfunction of Ts65Dn
mice is likely caused by the atrophy of CBF neurons projecting to frontal cortex, which in turn
has been shown to result from impaired retrograde transport of target-derived NGF (Cooper et
al., 2001; Salehi et al., 2006), due, in part, to triplication of App (Cataldo et al., 2003; Salehi
et al., 2006). Findings from AD patients and animal models (including Ts65Dn) indicate that
CBF neurons atrophy and lose characteristic phenotypic markers (e.g., choline
acetyltransferase and the neurotrophin receptors, p75NTR and TrkA), but survive rather than
die outright (Sofroniew et al., 1990, Gilmor et al., 1999) and can be rescued by neurotrophin
treatment (Cooper et al., 2001; Tuszynski et al., 2005). Second, perinatal choline
supplementation has been shown to produce lasting effects on cholinergic neurons (Williams
et al., 1998), cholinergic neurotransmission (Blusztajn et al., 1998) and various neurotrophins
(Sandstrom et al., 2002, Glenn et al., 2007; Wong-Goodrich et al., 2008) in normal rats.
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Notably, recent findings point to alterations in several neural growth factors as a proximate
mechanism underlying the neuroprotective effects of prenatal choline supplementation (WongGoodrich et al., 2006Wong-Goodrich et al., 2008; Napoli et al., 2008). Finally, NGF
administration lessens learning and memory deficits in aged rats, coupled with a partial reversal
of CBF neuron atrophy (Fischer et al., 1991, Kaisho et al., 1999).
As choline is the major dietary source of methyl groups, it is possible that many of these
observed biological and behavioral effects of pre- and/or early postnatal choline
supplementation may be mediated by alterations in DNA methylation status, producing longlasting alterations in gene expression (i.e., epigenetic effects; Zeisel & Blusztajn, 1994;
McGowan et al., 2008; Davison et al., 2009). This type of mechanism has been shown to
underlie the long-lasting effect of maternal behavior on stress reactivity and cognitive
functioning of the offspring (Szyf et al., 2007, McGowan et al., 2008), as well as the enduring
effects of maternal diet on coat color and adiposity of the offspring (Wolff et al., 1998).
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Although we hypothesize that these observed beneficial cognitive effects of perinatal choline
supplementation in the Ts65Dn mice reflect protection against the neurodegeneration of CBF
neurons, it is also possible that this early nutritional supplement normalizes brain development
of these mice. In addition to being a dietary source of methyl groups, choline is also a precursor
of phospholipid components of membranes, including those of neurons and glia, and as a result,
its availability during early development may alter various ontogenetic processes, including
cell division and proliferation, myelination, and synaptogenesis (Zeisel and Blusztajn,1994;
Albright et al., 1999a,b, 2003).
Conclusions and Implications
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Supplementing the maternal diet with excess choline during pregnancy and lactation
substantially improved attentional function of the trisomic offspring, and partially normalized
the heightened emotional response exhibited by these mice following an error or omission of
an expected reward. These findings offer the exciting possibility that increasing the choline
intake of pregnant and lactating women might significantly lessen the cognitive and affective
dysfunction in offspring who have DS as well as, more generally, reduce the offspring’s risk
of aging-related cognitive decline, including that caused by AD. It should be emphasized that
this suggestion pertains specifically to the benefits of increased choline intake during early
development, not later in life. Choline supplements have not generally been found to improve
cognitive functioning when given to young (Mohs & Davis, 1980) or aged (Mohs et al.,
1980) humans, and there is no evidence that this therapy would be useful to older children or
adults with DS. Rather, the observed lasting cognitive benefit of pre- and/or early postnatal
choline supplementation observed in the present study as well as in prior studies involving
normal rodents (reviewed above) or FAS (Ryan et al., 2008; Thomas et al., 2000; 2007) are
likely to reflect epigenetic effects (described above), initiated during early development. Thus,
it is likely that there is a critical period during early development when choline availability can
exert this type of lasting effect in DS individuals, as has been demonstrated for the lasting
effects of choline availability on memory function in normal rodents (Meck et al. 2007).
However, it should be noted that there is one report demonstrating that dietary choline
supplementation from PND 35–63, following kainic acid -induced status epilepticus, can
protect rats from the memory deficits normally induced by this insult (Holmes et al., 2002),
indicating that choline supplementation can exert certain types of neuroprotective effects even
when implemented later in development.
Finally, the benefit seen for the 2N mice in the present study, albeit more circumscribed, adds
to the already substantial evidence that choline supplementation during pregnancy and lactation
in rodents improves cognitive functioning in the adult offspring, an effect that is most
pronounced during aging (Meck and Williams, 2003; Meck et al., 2007). Collectively, these
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findings suggest that the current dietary guidelines for choline, which correspond to the level
of intake deemed necessary to prevent maternal liver damage (Inst. Med., Natl. Acad. Sci.
USA. 1998), may not be optimal for brain development, and that higher levels of choline intake
during pregnancy and lactation might enhance cognitive functioning of the offspring
throughout their lives.
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Figure 1. Mean (±SE) percentage of correct responses in Attention task 1 (no pre-cue delay, 2 s cue
duration), collapsed across all sessions

The unsupplemented Ts65Dn mice performed significantly worse than both groups of wildtype mice (2N). The performance of the trisomic mice supplemented with choline early in life
did not differ from the 2N mice but also did not differ significantly from their unsupplemented
counterparts.
* p < 0.05, relative to the unsupplemented Ts65Dn mice.
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Figure 2. Attention task 2 (no pre-cue delay, 1s cue duration)

(A) Mean (± SE) percentage of correct responses, collapsed across all sessions. The Ts65Dn
mice performed significantly more poorly than both groups of 2N mice. In contrast, the cholinesupplemented Ts65Dn mice did not differ significantly from either group of 2N mice, and
performed significantly better than their unsupplemented counterparts. (B) Mean (± SE)
percentage of a long (> 5 s) Alcove Latency, collapsed across all sessions: There were no
treatment differences for trials that followed a correct response whereas for the trials that
followed an error, the incidence of long ALs was significantly greater for the unsupplemented
Ts65Dn mice than for either group of 2N mice, as well as their choline-supplemented
counterparts. The supplemented trisomic mice did not differ from either group of 2N mice.
*, p < 0.05, relative to the unsupplemented Ts65Dn mice
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Figure 3. Attention task 3 (Variable pre-cue delay: 0, 2, 4 s; constant 1 s cue duration)

NIH-PA Author Manuscript

(A) Mean (± SE) percentage of correct responses (averaged across the 20 sessions). The
unsupplemented Ts65Dn mice performed significantly worse than both groups of 2N mice.
The choline-supplemented Ts65Dn mice did not differ significantly from either group of 2N
mice, and tended to perform better than their unsupplemented counterparts. (B) Mean (± SE)
percentage of correct responses, as a function of the four session-blocks (5 sessions/
block). Although the four groups did not differ in the first session block, differences emerged
during the last three session blocks. During these latter 15 sessions, the unsupplemented
Ts65Dn mice performed significantly more poorly than both groups of 2N mice. In contrast,
the choline-supplemented Ts65Dn mice did not differ from the unsupplemented 2N mice for
any session-block, and performed better than their unsupplemented counterparts mice for
session blocks 2 and 3. The choline-supplemented 2N mice performed significantly better than
their unsupplemented counterparts during session-block 2. (C) Mean (± SE) percentage of a
long (> 5s) Alcove Latency: Whereas no treatment differences were seen for trials that
followed a correct response, the incidence of long ALs following an error was significantly
greater for the unsupplemented trisomic mice than for ether group of 2N mice as well as the
supplemented trisomic mice.
*, p < 0.05
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Figure 4. Attention task 4 (Variable pre-cue delay: 0, 2, 4 s; variable cue duration: 0.8, 1.0, or 1.4 s)
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(A) Mean (± SE) percentage of correct responses (averaged across all other conditions): The
unsupplemented Ts65Dn mice performed significantly worse than the two groups of 2N mice.
The Ts65Dn mice supplemented with choline early in life performed significantly better than
the unsupplemented Ts65Dn mice and did not differ from the 2N mice. (B) Mean (± SE)
percentage of correct responses as a function of the pre-cue delay: The unsupplemented
Ts65Dn mice performed significantly worse than the unsupplemented 2N controls at all delays.
In contrast, the choline-supplemented Ts65Dn mice did not differ significantly from either
group of 2N mice for trials with either a 0s or 4s pre-cue delay, while still not differing from
the supplemented 2N mice. In addition, the supplemented trisomic mice performed
significantly better than their unsupplemented counterparts for trials with a 0 s or 4s pre-cue
delay. (C) Mean (± SE) percentage of trials with a long Alcove Latency (> 5s), as a function
of the outcome of the previous trial (correct or incorrect): No group differences were seen
for trials that followed a correct response. However, for trials that followed an error, the
incidence of trials with a long AL was significantly greater for the unsupplemented trisomic
mice than for the two groups of 2N mice and the supplemented trisomic mice.
*, p < 0.05, compared with the unsupplemented Ts65Dn mice
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Figure 5. Reward Omission Task (Variable pre-cue delay: 0, 2, 4 s; constant 1 s cue duration; no
reward on 20% of the correct responses)
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(A) Mean (± SE) percentage of correct responses, as a function of the outcome of the
previous trial: The unsupplemented trisomic mice performed more poorly than both groups
of 2N mice regardless of prior trial outcome. The perinatal choline supplementation was
effective: the supplemented trisomic mice performed significantly better than their
unsupplemented counterparts, regardless of prior trial outcome. The Ts65Dn mice
supplemented with choline did not differ from the 2N mice for trials following an error or RO,
whereas they performed significantly less well than the unsupplemented 2N mice for trials
following a correct response. They did not differ, however, from the supplemented 2N group
regardless of prior trial outcome. (B) Mean (± SE) percentage of correct responses as a
function of the pre-cue delay: The impairment of the unsupplemented trisomic mice relative
to the 2N controls was most pronounced on trials with a 0 s delay prior to cue presentation.
The perinatal choline supplementation was very effective in alleviating this attentional
dysfunction of the trisomic mice, as they did not differ from either group of 2N at any pre-cue
delay, and they were superior to the unsupplemented trisomic mice at the 0 s and 2 s delays.
(C) Mean (± SE) percentage of a long Alcove Latency (> 5s)as a function of the outcome
of the previous trial [correct, incorrect, or reward omission (RO)): The percentage of trials
with an AL was significantly greater for the unsupplemented trisomic mice than for either
group of 2N mice for trials following an error or a RO. For trials following an error or RO, the
incidence of long ALs of the supplemented trisomic mice did not differ from that of controls,
and was significantly lower than that of their unsupplemented counterparts.
*, p < 0.05
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Figure 6. Videotape results

NIH-PA Author Manuscript
NIH-PA Author Manuscript

(A) Difference between the average number of jumps/trial following an error and
following a correct response (in Attention Task 3). Each dot represents one mouse. The
unsupplemented trisomic mice exhibited pronounced jumping specifically after an error,
contrary to the 2N mice who jumped relatively little after either an error or a correct response.
The perinatal choline supplementation was not effective in normalizing this heightened
reactivity to committing an error (p = 0.60; unsupplemented vs. supplemented trisomic). The
perinatal choline supplementation did not affect this measure for the 2N mice (p =0 .50). (B)
Activity level (square crossings/trial) in Attention Task 3, as a function of the outcome of
the previous trial: The four groups did not differ significantly in square crossings per trial
following a correct response (treatment group, p = 0.72). In contrast, the increase in activity
level following an error (relative to after a correct response) was significantly greater for the
trisomic mice than for the 2N controls (p = 0.003); this effect was not modified by perinatal
choline supplementation (p = 0.21; unsupplemented vs supplemented trisomic mice). Perinatal
choline supplementation did not affect activity level of the 2N mice for any condition. (C)
Activity level (square crossings/trial) on RO Task, as a function of previous trial
outcome: The increase in activity level seen following an error or a RO, relative to a correct
response was significantly greater for the unsupplemented trisomic mice than for the 2N
controls (respectively, p = 0.02 and 0.007). In contrast, the trisomic mice supplemented with
choline early in life did not differ from the 2N controls for the difference score relating posterror activity to that seen after a correct response (p < 0.36), or post-RO activity relative to
after a correct response (p > 0.33). Correspondingly, the post-error increase in activity (relative
to after a correct response) was significantly greater for the unsupplemented trisomic mice than
for their supplemented counterparts (p < 0.03).
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Table 1

Cue parameters and duration of testing for the six tasks.

NIH-PA Author Manuscript

Task

Cue Duration

Pre-cue delay

Total # of Sessions

Five-Choice Visual Discrimination Task

32 sa

no pre-cue delay

Criterion Taskb

Attention Task 1

2.0 sa

no pre-cue delay

8

Attention Task 2

1.0 sa

no pre-cue delay

15

Attention Task 3

1.0 sa

0, 2, 4 sc

20

Attention Task 4

0.8, 1.0, 1.4 sc

0, 2, 4 sc

20

1.0 sa

0, 2, 4 sc

20

Reward Omission Task d
a

Constant across trials.

b

the criterion for this task was 80% correct for two out of three consecutive sessions

c
Variable across trials.
d

the reward was omitted on 20% of the correct responses

NIH-PA Author Manuscript
NIH-PA Author Manuscript
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Table 2

Errors to Criterion and Trials to Criterion (mean ± SEM) in Initial Visual Discrimination

NIH-PA Author Manuscript

Group

Errors to Criterion (Mean ± SEM)

Trials to Criterion (Mean ± SEM)

273 ± 33.08

658.64 ± 63.04

Ts65Dn Choline

282.5 ± 34.70

638.2 ± 66.12

2N

272.19 ± 27.44

637.69 ± 52.27

Ts65Dn

272.11 ± 36.57

608.11 ± 69.69

2N Choline
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