
Mental retardation in individuals with Down syndrome (DS) is
thought to result from anomalous development and function of the
brain; however, the underlying neuropathological processes have yet
to be determined. Early implementation of special care programs
result in limited, and temporary, cognitive improvements in DS
individuals. In the present study, we investigated the possible neural
correlates of these limited improvements. More specifically, we
studied cortical pyramidal cells in the frontal cortex of Ts65Dn mice,
a partial trisomy of murine chromosome 16 (MMU16) model
characterized by cognitive deficits, hyperactivity, behavioral
disruption and reduced attention levels similar to those observed in
DS, and their control littermates. Animals were raised either in a
standard or in an enriched environment. Environmental enrichment
had a marked effect on pyramidal cell structure in control animals.
Pyramidal cells in environmentally enriched control animals were
significantly more branched and more spinous than non-enriched
controls. However, environmental enrichment had little effect on
pyramidal cell structure in Ts65Dn mice. As each dendritic spine
receives at least one excitatory input, differences in the number of
spines found in the dendritic arbors of pyramidal cells in the two
groups reflect differences in the number of excitatory inputs they
receive and, consequently, complexity in cortical circuitry. The
present results suggest that behavioral deficits demonstrated in the
Ts65Dn model could be attributed to abnormal circuit development.

Introduction
Down syndrome (DS) is the most common genetic cause of
mental retardation, affecting 1 in 1000 newborn children in
Europe (Hassold and Jacobs, 1984; Mastroiacovo, 2002). Adult
DS brains are smaller than those of normal individuals,
particularly the frontal lobes and cerebellum (Pinter et al.,
2001), and the depth and number of sulci are reduced. Neuronal
density is decreased in distinct cerebral regions and abnormal
neuronal morphology is  also  observed [reviewed in Flórez
(Flórez, 1992)]. The fetal DS brain presents a reduction in the
width of the cortex, abnormal cortical lamination and reduced
synaptic density. In addition, neurons in fetal DS brains are
characterized by abnormal dendrites and dendritic spines,
abnormal synaptic morphology and abnormal membrane prop-
erties (Marin-Padilla, 1976; Suetsugu and Mehraein, 1980;
Becker et al., 1986, 1993; Ferrer and Guillota, 1990).

The abnormal development and maturation of the DS brain is
believed to be regulated by specific genetic loci in human
chromosome 21 (HSA21), those in the DS critical region (DSCR)
being considered primary candidates for the phenotypic
alteration (Delabar et al., 1993). Thus, mice that are complete or
partially trisomic for murine chromosome 16 (MMU16), which
has regions of conserved homology with HSA21, have been
proposed as models for DS. In the full MMU16 trisomic mouse,
Ts16, abnormal embryonic development results in a reduction in
the overall number of neurons of the neocortex (Haydar et al.,
1996, 2000). The Ts65Dn mouse (Davisson et al., 1990) is a

partial trisomic mouse that includes most of the MMU16 region
(from App to Mx1) syntenic to the DSCR of HSA21. Behavioral
studies have demonstrated Ts65Dn mice to be poor learners
(Escorihuela et al., 1995, 1998; Reeves et al., 1995; Holtzman et

al., 1996; Hyde and Crnic, 2001). In addition, morphological
studies have demonstrated abnormalities in some brain regions
of Ts65Dn mice, including reduction in the volume of the
cerebellum and hippocampus, reduction in neuronal density in
the dentate gyrus and in the number of excitatory synapses, and
synaptic length, in the temporal cortex (Insausti et al., 1998;
Baxter et al., 2000; Kurt et al., 2000).

Early implementation of special education programs results
in improved cognitive abilities in DS individuals (Connolly et al.,
1993; Foreman and Manning, 1986). However, the biological
basis of this improvement is yet to be determined. The study of
cortical circuitry in the Ts65Dn mouse provides an excellent
model to study these mechanisms. Animals reared in enriched
environments outperform conspecifics in learning, memory and
visual acuity (Fernández-Teruel et al., 1997; Prusky et al., 2000).
Structural differences in the cerebral cortex are thought to
underpin these behavioral improvements. For example, normal
animals raised in an enriched environment have more branched,
and more spinous, neurons than those raised in a non-enriched
environment (Rosenzweig et al., 1972; Volkmar and Greenough,
1972; Globus et al., 1973; Greenough et al., 1973). However, to
date, no study has addressed the issue as to how environment
enrichment in DS models may affect neocortical pyramidal cell
structure.

The purpose of the present study was to determine how
cortical circuitry may differ between control and DS models, and
how environmental enrichment inf luences circuit structure. We
studied the structure of cortical pyramidal neurons in control
and Ts65Dn mice reared in non-enriched and enriched environ-
ments. Pyramidal cells in Ts65Dn mice were considerably
smaller, less branched and less spinous than those sampled from
control animals. In addition, control animals raised in an
enriched environment had more branched pyramidal cells that
contained considerably more spines (∼30% more) than non-
enriched controls. However, this effect was not seen for Ts65Dn
animals raised in enriched environments. Instead, environment
enrichment had little effect on pyramidal cell structure in
Ts65Dn mice. These results suggest that the partial trisomy of
MMU16 affects the normal development/maturation of cortical
circuitry, which may inf luence the behavioral abilities of
these animals and their capability to respond to environmental
stimulation.

Materials and Methods

Animals
Experimental mice were generated by repeated backcross of Ts65Dn
females to C57/6Ei × C3H/HeSnJ (B6EiC3) F1 hybrid males. The parental
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generation was obtained from the research colony at the Jackson
Laboratory (Bar Harbor, ME). Mating of Ts65Dn mice was performed in
the Laboratory of Developmental Biology (Animal Facility, University of
Cantabria, Santander, Spain). All mice were karyotyped and euploid
littermates of Ts65Dn mice served as controls. All experiments were
performed according to the guidelines on animal welfare as set out in the
NIH guidelines for the use and care of experimental animals and
the experimental procedures approved by the local Animal Welfare
Committee.

Housing and Enrichment Conditions
The experimental design consisted of four groups of 1-year-old female
mice. After weaning (21 days of age) the animals were separated by sex,
and Ts65Dn and control mice randomly assigned to, and reared under
either non-enriched (NE) or enriched (EE) conditions. NE mice were
housed two or three per cage (20 × 12 × 12 cm Plexiglas cage; 20 ± 2°C;
12 h light–dark cycle) with unrestricted access to food pellets and water.
EE mice were housed eight per cage (42 × 50 × 20 cm split level cage with
stainless steel top, f loor and front wall, and plastic sides and back;
20 ± 2°C; 12 h light–dark cycle) that was equipped with an activity
wheel, wooden swing, and various plastic and wooden toys (paper rolls,
blocks, rocks of different colors) that were changed every 3 days. Mice
raised under enriched conditions were provided with different types of
food, but access was restricted and required the animals learn new
methods to retrieve it. EE animals were housed under these enriched
conditions from 3 weeks of age to 10 weeks of age, after which they were
reared in NE cages.

Processing of Tissue
Animals were overdosed by lethal intraperitoneal injection of sodium
pentobarbitone, and perfused intracardially with 4% paraformaldehyde
(0.1 M, pH 7.4: PF). The brain was removed and the cortex of the left
hemisphere was f lattened between two glass slides (Welker and Woolsey,
1974), weighted, and left overnight in PF at 4°C. Sections (150 µm), were
cut tangential to the cortical surface with the aid of a Vibratome, and
prelabeled with 10–5 M 4,6 diamidino-2-phenylindole (Sigma D9542). By
focusing through the serial tangential slices we were able to identify the
cytoarchitectural differences between cortical layers allowing the
identification of the section that contained layer III and subsequent
injection of cells at the base of layer III [e.g. see fig. 3 of Elston and Rosa
(Elston and Rosa, 1997)]. Cell injection methodology has been described
in detail elsewhere (Buhl and Schlote, 1987; Einstein, 1988; Elston et al.,
1997). Brief ly, cells were injected individually with Lucifer Yellow (8% in
0.1 M Tris buffer, pH 7.4) by continuous current. Current was applied
until the distal tips of each cell f luoresced brightly. Following injection,
the sections were first processed with an antibody to Lucifer Yellow
[1:400 000 in stock solution (2% bovine serum albumin (Sigma A3425),
1% Triton X-100 (BDH 30 632), 5% sucrose in 0.1 mol/l phosphate
buffer)], then with a biotinylated species specific secondary antibody
(Amersham RPN 1004; 1:200 in stock solution), followed by a biotin–
horseradish peroxidase complex (Amersham RPN1051; 1:200 in
phosphate buffer). DAB (3,3′-diaminobenzidine; Sigma D 8001) was used
as the chromogen. Sections were photographed prior to, and following,
immunohistochemical processing to determine whether any correction
factor should be applied to the data as a result of shrinkage. Cells were
injected in the left hemisphere [M2 of Franklin and Paxinos (Franklin and
Paxinos, 1997)]. Because of the nature of the experiments, individuals
from each litter were overdosed at 3–4 day intervals (i.e. the cell injec-
tion may take up to 24 h). As females housed within groups tend to
synchronize their estrus cycle, the 3–4 day delay between experiments
meant that they were euthanized at different stages during their cycle
(both within and between litters). Thus, by selecting animals randomly,
we minimized the possibility of an estrus-related effect.

Morphological Analysis
Cells were only included for analyses if they had a clearly distinguishable
apical dendrite, their entire basal dendritic arbor was contained within
the section and  all  dendrites  were  completely  filled.  Moreover, as
pyramidal cell structure may vary between different cortical regions
(Elston, 2000), we only included pyramidal cells that were injected in the
same overlapping region of the frontal lobe in all cases. Cells were drawn

with the  aid of a camera lucida microscope attachment, and their
dendritic arbor size was determined by calculating the area contained
within a polygon that joined the outermost distal tips of the basal
dendrites (Elston and Rosa, 1997). The branching pattern of cells was
determined by counting the number of dendritic branches that inter-
sected with concentric circles (centered on the cell body) of increasing
radii (25 µm increments) for each cell (Sholl, 1953). The total length of all
basal dendrites in each cell was determined with the aid of a digitizing
tablet (SummaSketch III) and NIH image software (NIH Research Ser-
vices, Bethesda, MD). The density of spines on the dendrites of pyramidal
cells was determined by counting the number of spines per 10 µm
increments of 20 randomly selected horizontally projecting dendrites of
different cells (Valverde, 1967). All spine types, including sessile and
pedunculate (Jones and Powell, 1969), were included in the spine counts.
No correction factors (Feldman and Peters, 1979; Larkman, 1991) were
applied to the spine counts as reconstruction of the cells at high power
(×100 Zeiss immersion lens) allows the visualization of all spines that
issue from the dendrites [i.e. the DAB reaction product is more opaque
than the Golgi reaction product: figs 1 and 3 of Elston et al. (Elston et al.,
1999a)]. No distinction was made between spine types. The total number
of spines found in the basal dendritic arbor of the ‘average’ pyramidal cell
was calculated by multiplying the average number of spines of a given
portion of dendrite by the average number of branches for the
corresponding region, over the entire dendritic arbor (Elston, 2001). All
analysis was performed according to double-blind procedures.

Results

Control and Ts65Dn Mice Reared under Non-enriched
(NE) Conditions

(i) Dendritic Arbor Size

One hundred and eighty labeled pyramidal cells (Fig. 1) were
included for analysis. Upon initial inspection, it became clear
that the basal dendritic arbors of layer III pyramidal cells of
Ts65Dn mice differed to those of control animals (Fig. 2).
Quantification of the size of the basal dendritic arbors (Fig. 3A)
revealed that cells in Ts65Dn animals were markedly smaller
than those in controls (mean ± SD: 3.0 ± 0.6 × 104 µm2 and
5.05 ± 1.1 × 104 µm2, respectively). A two-way unpaired t-test
revealed the difference to be significant (t81 = 9.9; P < 0.001).

(ii) Branching Pattern and Dendritic Length

Quantification of the number of dendritic branches (Fig. 3B)
revealed that the peak branching complexity in the arbors of
Ts65Dn mice (23.25 ± 4.23) was less than that in controls
(25.19 ± 5.9). Statistical analysis (repeated measures ANOVA)
of the whole dendritic arbor revealed the difference to be
significant [F(1,81) = 14.5, P < 0.001]. The total length of basal
dendrites was also analyzed in both groups of animals. As
shown in Figure 3C, the dendrites in Ts65Dn were significantly
shorter than those in control animals (1.92 ± 0.31 × 103 µm and
3.35 ± 0.73 × 103 µm, respectively; t81 = 11.2; P < 0.001).

(iii) Spine distribution and number

Quantification of the spine density of basal dendrites (Fig. 3D)
revealed that the maximum number of spines per 10 µm
segment was 19.1 ± 4.12 for cells in Ts65Dn mice and
18.1 ± 5.49 for those in control animals. A repeated measures
ANOVA on the distribution of spines along the entire length of
the dendrites (as a function of distance from the soma to the
distal tips) showed the differences to be significantly different
between the two groups [F(1,78) = 81.6, P = 0.001]. By com-
bining data from Sholl analyses with that of spine densities,
we were able to calculate an estimate of the total number of
spines in the basal dendritic arbor of the average cell. These
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calculations revealed that pyramidal cells in Ts65Dn animals had
24% fewer spines (Fig. 3E) in their basal dendritic arbors (2603)
than control animals (3447).

Control and Ts65Dn Mice Reared under Environmental
Enriched (EE) Conditions

(i) Dendritic Arbor Size

As was the case for animals raised in NE conditions, the basal
dendritic arbors of pyramidal cells (Fig. 3A) in EE Ts65Dn
animals (3.25 ± 0.6 × 104 µm2) were smaller than those in EE
controls (5.50 ± 1.1 × 104 µm2). A two-way unpaired t-test
revealed the difference to be significant (t94 = 13.6; P < 0.001).
However, environment enrichment had no significant effect on
the size of the basal dendritic arbors of pyramidal cells in either
control (t74 = 1.6, P = 0.053) or Ts65Dn (t101 = 1.8, P = 0.064)
animals.

(ii) Branching Pattern and Dendritic Length

Quantification of the number of branches in the basal dendritic
arbor of layer III pyramidal cells (Fig. 3B) revealed that the peak
branching complexity for cells in enriched Ts65Dn mice
(23.8 ± 4.58) was less than that in EE controls (28.5 ± 6.1).
Moreover, analysis of the entire dendritic arbor revealed signifi-

Figure 1. (A, B) Low-power photomicrographs of layer III pyramidal cells injected with Lucifer Yellow in 150µm thick slices, cut parallel to the cortical surface, and processed for a
light-stable diaminobenzidine reaction product. (C) High-power photomicrograph of a horizontally projecting dendrite illustrating individual dendritic spines. Scale bar: 150µm in A;
34µm in B; 10µm in C.

Figure 2. Camera lucida drawings of layer III pyramidal neurons, as seen in the plane of
section tangential to the cortical layers, from control and Ts65Dn mice. Illustrated cells
had basal dendritic arbors which approximated the average size for each group. Scale
bar = 100µm.
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cant differences in their branching patterns [F(1,94) = 109.8,
P < 0.001]. Environment enrichment resulted in a significant
increase in the number of dendritic branches of pyramidal cells
in control animals [F(1,74) = 43.3, P < 0.001] but not in Ts65Dn
animals [F(1,101) = 3.8, P = 0.052]. In addition, the total length
of the basal dendrites in the basal arbors of pyramidal cells in EE
Ts65Dn mice was also found to be significantly shorter than that
in EE controls (2.02 ± 0.44 × 103 µm and 3.14 ± 0.61 × 103 µm,

respectively; t94 = 9.8, P < 0.001) (Fig. 3C). However, environ-
ment enrichment had no significant effect on the total dendritic
length of cells in control or Ts65Dn animals (t74 = 1.3, P = 0.2;
t101 = 1.2, P = 0.24, respectively).

(iii) Spine Distribution and Number

Quantification of the spines along the basal dendrites (Fig. 3D)
revealed that the maximum spine density in EE Ts65Dn animals
(20.4 ± 4.4) was less than that in EE control mice (25.7 ± 6.4).
An analysis of variance revealed a significant difference the dis-
tribution of spines along the entire length of the dendrites
[F(1,58) = 78.4, P < 0.001]. Moreover, environment enrichment
resulted in a significant, and dramatic, increase in the spine
density in control animals [F(1,58) = 14.9, P < 0.001] whereas
there was no effect in Ts65Dn animals [F(1,78) = 2.6, P = 0.11].
Environment enrichment resulted in a dramatic increase (>32%)
in the total number of spines in the basal dendritic arbor in
control animals, but only resulted in a 3% increase in the number
of spines in the basal dendritic arbors of pyramidal cells in Ts65Dn
animals (Fig. 3E). Consequently, pyramidal cells in enriched
Ts65Dn mice had fewer spines (2683) in their basal dendritic
arbors than those in enriched control animals (5050).

Discussion
In the present study  we have demonstrated  that the basal
dendrites of layer III pyramidal cells in the frontal cortex of
Ts65Dn and control animals have markedly different pheno-
types. Those in the Ts65Dn mouse are smaller, less branched and
less spinous than controls. In addition, whereas environment
enrichment had a marked effect on the structure of pyramidal
cells in control animals, it had little effect in Ts65Dn mice. These
data suggest that normal mechanisms that govern development
and maturation of cortical circuits are affected by the partial
MMU16 trisomy.

The Trisomic Ts65Dn Mouse As a Model for DS
Most of the genetic, behavioral and anatomical characteristics of
the Ts65Dn mouse are consistent with those reported in DS
patients [for reviews, see (Hasold and Jacobs, 1984; Carothers et

al., 1999; Kaufmann and Moser, 2000; Dierssen et al., 2001)].
Both are characterized by trisomy of a homologous chromosomal
region, relatively poor learning and memory, and abnormal brain
structure (Escorihuela et al., 1995, 1998; Reeves et al., 1995;
Coussons-Read and Crnic, 1996; Demas et al., 1996; Holtzman et

al., 1996). In addition, Ts65Dn mice show behavioral distur-
bances compatible with abnormal function in the frontal cortex
(Escorihuela et al., 1995; Coussons-Read and Crnic, 1996). Of
particular interest here is the structure of pyramidal cells, the
most ubiquitous neuron in the neocortex. The present results on
pyramidal cell structure parallel those obtained in humans. By
studying autopsy material, several groups have reported that
pyramidal cells in DS brains are less spinous than those in
controls (Marin-Padilla, 1976; Suetsugu and Mehraein, 1980;
Takashima et al., 1981; Ferrer and Guillota, 1990). Here we
found that pyramidal cells in Ts65Dn mice are, on average, 24%
less spinous than those in controls. Given  that trisomy of
homologous genes in mice and humans causes similar anatom-
ical and behavioral disturbances, it is likely that they are related.
Thus, the Ts65Dn mouse provides means by which to study
brain pathology in DS not possible in humans. More specifically,
the Ts65Dn mouse provides a vehicle in which to study the
microanatomical substrate of mental retardation in DS, and
develop new treatment strategies.

Figure 3. Plots of the areas (A), number of dendritic branches (B), length of dendritic
branches (C), spine densities (D) and number of spines (E) in the basal dendritic arbors
of layer III pyramidal cells sampled in enriched and non-enriched Ts65Dn and control
mice.
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Effects of Environmental Enrichment on Ts65Dn Mice
Normal healthy animals reared in an enriched environment
outperform those raised in non-enriched environments in learn-
ing, memory, and visual acuity tasks (Fernández-Teruel et al.,
1997; Prusky et al., 2000). The improvements in behavioral
abilities are believed to result from changes in neural circuitry
[for reviews, see (Kintsova and Greenough, 1999; Woolley,
1999)]. For example, improved behavioral abilities that result
from various learning paradigms are paralleled by increases
in the complexity of pyramidal cell branching structure and
synapse to neuron ratio (Greenough et al., 1973, 1985; Withers
and Greenough, 1989; Kleim et al., 1997, 1998; Johansson and
Belichenko, 2002). Here we found a dramatic effect of environ-
mental enrichment on cortical pyramidal cell structure in
control animals. Three weeks of exposure to enriched stimuli
during late development and maturation correlated with a higher
number of spines in the dendritic arbors of layer III pyramidal
cells in 1-year-old mice: enriched controls had, on average, 32%
more spines in their arbors than non-enriched controls. Our
findings in trisomic mice, however, revealed that those raised in
an enriched environment only had 3% more spines in their den-
dritic arbors than those raised in a non-enriched environment.
Thus, the present results suggest one of two possibilities; either
there is a basic difference in cortical development whereby
pyramidal cells in the Ts65Dn mouse never become as spinous as
those in controls or, alternatively, they lose a higher proportion
of spines during normal aging. Further studies are required in
young mice soon after environment enrichment to determine
the answer.

On the Correlation Between Cortical Structure and
Function
As each spine receives at least one asymmetrical glutamatergic
synapse (Colonnier, 1968; Jones, 1968; DeFelipe et al., 1988;
Kharazia et al., 1996), more spinous cells may integrate more
excitatory inputs than the less spinous cells. Differences in the
branching patterns in the dendritic arbors of pyramidal cells
have been shown to inf luence compartmentalization of pro-
cessing (Koch et al., 1982, 1983) and the representational power
(Poirazi and Mel, 2001) of cortical neurons. Thus, the structural
differences reported here are likely to inf luence both cellular
and systems cortical function [for reviews, see (Jacobs and
Scheibel, 2002; Elston, 2003a,b)]. For example, studies in cortex
of higher primates reveal that pyramidal cells in prefrontal
cortex, which is thought to be important in cognitive processing
(Goldman-Rakic, 1996; Fuster, 1997; Miller and Cohen, 2001),
are more branched and more spinous than those in sensory
association cortex which, in turn, are more branched and more
spinous than those in sensory cortex (Jacobs et al., 1997, 2001;
Elston et al., 1999a,b, 2001; Elston, 2000). Based on presently
available data there appears to be a correlation between cortical
function and pyramidal cell structure.

Conclusions
There are close parallels between the human DS and Ts65Dn
mouse phenotypes that appear to result from trisomy of
homologous genes of conserved function. The present data on
the Ts65Dn murine model reveal that the App to Mx1 region
of the HSA21 homologue inf luences the micro-organization of
neocortical circuits. It remains to be determined whether
the present results ref lect differences in the development or
maturation of cortical circuitry. Further studies of murine
models that overexpress specific subsets of these genes will

help to dissect the molecular and cellular pathology of mental
retardation in DS.

Notes
This work was supported by the Jerôme Lejeune Foundation, DURSI,
CEC/BIOMED2 (BMH4-CT98-3039), CICYT (SAF2001-1231), DGCYT
(PM99-0105), FIS (00/0795), Fundación Marcelino Botín, Australian
National Health and Medical Research Council (GNE), Comunidad
Autónoma de Madrid (RB-P, 01/0782/2000) and by ‘Real Patronato de
Atención a Minusvalías’ (CM-C).

Address correspondence to M. Dierssen, MD, PhD, Program in Genes
and Disease, Genomic Regulation Center, Passeig Marítim 32–49, 08003
Barcelona, Spain. Email: mara.dierssen@crg.es.

References
Baxter LL, Moran TH, Richtsmeier JT, Troncoso J, Reeves RH (2000)

Discovery and genetic localization of Down syndrome cerebellar
phenotypes using the Ts65Dn mouse. Hum Mol Genet 9:195–202.

Becker LE, Armstrong DL, Chan F (1986) Dendritic atrophy in children
with Down’s syndrome. Ann Neurol 20:520–526.

Becker LE, Mito T, Takashima S, Onodera K, Friend WC (1993)
Association of phenotypic abnormalities of Down syndrome with an
imbalance of genes on chromosome 21. APMIS Suppl 40:57–70.

Buhl EH, Schlote W (1987) Intracellular Lucifer yellow staining and
electronmicroscopy of neurons in slices of fixed epitumourous human
cortical tissue. Acta Neuropathol 75:140–146.

Carothers AD, Hecht CA, Hook EB (1999) International variation in
reported livebirth prevalence rates of Down syndrome, adjusted for
maternal age. J Med Genet 36:386–393.

Colonnier M (1968) Synaptic patterns on different cell types in the
different laminae of the cat visual cortex. Brain Res 9:268–287.

Connolly BH, Morgan SB, Russell FF, Fulliton WL (1993) A longitudinal
study  of  children with Down syndrome who experienced early
intervention programming. Phys Ther 73:170–179.

Coussons-Read ME, Crnic LS (1996) Behavioral assessment of the Ts65Dn
mouse, a model for Down syndrome: altered behavior in the elevated
plus maze and open field. Behav Genet 26:7–13.

Davisson MT, Schmidt C, Akeson EC (1990) Segmental trisomy for murine
chromosome 16: a new system for studying Down syndrome. In:
Molecular genetics of chromosome 21 and Down syndrome (Patterson
D, Epstein CJ, eds), pp. 263–280. New York: Wiley-Liss.

DeFelipe J, Conti F, Van Eyck SL, Manzoni T (1988) Demonstration of
glutamate-positive axon terminals forming asymmetric synapses in cat
neocortex. Brain Res 455:62–165.

Delabar JM, Théophile D, Rahmani Z, Chettouh Z, Blouin JL, Prieur M,
Nöel B Sinet PM (1993) Molecular mapping of twenty-four features of
Down syndrome on chromosome 21. Eur J Hum Genet 1:114–124.

Demas GE, Nelson RJ, Krueger BK, Yarowsky PJ (1996) Spatial memory
deficits in segmental trisomic Ts65Dn mice. Behav Brain Res
82:85–92.

Dierssen M, Fillat C, Crnic L, Arbones M, Florez J, Estivill X (2000) Murine
models for Down syndrome. Physiol Behav 73:859–871.

Dierssen M, Marti E, Pucharcos C, Fotaki V, Altafaj X, Casas K, Solans A,
Arbones ML, Fillat C, Estivill X (2001) Functional genomics of Down
syndrome: a multidisciplinary approach. J Neural Transm Suppl
61:131–148.

Einstein G (1988) Intracellular injection of Lucifer Yellow into cortical
neurons in lightly fixed sections and its application to human autopsy
material. J Neurosci Meth 26:95–103.

Elston GN (2000) Pyramidal cells of the frontal lobe: all the more spinous
to think with. J Neurosci 20:RC95(1–4).

Elston GN (2001) Interlaminar differences in the pyramidal cell pheno-
type in cortical areas 7m and STP (the superior temporal polysensory
area) of the macaque monkey. Exp Brain Res 138:141–152.

Elston GN (2003a) Cortical heterogeneity: implications for visual
processing and polysensory integration. J Neurocytol 31:317–335.

Elston GN (2003b) Cortex, cognition and the cell: new insights into the
pyramidal cell and prefrontal function. Cereb Cortex (in press).

Elston GN, Rosa MGP (1997) The occipitoparietal pathway of the
macaque monkey: comparison of pyramidal  cell  morphology  in
layer III of functionally related cortical visual areas. Cereb Cortex
7:432–452.

Elston GN, Pow DV, Calford MB (1997) Neuronal composition and

762 The Ts65Dn Mouse Model of Down Syndrome • Dierssen et al.

 at C
SIC

 on A
pril 2, 2013

http://cercor.oxfordjournals.org/
D

ow
nloaded from

 

http://cercor.oxfordjournals.org/


morphology in layer IV of two vibrissal barrel subfields of rat cortex.
Cereb Cortex 7:422–431.

Elston GN, Benavides-Piccione R, DeFelipe J (2001) The pyramidal cell in
cognition: a comparative study in human and monkey. J Neurosci
21:RC163(1–5).

Elston GN, Tweedale R, Rosa MGP (1999a) Cellular heterogeneity in
cerebral cortex. a study of the morphology of pyramidal neurones
in visual areas of the marmoset monkey. J Comp Neurol 415:33–51.

Elston GN, Tweedale R, Rosa MGP (1999b) Cortical integration in the
visual system of the macaque monkey: large scale morphological
differences of pyramidal neurones in the occipital, parietal and
temporal lobes. Proc R Soc Lond Ser B 266:1367–1374.

Escorihuela RM, Fernández-Teruel A, Vallina IF, Baamonde C, Lumbreras
MA, Dierssen M, Tobeña A, Flórez J (1995) Behavioral assessment of
Ts65Dn mice: a putative DS model. Neurosci Lett 199:143–146.

Escorihuela RM, Vallina IF, Martínez-Cué C, Baamonde C, Dierssen M,
Tobeña A, Flórez J, Fernández-Teruel A (1998) Impaired short- and
long-term memory in Ts65Dn mice, a model for DS. Neurosci Lett
247:171–174.

Franklin K, Paxinos G (1997) The mouse brain in stereotaxic coordinates.
San Diego, USA: Academic Press.

Feldman ML, Peters A (1979) A technique for estimating total
spine numbers on Golgi-impregnated dendrites. J Comp Neurol
188:527–542.

Ferrer I, Guillotta F (1990) Down’s syndrome and Alzheimer’s disease:
dendritic spine counts in the hippocampus. Acta Neuropathol (Berl)
79:680–685.

Fernández-Teruel, A. Escorihuela, R.M. Castellano, B. Gonzalez, B.
Tobena, A (1997) Neonatal handling and environmental enrichment
effects on emotionality, novelty/reward seeking, and age related
cognitive and hippocampal impairmentes: focus on the Roman rat
lines. Behav Genet 27:513–526.

Flórez J (1992) Neurologic abnormalities. In: Biomedical concerns in
persons with Down syndrome (Pueschel SM, Pueschel JK, eds),
pp. 159–173. Baltimore: Paul H. Brookes Publishing Co.

Foreman PJ, Manning E (1986) Paediatric management practices in Down
syndrome: a follow-up survey. J Paediatr Child Health 29:27–31.

Fuster JM (1997) The prefrontal cortex: anatomy, physiology, and
neuropsychology of the frontal lobe. Philadelphia: Lippincott-Raven.

Globus A, Rosenzweig MR, Bennett EL, Diamond MC (1973) Effects of
differential experience on dendritic spine counts in rat cerebral
cortex. J Comp Physiol Psychol 82:175–181.

Goldman-Rakic PS (1996) The prefrontal landscape: implications for
functional architecture for understanding human mentation and the
central executive. Phil Trans R Soc Lond B 351:1445–1453.

Greenough W, Volkmar FR, Juraska JM (1973) Effects of rearing
complexity on dendritic branching in frontolateral and temporal
cortex in the rat. Exp Neurol 41:371–378.

Greenough W, Larson JR, Withers GS (1985) Effects of unilateral and
bilateral training in a reaching task on dendritic branching of
neurons in the rat sensory–motor forelimb cortex. Behav Neural Biol
44:301–314.

Hassold T, Jacobs P (1984) Trisomy in man. Annu Rev Genet 18:69–97.
Haydar TF, Blue ME, Molliver ME, Krueger, BK, Yarowski, PJ (1996)

Consequences of trisomy 16 for mouse brain development: cortico-
genesis in a model of Down syndrome. J Neurosci 16:6175–6182.

Haydar TF, Nowakowsky RS, Yarowsky PJ, Krueger BK (2000) Role of
founder cell deficit and delayed neuronogenesis in microcephaly of
the trisomy 16 mouse. J Neurosci 20:4156–4164.

Holtzman DM, Santucci D, Kilbridge J, Chua-Couzens J, Fontana DJ,
Daniels SE, Johnson RM, Chen K, Sun, Y, Carlson E, Alleva E, Epstein
CJ, Mobley WC (1996) Developmental abnormalities and age-related
neurodegeneration in a mouse model of Down syndrome. Proc Natl
Acad Sci USA 93:13333–13338.

Hyde LA, Crnic LS (2001) Age-related deficits in context discrimination
learning in Ts65Dn mice that model Down syndrome and Alzheimer’s
disease. Behav Neurosci 115:1239–1246.

Insausti AM, Megías M, Crespo D, Cruz-Orive LM, Dierssen M, Vallina IF,
Insausti R, Flórez, J (1998) Hippocampal volume and neuronal number
in Ts65Dn mice: a murine model of Down syndrome. Neurosci Lett
253:1–4.

Jacobs B, Scheibel AB (2002) Regional dendritic variation in primate
cortical pyramidal cells. In: Cortical areas: unity and diversity (Schüz
A, Miller R, eds), pp 111–131. London: Taylor & Francis.

Jacobs B, Larsen-Driscoll L, Schall M (1997) Lifespan dendritic and spine

changes in areas 10 and 18 of human cortex: a quantitative Golgi
study. J Comp Neurol 386:661–680.

Jacobs B, Schall M, Prather M, Kapler L, Driscoll L, Baca S, Jacobs J, Ford
K, Wainwright M, Treml M (2001) Regional dendritic and spine
variation in human cerebral cortex: a quantitative study. Cereb Cortex
11:558–571.

Johansson BB, Belichenko PV (2002) Neuronal plasticity and dendritic
spines: effect of  environmental  enrichment  on intact and post-
ischemic rat brain. J Cereb Blood Flow Metab 22:89–96.

Jones EG (1968) An electron microscopic study of the terminations of
afferent fiber systems onto the somatic sensory cortex of the cat.
J Anat 103:595–597.

Jones EG, Powell TPS (1969) Morphological variations in the dendritic
spines of the neocortex. J Cell Sci 5:509–529.

Kaufmann WE, Moser HW (2000) Dendritic anomalies in disorders
associated with mental retardation. Cereb Cortex 10:981–991.

Kintsova AY, Greenough W (1999) Synaptic plasticity in cortical systems.
Curr Opin Neurobiol 9:203–208.

Kleim JA, Swain RA, Czerlanis CM, Kelly JL, Pipitone MA, Greenough W
(1997) Learning-dependent dendritic hypertrophy of cerebellar
stellate cells: plasticity of local circuit neurons. Neurobiol Learn Mem
67:29–33.

Kleim JA, Swain RA, Armstrong KA, Napper RM, Jones TA, Greenough W
(1998) Selective synaptic plasticity within the cerebellar cortex
following complex motor skill learning. Neurobiol Learn Mem
69:274–289.

Koch C, Poggio T, Torre V (1982) Retinal ganglion cells: a functional
interpretation of dendritic morphology. Phil Trans R Soc Lond B
298:227–264.

Koch C, Poggio T, Torre V (1983) Nonlinear interactions in a dendritic
tree: localization, timing and role in information processing. Proc Nat
Acad Sci USA 80:2799–2802.

Kharazia VN, Phend KD, Rustioni A, Weinberg RJ (1996) EM co-
localization of AMPA and NMDA receptor subunits at synapses in rat
cerebral cortex. Neurosci Letters 210:37–40.

Kurt MA, Davies DC, Kidd M, Dierssen M, Florez J (2000) Synaptic deficit
in the temporal cortex of partial trisomy 16 (Ts65Dn) mice. Brain Res
858:191–197.

Larkman AU (1991) Dendritic morphology of pyramidal neurones in the
visual cortex of the rat: III. Spine distributions. J Comp Neurol
306:332–343.

Marin-Padilla M (1976) Pyramidal cell abnormalities in the motor cortex
of a child with Down’s syndrome: a Golgi study. J Comp Neurol
167:63–81.

Mastroiacovo, P (2002) Epidemiology of Down syndrome in the third
millennium. 2nd International conference EDSA The Adult with

Down Syndrome. A new Challenge for Society, San Marino.
Miller EK, Cohen JD (2001) An integrative theory of prefrontal cortex.

Annu Rev Neurosci 24:167–202.
Pinter JD, Eliez S, Schmitt JE, Capone GT, Reiss AL (2001) Neuroanatomy

of Down’s syndrome: a high-resolution MRI study. Am J Psychiatry
58:1659–1665.

Poirazi P, Mel B (2001) Impact of active dendrites and structural plasticity
on the storage capacity of neural tissue. Neuron 29:779–796.

Prusky GT, Reidel C, Douglas RM (2000) Environmental enrichment from
birth enhances visual acuity but not place learning in mice. Behav
Brain Res 114:11–15.

Reeves RH, Irving NG, Moran TH, Wohn A, Kitt C, Sisodia SS, Schmid C,
Bronson RT, Davisson M (1995) A mouse model for Down syndrome
exhibits learning and behaviour deficits. Nat Genet 11:177–184.

Rosenzweig, MR Bennett EL Diamond MC (1972) Brain changes in
relation to experience. Sci Am 226:22–29.

Sholl DA (1953) Dendritic organization in the neurons of the visual and
motor cortices of the cat. J Anat 87:387–406.

Suetsugu M, Mehraein P (1980) Spine distribution along the apical
dendrites of the pyramidal neurons in Down’s syndrome. A quan-
titative Golgi study. Acta Neuropathol (Berl) 50:207–210.

Takashima S, Becker LE, Armstrong DL, Chan F (1981) Abnormal
neuronal development in the visual cortex of the human fetus and
infant with down’s syndrome. A quantitative and qualitative Golgi
study. Brain Res 225:1–21.

Valverde F (1967) Apical dendritic spines of the visual cortex and light
deprivation in the mouse. Exp Brain Res 3:337–352.

Volkmar FR, Greenough WT (1972) Rearing complexity affects branching
of dendrites in the visual cortex of the rat. Science 176:1145–1147.

Cerebral Cortex Jul 2003, V 13 N 7 763

 at C
SIC

 on A
pril 2, 2013

http://cercor.oxfordjournals.org/
D

ow
nloaded from

 

http://cercor.oxfordjournals.org/


Welker CW, Woolsey TA (1974) Structure of layer IV in the somatosensory
neocortex of the rat: description and comparison with the mouse.
J Comp Neurol 158:437–454.

Withers GS, Greenough W (1989) Reach training  selectively alters
dendritic branching in subpopulations of layer II/III pyramids in

rat motor-somatosensory forelimb  cortex. Neuropsychologia 27:
61–69.

Woolley CS (1999) Structural plasticity of dendrites.  In: Dendrites
(Stuart G, Spruston N, Häusser M, eds), pp. 339–364. New York:
Oxford University Press.

764 The Ts65Dn Mouse Model of Down Syndrome • Dierssen et al.

 at C
SIC

 on A
pril 2, 2013

http://cercor.oxfordjournals.org/
D

ow
nloaded from

 

http://cercor.oxfordjournals.org/

