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Abstract

Down syndrome, due to trisomy of human chromosome 21, is the most common genetic cause of
intellectual disability. The Ts65Dn mouse model of Down syndrome is trisomic for orthologs of
94 chr21-encoded confirmed protein coding genes and displays a number of behavioral deficits.
Recently, Ts65Dn mice were shown to be hypersensitive to the locomotor stimulatory effects of
the high affinity N-methyl-D-aspartate (NMDA) receptor (NMDAR) channel blocker, MK-801.
This is consistent with the functions of several chr21 proteins that are predicted directly or
indirectly to impact NMDA receptor function or NMDA receptor-mediated signaling. Here, we
show that a second mouse model of Down syndrome, the Ts1Cje, which is trisomic for 70 protein
coding genes, is also hypersensitive to MK-801. To investigate the molecular basis for the
responses to MK-801, we have measured levels of a subset of chr21 and phosphorylated non-
chr21 proteins, in the cortex and hippocampus of Ts65Dn and Ts1Cje mice and euploid controls,
with and without treatment with MK-801. We show that, in euploid mice, the chr21-encoded
proteins, TIAM1 and DYRKZ1A, and phosphorylation of Akt, Erk1/2 and the transcription factor
Elk are involved in the MK-801 response. However, in both Ts65Dn and Ts1Cje mice, levels of
phosphorylation are constitutively elevated in naive, unstimulated mice and the MK-801 induced
changes in TIAM1 and DYRKZ1A and in phosphorylation are either absent or abnormal, with both
genotype and brain region-specific patterns. These results emphasize the complexities of the
pathway perturbations that arise with segmental trisomy.
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Introduction

Down syndrome (DS) is the most commaon genetic cause of intellectual disability (CDC,
2006). DS is caused by trisomy of the long arm of human chromosome 21 (chr21, 21q) or,
in rare cases, by partial trisomy of 21q, and by the consequent increase in expression of the
triplicated genes. The average 1Q of individuals with DS is 40-50, with the
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neuropsychological profile including specific deficits in hippocampus- and prefrontal
cortex-dependent functions, particularly affecting spatial learning, aspects of language
acquisition and comprehension, and memory (Chapman & Hesketh, 2000; Pennington et al
2003; Nadel, 2003; Abbeduto et al 2007). The postnatal emergence of many of these
features suggests that therapeutics for their prevention or amelioration may be practical. One
approach to rational drug development is to connect the functions of overexpressed chr21
genes with abnormalities in the known molecular underpinnings of learning and memory,
thus identifying both chr21 and non-chr21 abnormalities as potential targets for therapeutic
intervention.

The Ts65Dn is the most complete of the commonly available mouse models of DS (Dierssen
et al 2001; Seregaza et al 2006). It is trisomic for orthologs of approximately 94 of the 170
highly conserved, confirmed protein coding genes identified on 21q (Gardiner & Costa
2006). Recently, Ts65Dn mice were shown to be hypersensitive to the locomotor
stimulatory effects of the high affinity N-methyl-D-aspartate (NMDA) receptor (NMDAR)
channel blocker, MK-801, when compared to euploid control mice (Costa et al 2008). This
response may be explained at the molecular level by the inter-related functions of nine
chr21-encoded proteins shown in Figure 1. When these genes are overexpressed, as
predicted in DS due to gene dosage, calcineurin and NMDAR activities and NMDAR-
mediated signaling are predicted to be perturbed. Downstream consequences of these
perturbations include perturbation in the activation of Akt, Gsk3b, Erk1/2 and EIKk.
Importantly, however, given the multiple and overlapping interactions and functions of these
chr2l proteins, it is difficult to predict the direction and the magnitude of the perturbations,
and particularly, their effects on the dynamics of responses to the stimuli of learning and
drug treatments.

To examine the molecular basis of behavioral responses to NMDAR antagonists in trisomy,
we have measured the levels of a subset of chr21 and phosphorylated non-chr21 proteins, in
the cortex and hippocampus of Ts65Dn and euploid control mice, with and without
treatment with MK-801. Similar measurements were made in a second mouse model of DS,
Ts1Cje, which is trisomic for a reduced segment of mouse chromosome 16, one that
includes only Synj1, Itsn1, Rcanl, Dyrkla and Pcp4 of the candidate genes (Sago et al
1998). In euploid mice, injection of MK-801 resulted in changes in localization of the chr21-
encoded proteins, TIAM1 and DYRKZ1A, and phosphorylation of Akt, Erk1/2 and the
transcription factor, EIk. In contrast, in both Ts65Dn and Ts1Cje mice, levels of
phosphorylation are constitutively elevated in naive, unstimulated mice and the observed
euploid molecular responses to MK-801 are perturbed and largely absent.

Both the Ts65Dn (Davisson et al 1993) and the Ts1Cje (Sago et al 1998) trisomies are
maintained by mating trisomic females to C57BL/6JEi x C3H/HeSnJ (B6EiC3Sn) F1 hybrid
males. Colonies were maintained at the Center for Laboratory Animal Care at the University
of Colorado Denver on a 12:12 h light/dark schedule with continuous access to food and
water. Ts65Dn mice were genotyped either by quantitative (real time) polymerase chain
reaction (QPCR) for genes in the trisomic segment (Liu et al 2003) or by counting
chromosomes in metaphase spreads to ascertain the presence of the marker chromosome
(Davisson et al 1993). Ts1Cje mice were genotyped either by qPCR or by standard PCR
targeted at the neomycin resistance cassette from the vector originally used to make the mice
(Sago et al 1998) using the following primer set: Ts1Cje forward: CTT GGG TGG AGA
GGC TAT TC, and Ts1Cje reverse: AGG TGA GAT GAC AGG AGA TC. C3H/HeSnJ
mice carry a recessive mutation that leads to retinal degeneration. Therefore, all animals
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were pre-evaluated by indirect ophthalmoscopy and only mice without signs of retinal
disease were used. Only male mice were tested in this study. All experimental methods have
received the approval of the University of Colorado Denver's animal care and use
committee.

Behavioral response to MK-801 in Ts1Cje mice

Assessment of the locomotor-stimulating effects of MK-801 in Ts65Dn mice has been
described (Costa et al 2008). The same protocol was followed in analysis of the Ts1Cje
mice. Briefly, animals were allowed to habituate to a novel environment (a clean mouse
cage without bedding, food, or water) for two hours, at which time they were injected
intraperitoneally (i.p.) with saline or MK-801 and left in the cage for a further three hours.
Locomotor activity was assessed over the entire 5-hour period by photocell arrays
specifically adapted to the exterior walls of cage (Opto-Varimex-Mini, Columbus
Instruments, Columbus, OH). To first determine dose-response, animals of each genotype
were injected with MK-801 at five different doses (0, 0.1, 0.2, 0.4, 0.8 mg/kg) administered
sequentially once a week over five weeks. For this study three measures of activity were
calculated: total activity (the total number of photocell interruptions during a five minute
interval), ambulatory activity (the total number of walking or horizontal photocell
interruptions during a five minute interval), and rearing activity (the total number of vertical
photocell interruptions during a five minute interval). Doses of MK-801 are expressed in
mg/kg and injected i.p. in a volume of 6.25 ml/kg, or 0.125 ml/20g.

For molecular analysis, four 7-8 month old MK-801-naive male mice were injected once
with MK-801. Male mice were chosen to avoid potential effects of female estrous cycles.
The age of 7-8 months was chosen because it is well after the of 4-6 month time frame
during which Ts65Dn mice develop specific learning deficits (Hyde and Crnic 2001) and
show changes from abnormally low levels to abnormally high levels of some MAPK
pathway components (Gardiner et al 2004), and yet is prior to the onset of effects due to
significantly aged mice. Ts65Dn with euploid controls were injected with 0.4 mg/kg
MK-801 or saline, and Ts1Cje mice with euploid controls were injected with 0.8 mg/kg
MK-801 or saline. The higher dose was chosen for Ts1Cje mice based on results of
preliminary dose-response studies in which the Ts1Cje mice showed a slightly less
pronounced degree of locomotor stimulation when compared to the Ts65Dn mice. The
higher dose was an attempt to elicit the same degree of locomotor and molecular stimulation
in the two strains. Mice were sacrificed by cervical dislocation 60 minutes post injection,
and the hippocampus and neocortex quickly dissected in ice-cold artificial cerebral spinal
fluid (aCSF: 120 mM NacCl, 3.5 mM KClI, 2.5 mM CaCl,, 1.3 mM MgSOy, 1.25 mM
NaH,PO,4, 26 mM NaHCO3, 10 mM d-glucose, saturated with 95% O, and 5% CO»),
placed in liquid nitrogen for rapid freezing and stored at -80°C until use. Saline solutions of
MK-801 (( + )-5-methyl-10,11-dihydro-5H-dibenzo[a,d]cyclohepten-5,10-imine) hydrogen
maleate (Sigma, St Louis, MO) were prepared fresh or stored at 80°C.

Protein lysates

To optimally preserve phosphorylation, all procedures were carried out rapidly (within <2
hours) at 4°C in buffers containing protease inhibitors (PMSF, leupeptin and aprontinin) and
a phosphatase inhibitor cocktail (Roche Applied Sciences, Indianapolis, IN). Briefly, cortex
samples were homogenized in L1 buffer (10 mM Hepes/0.1 mM EGTA/10 mM KCI/1.5
mM Mg,Cl) and centrifuged for 5 minutes at 5000g, and the pellet (P1) and supernatant (S1)
were retained. One half of the S1 supernatant, with the addition of glycerol to 10%, was
retained as the cytoplasmic fraction. The remaining half of the S1 supernatant was
centrifuged at 10,000g for 30 minutes and the pellet resuspended in L1 buffer to form the
crude membrane fraction. For the nuclear fraction, the P1 pellet was resuspended in L1

Genes Brain Behav. Author manuscript; available in PMC 2009 October 1.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Siddiqui et al.

Page 4

buffer, passed through a 16 gauge needle to lyse nuclei, centrifuged at 5000 g for 5 minutes;
the pellet was resuspended in L2 buffer (10 mM Hepes/0.1 mM EGTA/400 mM NaCl/1.5
mM Mg,Cl), kept at 4°C with agitation for 60 minutes, centrifuged at 14,000 g for 30, and
the supernatant retained as the nuclear fraction. Because of limited material (~15 mg per
animal), hippocampus samples were not fractionated into nuclear and cytoplasm; instead
they were homogenized in L1 buffer, centrifuged at 14,0009 for 30 minutes; the supernatant
was retained as the soluble fraction and the pellet as the crude membrane fraction.

Immunoblotting

Protein lysates (30 ug) were resolved on polyacrylamide gels (8%, 10% or 12% depending
upon the size of the proteins to be detected) and transferred to PVDF membranes. After
blocking, membranes were incubated overnight in primary antibody, followed by alkaline-
phosphatase-conjugated secondary antibodies. Membranes were stripped and re-probed once
or twice with additional antibodies, and all membranes were probed with actin. Antibodies
were purchased as follows: TIAM1, DYRK1A, EIk1, pElk1(Ser383), Akt, pAkt(Ser473),
pErk1/2(Tyr204) (Santa Cruz Biotechnology Inc, Santa Cruz, CA); NMDA receptor NR1
subunit and pNR1(Ser897) (Upstate, Millipore Corporation, Billerica, MA ); Gsk3b,
pGSK3B, ITSN1(Esel), Erk1/2 (BD Biosciences, San Jose, CA); alkaline phosphatase
(AP)-linked goat anti-rabbit IgG and donkey anti-mouse 1gG (Cell Signaling Technology,
Beverly, MA); B-actin, AP-linked goat-anti-mouse 1gG (Sigma). Signals were detected with
the CDP-Star alkaline phosphatase detection system (Tropix/ABI, Foster City, CA) with
imaging and quantitation using a Diana Il CCD camera/chemiluminescence imager
(Raytest, Inc, Germany). Samples from euploid control and trisomic littermate or age-
matched pairs were included on each gel. Expression was normalized to actin.

Statistical analysis

Results

For each antibody/sample, measurements were replicated 2-4 times, and results with
technical aberrations discarded; averages were used for statistical analysis. Differences
between trisomy and euploid and between genotypes with saline and MK-801 injections
were assessed using the Tukey's test (GraphPad Prizm 4.0); values are presented as means +
SEM, and statistical significance taken as p<0.05. Statistical analysis of locomotor activity
increase due to MK-801 has been previously described (Costa et al 2008). Briefly, to
determine the net activities (Figures 2 f-h and 3 a-h), the saline peak (the average activity
between 30 and 80 min after injections) was subtracted from the locomotor response peaks
(also the average between 30 and 80 min after injections) of individual mice for each dose of
MK-801. Twoway repeated measures analysis of variance (RM ANOVA) (Statistica 7.0,
Stat-soft, Tulsa, OK) and Fisher's protected least significant differences (PLSD) post hoc
tests were used to compare the mean net locomotor activities between genotypes. Data for
the Ts65Dn mice are reproduced or reanalyzed (ambulatory and rearing) from Costa et al.
(2008).

Ts1Cje response to MK-801

Figure 2 illustrates the locomotor stimulatory effects of MK-801 injections on Ts1Cje
(n=11) and control euploid (n=11) mice. Similar to previous observations with Ts65Dn mice
(Costa et al 2008), compared to euploid controls, Ts1Cje mice are more sensitive to
MK-801, particularly at the 0.4 and 0.8 mg/kg doses (Figure 2a-e). Figures 2f-h illustrate the
effects of MK-801 on the three measures of activity. Figure 2f compares the mean peak for
total activity; genotype-dependence is statistically significant for the stimulatory effects
(F1,20 = 6.653; p* = 0.0179; two-way RM ANOVA). Figure 2g compares the mean peak for
ambulatory activity; genotype-dependence is statistically significant (F1 29 = 5.309; p* =
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0.0321; two-way RM ANOVA). Figure 2h compares the mean peak for rearing activity;
genotype-dependence is not statistically significant (F1 20 = 0.994; p = 0.331; two-way RM
ANOVA). Figure 3 compares Ts1Cje (n=11) responses with those previously reported for
Ts65Dn (n=15) (Costa et al 2008). Figure 3a compares the mean peak amplitudes of total
activity; there is no significant difference between the two genotypes (F1 24 = 1.763, p =
0.1968; two-way RM ANOVA), although a post hoc test at the 0.2 mg/kg point indicates
that Ts1Cje mice are significantly less responsive at that dose. Ambulatory and rearing
activity were compared separately (Figure 3c,e). There was a significant interaction between
dose and genotype (F3 72 = 2.855, p* = 0.043; two-way RM ANOVA) for ambulatory
activity but no significant difference in rearing activity (F1 24 = 0.0501; p = 0.825; two-way
RM ANOVA). Results of similar analyses comparing the euploid littermate controls for the
two trisomic strains are shown in Figure 3b,d,f. There were no statistically significant
differences in total activity (F1 24 = 1.182; p = 0.288; two-way RM ANOVA), ambulatory
activity (F1 24 = 0.463, p = 0.502; two-way RM ANOVA) or rearing activity (F1 24 = 1.182;
p = 0.502; two-way RM ANOVA). These results are not surprising given that controls are
not different inbred strains, but are both mixed background euploid progeny from mating
trisomic females to C57BL/6JEi x C3H/HeSnJ (B6EIC3Sn) F1 hybrid males.

Molecular responses of Ts65Dn and TS1Cje mice to MK-801

Quantitative Western analysis was used to measure total and phosphorylated levels of five
nonchr21 proteins, NR1, Akt, Erkl, Erk2 and EIk, and total levels of three chr21 proteins,
TIAM1, DYRK1A and ITSN1. Hippocampus and cortex were chosen for analysis primarily
based on the observation of Miyakawa et al (2003) that inhibition of calcineurin activity
solely in cortex, hippocampus and amygdala results in mice that are hypersensitive to the
stimulatory effects of MK-801. Thus, molecular abnormalities in response to MK-801 in
hippocampus and cortex of trisomy mice can be assays of both NMDAR and calcineurin
function, as well as predictors of the molecular basis of learning/memory deficits in these
same brain regions. For cortex samples, cytoplasmic, nuclear and crude membrane fractions
were examined for a total of 14 possible measurements, and, for hippocampus samples,
whole soluble lysates and crude membrane fractions were examined for a total of nine
measurements. This results in 23 possible measurements for each of four mice from each of
four genotypes, Ts65Dn, Ts1Cje and their respective euploid/littermate controls, with saline
or MK-801 injection. Representative Westerns are shown in Figure 4.

Comparisons of average protein levels, trisomy vs. euploid, and all genotypes +Mk-801

Tables 1 and 2 show protein levels averaged over all mice within a genotype-treatment
group. The first columns in Table 1 illustrate the effects of trisomy on basal (saline injected)
protein levels in cortex. Trisomy of TIAM1, DYRK1A and ITSN1 genes is associated with
increased protein expression at levels consistent with gene dosage, but not in all cell
fractions. While Ts65Dn and Ts1Cje show similarly increased DYRK1A (~25%) both in the
membrane and nuclear fractions and ITSN1 is increased on the order of 50% as measured in
the cytoplasm, TIAM1, which is trisomic only in Ts65Dn, is increased, by ~40%, in the
membrane but not in the cytoplasmic fraction. Trisomy also affects basal phosphorylation
levels: cytoplasmic pAkt and nuclear pErk1/2 are significantly elevated, by ~30% and
~35%, respectively, in both Ts65Dn and Ts1Cje, as is GSK3B (as measured by Reverse
Phase Protein Arrays (data not shown)). However, Ts1Cje mice alone show increased
cytoplasmic pErk2.

For euploid mice, MK-801 treatment results in increased phosphorylation, by ~30%-35%, of
the NMDAR NR1 subunit and Akt, with no change in associated total protein levels (Table
1, columns 4 and 6). These changes are independent of dosage and are consistent with
previously published reports (Ahn et al 2005,2006b). At the higher dose, pErk1/2 in the
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nucleus is also increased, and there is a suggestion of a decrease in total Erk1/2 levels,
implying translocation to the cytoplasm and degradation. Changes in Erk1 and Erk2 were
not reported by Ahn et al (2005,2006b), possibly because they were masked by use of whole
tissue protein lysates. Interestingly, chr21 proteins also participate in or are affected by
MK-801. Levels of TIAM1 at the membrane and DYRKZ1A in the nucleus are increased, by
~30% and 25-45%, respectively, at both doses, and DYRK1A is decreased in the membrane
fraction at the higher dose. Thus, chr21 proteins are part of the normal MK-801 molecular
response, and when overexpressed in trisomy may contribute to abnormal molecular and
behavioral responses.

For trisomy mice, to emphasize responses (or lack thereof) to MK-801, data in Tables 1 and
2 are given relative to the same genotype without drug (i.e. a value of 100 indicates a protein
level is unchanged by MK-801). Both Ts65Dn and Ts1Cje mice respond to MK-801
similarly to euploid controls with 20%-30% increases in pNR1. Therefore, abnormalities in
NMDAR function implied by behavioral responses to MK-801 must be due to abnormalities
in the dynamics of changes in phosphorylation of NR1, in the phosphorylation of other sites
in NR1 or other NMDAR subunits, or in downstream signaling. However, it is noteworthy
that, in contrast to euploid controls, levels of pAkt, which were already elevated in naive
mice, do not increase, suggesting failed dynamic responses. Also in contrast to euploid mice,
there are no changes in TIAM1 membrane levels, and rather than increases in nuclear
DYRKZ1A, these levels actually decrease in trisomy, as do membrane levels. A contribution
of the App-Sod1 region in trisomy is implied by the changes in Erk1/2 distribution that are
unique to Ts65Dn mice. Nuclear levels of both tErk1/2 and pErk1/2 decrease to ~70% of
basal, with an associated significant increase in cytoplasmic tErk2, suggesting stimulation of
a coordinated dephosphorylation and nuclear-cytoplasmic translocation. Thus, trisomy is
associated with both failed responses and abnormal responses to MK-801.

Data in Table 2 show that basal levels and responses to MK-801 in hippocampus are
significantly different from those in cortex and are different both between the two trisomies
and between trisomy and euploid. In trisomy, again, TIAM1 and DYRK1A are elevated in
Ts65Dn mice, but now it is only in the soluble fraction, instead of the membrane; in the
Ts1Cje mice, DYRKZ1A is elevated in the membrane fraction. Basal levels of pErk1/2 are
elevated similar to cortex in both Ts65Dn and Ts1Cje mice, however, elevated pAkt is
specific to Ts65Dn mice, as is a novel elevation in pEIk. In response to MK-801, in euploid
controls at the lower dose, no effect on pNR1 levels is seen, which is consistent with reports
from Ahn et al (2005). However, at the higher dose, pNR1 levels increase, as in cortex, and
DYRKZ1A levels decrease. There are no changes in TIAM1 at either dose. In Ts65Dn mice,
membrane levels of DYRK1A increase; in Ts1Cje mice, responses are similar to euploid
controls with the exception of decreases in levels of pErk1/2.

Individual variation

The magnitude of response to MK-801 varied among individuals of the same genotype. The
number of photocell interruptions per 5 minutes varied from 300 to 800 for Ts65Dn and
from 100 t01000 for Ts1Cje (data not shown). Inter-individual variations in RNA expression
levels of trisomic genes in DS-derived cell lines and Ts65Dn tissues have been reported
recently and suggested to be a cause of behavioral variations in trisomy (Prandini et al 2007;
Ait Yahya-Graison et al 2007; Sultan et al 2007). At the protein level measured here, some
individual variations also were noted. For example, among trisomic proteins, one of four
naive Ts1Cje mice showed no elevation of Dyrkla in the membrane fraction and one of four
Ts65Dn treated with MK-801 showed no elevation of Tiam1 in the cytoplasm, while
conversely one euploid mouse showed elevated levels of Tiam1. At the phosphorylation
level, one naive Ts65Dn mouse showed no elevation of pAkt in cortex or hippocampus but
showed aberrant elevation of pNR1, and, conversely, one euploid mouse failed to show
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increased phosphorylation of NR1 with MK-801 (complete data for all mice in cortex and
hippocampus are provided in Supplementary Tables 1-4). Comparisons of protein levels in
individual mice with their locomotor activity showed no significant correlation (data not
shown), but the number of mice is small and data are suggestive of statistical significance
for some proteins if larger numbers of animals are examined. On the other hand, protein
levels are dynamic in vivo, and for phosphorylation in particular, the time frame of some
transient effects is on the order of tens of minutes (Sala et al 2000; Sananbenesi et al 2002).
Phosphorylation is also unstable post mortem. While standard procedures (inclusion of
phosphatase inhibitors, rapid and cold temperature tissue processing) are designed to
minimize dephosphorylation, artifactual losses cannot be discounted. In addition, post
mortem dephosphorylation is not random, with different sites reported to be more or less
labile (O'Callaghan & Sriram 2004; Suneja et al 2006). Therefore, individual variations in
protein levels may stem, in part, from technical issues.

Discussion

Based on the known functions and interactions of chr21 proteins, as illustrated in Figure 1,
calcineurin activity is predicted to be inhibited and NMDAR-mediated signaling is predicted
to be perturbed in Ts65Dn and Ts1Cje mice. The rationale for selection of MK-801-induced
locomotor hyperactivity as a behavioral measure of these perturbations has been discussed
in Costa et al (2008). It was originally suggested by observations of Miyakawa et al (2003)
who demonstrated increased sensitivity to MK-801 in mice engineered to lack calcineurin
activity in hippocampus and cortex. The advantages of this measure for studies of mouse
models of DS are the correlation of molecular changes with behavioral responses, the
restricted time frame in which both types of changes occur, and the involvement of many of
the same signaling pathways and molecules (calcineurin, Erk1/2, EIK, etc) that are required
for or responsive to tests of learning and memory relevant to DS (Ahn et al
2005,2006h;Sanabenesi et al 2002). Thus, many molecular abnormalities, elevated basal
levels and failed dynamic responses, seen here in trisomy mice with MK-801 can be
postulated also to contribute to learning and memory deficits seen in, for example,
contextual fear conditioning or the Morris Water Maze. Therefore, our results can form a
basis to guide experiments that directly assay learning and memory, where the time frame of
relevant molecular events may be less easy to delimit.

Here we have shown that, relative to euploid controls, Ts1Cje mice show increased
sensitivity to the locomotor stimulatory effects of the NMDAR antagonist, MK-801. This
response is similar to that demonstrated previously for Ts65Dn mice (Costa et al 2008),
although Ts1Cje mice appear less responsive than Ts65Dn mice. Specifically, while two-
way RM ANOVA failed to identify any genotype differences in total activity or rearing,
similar analysis for ambulatory activity showed a decreased sensitivity of Ts1Cje mice
relative to Ts65Dn mice.

Relevant to the behavioral phenotype, both Ts65Dn and Ts1Cje mice show abnormalities in
molecular features when compared to euploid controls. These abnormalities can be
summarized as follows (Table 3): (i) in euploid mice, molecular responses to MK-801
involve the chr21 proteins TIAM1 and DYRKZ1A in cortex and hippocampus, in addition to
phosphorylation of NR1, Erk1/2, Akt and Gsk3b; (ii) in Ts65Dn and Ts1Cje mice, basal
levels of phosphorylation of Akt, Erk1/2, Elk and Gsk3b are elevated in cortex and/or
hippocampus, in addition to the gene dosage increases in levels of TIAM1 and DYRK1A,;
and (iii) in Ts65Dn and Ts1Cje mice, molecular responses to MK-801 are abnormal
(DYRK1A, pErk1/2) or absent (pAkt and TIAM1), although phosphorylation levels at
Ser897 of the NR1 subunit are normal. We note that, while some inter-individual variations
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in protein levels and locomotor activity were observed (Supplementary Tables 1-4), analysis
of larger numbers of mice will be required to ascertain possible correlations.

We had previously reported abnormal pErk1/2 levels in Ts65Dn (Gardiner et al 2004).
Levels were elevated in hippocampus of two and 16 month old mice, but depressed in five
month old mice. The observations here of elevated levels in 7-8 month old mice suggest the
age-dependent switch occurs shortly after 5 months of age. Phosphorylation abnormalities in
Ts65Dn mice have also been reported by Siarey et al (2006), where ratios of pAkt:tAkt and
pCaMKIlI:tCaMKII were both elevated in hippocampus and Akt ratios also failed to display
the normal (euploid) increases after induction of long term potentiation (LTP). In contrast,
however, they reported decreased levels of pErk1/2:tErk1/2, likely due to the younger age of
the mice used (2-4 months versus 7-8 months here). However, use of the ratio also masks
potential changes in total protein levels due to degradation.

MK-801 targets the NMDAR as a high affinity channel blocker. Additional studies with
Ts65Dn showed that the moderate affinity uncompetitive NMDAR antagonist, memantine,
ameliorated the deficit in contextual fear conditioning (CFC)(Costa et al 2008), a task
known to require a functional hippocampus and to signal through pErk1/2 and pElk
(Sananbenesi et al 2002). The responses of Ts65Dn mice to MK-801 and memantine, which
antagonize NMDAR by different mechanisms, support the hypothesis of defects in
NMDAR-mediated signaling. The observation of normal increases in phosphorylation of
Ser897 of the NR1 subunit does not negate this hypothesis but instead suggests possibly
altered dynamics of phosphorylation-dephosphorylation. Therefore, it will be important to
investigate the time frame of NMDAR phosphorylation changes after MK-801 treatment, as
well as phosphorylation of other sites within NR1 and other NMDAR subunits.
Alternatively, Roberson et al. (2008) recently postulated a role for impaired trafficking of
the NR2B subunit in Ts65Dn based on their observation of a significant decrease, compared
to controls, in the levels of the kinesin motor protein, KIF17. While levels of both NR2B
and NR2A were normal in Ts65Dn mice, as measured in whole brain lysates, this does not
rule out possible abnormalities in distribution or dynamics of trafficking.

The summary of molecular data in Table 3 are complex but this complexity is not
unreasonable given what is known about NMDAR, calcineurin and calmodulin signaling,
and given the fact that the Ts65Dn mice are trisomic for 94 and Ts1Cje for 70 protein
coding genes. The trisomic genes common to Ts65Dn and Ts1Cje, i.e. spanning from just
distal to Sod1 to the chr16 telomere and including Synj1, Itsn1, Rcanl, Dyrkla and Pcp4 of
the candidates, may be responsible for the unstimulated elevations in levels of nuclear
pErk1/2 seen in both models in cortex and hippocampus, while genes in the App-Sodl
region, including App, Bachl, Tiam1 and Sod1, may contribute to the elevation of pAkt and
pElk in hippocampus, and the dynamic pErk1/2 changes in response to MK-801, because
these are unique to the Ts65Dn. The hyperphosphorylation of Erk1/2, Elk, Akt and GSK3B
in saline injected mice implies increased phosphorylation, decreased dephosphorylation, or a
more complicated imbalance between the two. The failure to observe normal
phosphorylation responses to MK-801 in trisomy implies that either normal changes do not
occur, or because of elevated basal levels, they are too subtle for observation by Western
analysis, or they occur in a different time frame, e.g. returning to basal levels more quickly
than euploid, such that changes are not observed. Notably, in vitro studies indicate that
normal changes in pErk1/2 levels due to NMDAR activation are transient (Sala et al
2000;Sananbenesi et al 2002), and that DYRK1A overexpression prolongs pErk1/2
activation (Kelly and Rahmani, 2004). It is not clear if normal behavioral responses, that
include locomotor activity and successful learning, require a specific level of transient
phosphorylation, specific timing of the phosphorylation change, or a specific relative
magnitude of change in phosphorylation. It is clear, however, that both increases and
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decreases in basal protein activity in signaling pathways can cause impaired learning (e.qg.
ras (Shen et al 2000), CaMKII (Costa et al 2002)) and that pharmacological blocking of
dynamic responses impairs normal learning (Blum et al 1999). Further, it cannot be assumed
that all abnormalities in naive mice are relevant to or predictive of abnormalities in NMDAR
responses, however, it is reasonable to assume that failed dynamic molecular responses are
connected to abnormal behavioral responses.

We emphasize that, while the nine chr21 genes in Figure 1 are reasonable candidates to
work in concert to perturb NMDAR-mediated signaling in trisomy, additional chr21 genes
are also candidates for direct and indirect contributions to impaired behavior/learning/
memory (reviewed in Gardiner and Costa 2006). Connections to chr21 proteins of additional
behavioral and molecular features must also be made. The recent demonstrations that the
GABA receptor antagonist, pentylene tetrazole (PTZ), corrects the Ts65Dn deficit in the
hippocampal-based tasks, novel object recognition and the Morris water maze, are one
example (Fernandez et al 2007;Rueda et al 2008). No chr21 protein functions are known to
directly predict impaired GABA receptor function in DS, although an indirect connection
occurs through inhibition of calcineurin by chr21 proteins (Figure 1). The GABA receptor
subunit, GABRG2, is a target of calcineurin and inhibition of GABRG2 dephosphorylation
blocks induction of long term depression (LTD) at inhibitory synapses (Wang et al 2003).
Abnormalities in the levels or distributions of other nonchr21 proteins relevant to learning
and behavior, including BDNF, cAMP, PLC, PKA/PKC and NGF, have also been observed
(Bimonte-Nelson et al 2003;Dierssen et al 1997;Ruiz de Azua et al 2001;Siarey et al
2006;Cooper et al 2001). Together these implicate potential perturbations in multiple
pathways, involving multiple mechanisms of activation and including cross talk among
pathways.

These complexities emphasize the limitations of the current analysis and the challenges
inherent to identifying critical molecular abnormalities in DS. In this respect, DS is
analogous to multifactorial diseases, such as arthritis, heart disease and sporadic Alzheimer's
disease, etc, where causative contributions arise from variations in multiple genes. Ideally,
development of therapeutics for cognitive deficits in DS will be knowledge-based, i.e.
derived from functional connections between chr21-encoded proteins and critical learning/
memory pathways. DS, as a segmental trisomy, therefore requires comprehensive pathway
analysis, considerably expanded from single gene models that attempt to connect individual
chr21 genes with individual molecular, electrophysiological or behavioral responses.
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Figure 1. Chr21 proteins: direct and indirect interactions with NMDAR and signaling
consequences

Chr21 proteins are shown in shaded boxes: DYRK1a, dual specificity tyrosine protein
kinase; SYJN1, synaptojanin 1, phosphoinositol phosphatase; TIAML, transient invasion
and metastasis protein 1, a guanine nucleotide exchange factor specific for Rac; ITSN1,
Intersectin 1, a multi-domain, multifunctional protein; PCP4, Purkinje Cell Protein 4; RCAN
1, Regulator of calcineurin 1; APP, Amyloid Precursor protein; SOD1, Superoxide
Dismutase 1; BACH1, BTB and CNC homology transcription factor 1. CaN, calcinuerin, a
calcium-calmodulin-dependent protein phosphatase; CaM, calmodulin. PtdIns,
phosphatydylinositol. Arrows, activation; blunt lines, inhibition; straight lines, interaction.
Solid lines direct, dashed lines, indirect effects. (1)Ahn et al 20063, (2) Kelly & Rahmani,
2005 (3) Adayev et al 2006, (4) Fleming et al 2004, (5) Mertens et al 2003, (6) Tolias et al
2007, (7) Zhang & Macara, 2006, (8) Wang et al 2007, (9) Papadia & Hardingham 2007,
(10) Snyder et al 2005, (11) Nishimura et al 2006, (12) Mohney et al 2003, (13) Choe et al
2005, (14) Sugimoto et al 1997, (15) Tain & Karin 1999, (16) Putkey et al 2004, (17)
Hoeffer et al 2007, (18) Rothermel et al 2003, (19) Winder & Sweatt 2001, (20) Ermak et al
2006, (21) Lott et al 2006, (22) Reichard et al 2007, (23) Fleming et al 1998, (24) Woods et
al 2001, (25) Das et al (2007), (26) Yamabhai et al (1998).

Genes Brain Behav. Author manuscript; available in PMC 2009 October 1.



1duosnuey JoyIny vd-HIN 1duosnuey JoyIny vd-HIN

1duosnuei\ Joyiny Vd-HIN

Siddiqui et al.

Sham (MK-801)

= Control
= Ts1Cje

Total Activity (#of 0
photoced interuptions)

-120 80 o 80 120 180
Time (min)

MK-801 0.2 mg/kg

Mo . T
o M P o

£0 0 80 120 180
Tirne (min)

Total Activily (ol €
phiotocil interuptions)

i
-120

MK-807T 0.8 mgikg

Total Activity (#of (D
photocel interuplions)

Time (min)
g
Control vs Te1Cpe
L2
_*
;% 600
E g o e ek
%‘ B
g8 o 01 02 04 08
Dese (mgikg)

Page 15

o

ME-801 0.1 mgikg

Total Activity (# of
phatocsl inMeruptions)

Tirma {mn)

MK-B01 0.4 mgfkg

Tolal Activity (W ol QL
photocell intaruptions)

2 L - v -
120 -0 © B0 120 IBD
Tima (min)

Control ve Ts1Ce

§

ok *w

Tolal Activity (#of ™™
phalocell interuptions)
£a
2

.

0.1 oz 04 08

Dasae (mg/kg)
h
Conirod vs Ts1Cje
52
.?,.gm
Eg 15
E E 1o
=
£8 *
535 o
E &5 sl y ? .
0.1 0.2 0.4 oa

Dose (mg/g)

Figure 2. Ts1Cje mice show enhanced locomotor response to MK-801 compared to euploid

control mice

(a-e) Dose dependence of total locomotor activity as a function of time (n=11). (f-h) Dose-
dependence of the MK-801 stimulation on the three measures of activity: f) total activity:
significantly dependent on genotype; post hoc analysis reveals significant differences at
0.4mg/kg p<0.01 and 0.8mg/kg p<0.01, g) ambulatory activity: significantly dependent on
genotype; post hoc analysis reveals significant differences at 0.4mg/kg p<0.01 and 0.8mg/kg
p<0.01, and h) rearing activity: no significant effect of genotype.
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Figure 3. Genotype comparisons of the three measures of locomotor response to MK-801

(a, ¢, e) Comparison of Ts1Cje (h=11) and Ts65Dn (n=15) for (a) total locomotor activity:
no significant effect of genotype, (c) ambulatory activity: significant effect of genotype; post
hoc comparisons revealed significant differences at 0.2mg/kg p<0.01 and 0.4mg/kg p<0.05,
and (e) rearing activity: no significant effect of genotype. (b, d, f) Comparison of euploid
controls from Ts1Cje (n=11) and Ts65Dn (n=15) mice: (b) total activity, (d) ambulatory
activity, (f) rearing activity: genotype had no significant effect on any measure. Data for
Ts65Dn total activity are taken from Costa et al (2008); they have been reanalyzed here

separating ambulatory and rearing activities.
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Figure 4. Sample Western blots, chr21 and non-chr21 proteins in cortex

Approximately 30 ug of each protein lysate were resolved on 12% polyacrylamide gels
(Erk1/2, Akt, EIk) or 8% or 10% gels (Dyrkla, Tiam1) and transferred to PVDF
membranes. In addition to the antibodies for the indicated proteins, each membrane was
simultaneously or sequentially probed with an antibody for actin. Due to variations in the
amounts of protein loaded, visual interpretation of signal intensities is not accurate and actin
signals were used for normalization to correct for variable protein levels; only one example
of a set of actin signals is shown. C, euploid control sample; Ts, trisomic sample; C+M,
euploid control injected with MK-801; Ts+M, trisomy injected with MK-801. Nuc, nuclear;
cyto, cytoplasmic; mem, crude membrane fraction. p, phosphorylated protein; t, total
protein, phosphorylated plus non-phosphorylated.
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