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Significance Statement:  Our understanding of the basis for intellectual impairment in Down 28 

syndrome is hindered by the large number of genes duplicated in Trisomy 21 and a lack of 29 

understanding of the effect of disease pathology on the function of neural circuits in vivo.  This 30 

work describes early postnatal developmental abnormalities in visual and olfactory sensory 31 

systems in Down syndrome model mice which provide insight into defects in the function of neural 32 

circuits in vivo and provide an approach to explore the genetic and molecular basis for impairment 33 

in the disease.  In addition, these findings raise the possibility that basic dysfunction in primary 34 

sensory circuitry may illustrate mechanisms important for global learning and cognitive impairment 35 

in Down syndrome patients.   36 

Abstract 37 

Activity-dependent synaptic plasticity plays a critical role in the refinement of circuitry during 38 

postnatal development and may be disrupted in conditions that cause intellectual disability such 39 

as Down syndrome (DS).  To test this hypothesis, visual cortical plasticity was assessed in 40 

Ts65Dn mice that harbor a chromosomal duplication syntenic to human chromosome 21q.  We 41 

find that Ts65Dn mice demonstrate a defect in ocular dominance plasticity (ODP) following 42 

monocular deprivation.  This phenotype is similar to that of transgenic mice that express amyloid 43 

precursor protein (APP), which is duplicated in DS and in Ts65DN mice; however, normalizing 44 

APP gene copy number in Ts65Dn mice fails to rescue plasticity.  Ts1Rhr mice harbor a 45 

duplication of the telomeric third of the Ts65Dn-duplicated sequence  and demonstrate the same 46 

ODP defect, suggesting a gene or genes sufficient to drive the phenotype are located in that 47 

smaller duplication.  In addition, we find that Ts65Dn mice demonstrate an abnormality in olfactory 48 

system connectivity, a defect in the refinement of connections to second-order neurons in the 49 

olfactory bulb.  Ts1Rhr mice do not demonstrate a defect in glomerular refinement, suggesting 50 

that distinct genes or sets of genes underlie visual and olfactory system phenotypes.  Importantly, 51 

these data suggest that developmental plasticity and connectivity are impaired in sensory systems 52 
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in DS model mice, that such defects may contribute to functional impairment in DS, and that these 53 

phenotypes, present in male and female mice, provide novel means by which to examine the 54 

genetic and molecular bases for neurodevelopmental impairment in model mice in vivo. 55 

Introduction 56 

Down syndrome (DS) patients experience profound delay in the attainment of developmental 57 

milestones as well as impairment in multiple cognitive domains including speech, language 58 

production and short term memory (reviewed by Chapman and Hesketh, 2000).  To better 59 

understand the physiologic and molecular bases for these phenotypes, mouse models of Down 60 

syndrome have been generated.  Down syndrome model mice that harbor duplications of mouse 61 

sequence syntenic to human chromosome 21 (Olson et al., 2007; Pereira et al., 2009; Reeves et 62 

al., 1995; Sago et al., 1998; Yu et al., 2010) or that carry an independently segregating copy of 63 

human chromosome 21 (O'Doherty et al., 2005) demonstrate learning and behavioral 64 

abnormalities suggesting that some aspects of human impairment may be modeled in mice.  The 65 

genetic bases for these phenotypes, the effects of gene dosage dysregulation on the function of 66 

intact circuits in vivo and whether postnatal functional deficits are the result of in utero 67 

developmental abnormalities or are exacerbated by ongoing gene dysregulation throughout life 68 

are all issues critical to the design of therapeutic strategies to prevent or reverse cognitive 69 

impairment in DS.  70 

Little is known about the function of the DS model cortex during early postnatal development, 71 

when neural activity sculpts cortical connectivity.  We hypothesize that the dysregulation of gene 72 

expression caused by trisomy 21 may impair early cortical plasticity and contribute to functional 73 

impairment of the cerebral cortex in DS.  To assess circuit-level plasticity in DS model mice in 74 

vivo, we have taken advantage of two well-characterized forms of plasticity in the visual and 75 

olfactory systems. We find that Ts65Dn DS model mice demonstrate a defect in visual cortical 76 

plasticity, ocular dominance plasticity (ODP).  Our previous work suggested that overexpression 77 



 

 4 

of amyloid precursor protein (APP) and amyloid beta are sufficient to cause impairment of critical 78 

period ODP in mouse models of Alzheimer’s disease (William et al., 2012), leading to the 79 

hypothesis that overexpression of APP in the trisomy 21 model might contribute to plasticity 80 

defects.  Surprisingly, however, we find that rescuing APP trisomy in Ts65Dn mice by breeding a 81 

null allele of APP into the line, restoring the number of copies of APP to 2N, does not prevent 82 

ODP impairment in those mice, suggesting that other duplicated genes are likely sufficient to 83 

drive the phenotype in Ts65Dn mice.  We have also found that the Ts1Rhr DS model strain, 84 

harboring a duplication containing approximately 33 genes (excluding APP) in what has been 85 

termed the Down syndrome critical region, demonstrates the same plasticity defect, reinforcing 86 

the conclusion that the plasticity defect is not dependent on triplication of the APP locus.   87 

In addition, we have found that Ts65Dn mice demonstrate impairment in the refinement of 88 

synaptic connections by olfactory neurons in the olfactory bulb.  Further genetic dissection 89 

suggests that APP gene dosage does not drive the phenotype, nor is the Ts1Rhr duplication 90 

sufficient to reproduce the defect.  These data reveal the possibility of multiple chromosome 21-91 

linked, activity-dependent abnormalities in sensory system plasticity and connectivity that may 92 

contribute to the extent of cognitive impairment in DS patients. 93 

Materials and Methods 94 

Mouse strains.  Mice with segmental trisomy for chromosome 16 (Ts65Dn; B6EiC3Sn a/A-95 

Ts(17<16>65Dn/J; strain 005252, Jackson laboratory), mice with a duplication of a smaller portion 96 

of the sequence duplicated in the Ts65Dn line (Ts1Rhr mice; B6.129S6-Dp(16Cbr1-97 

Fam3b)1Rhr/J; gift of William Mobley; strain 005383, Jackson laboratory, maintained on a 98 

C57BL/6 and C3H hybrid background for comparison with Ts65Dn mice) and their non-trisomic 99 

litter mates were studied in these experiments (Olson et al., 2007; Reeves et al., 1995). In 100 

addition, mice heterozygous for APP (APP+/- mice; B6.129S7-Apptm1Dbo/J; strain 004133, 101 

Jackson laboratory) were obtained from Jackson laboratory and bred with Ts65Dn mice to 102 
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produce Ts65Dn; APP+/- mice (Ts65Dn; APP2N mice; Zheng et al., 1995).  Animal experiments 103 

were performed in accordance with United States National Institutes of Health guidelines and 104 

were approved by the Institutional Animal Care and Use Committees of Massachusetts General 105 

Hospital.  106 

Surgery.  Monocular deprivation (MD), via unilateral lid suture, was performed on P27-P29 107 

transgenic and non-transgenic mice, with lid reopening and Arc induction, as described in William 108 

et al. (2012), 4-6 days after MD. For optical imaging studies, P23-P25 mice underwent reinforced 109 

thin skull preparation with headpost implantation. Reinforced thin skull preparation was performed 110 

as described in Drew et al. (2010). Following recovery from surgery and restraint training, mice 111 

underwent pre-MD optical imaging and contralateral lid suture (MD) at P27-29.  After 6 days, the 112 

sutured lid was reopened and post-MD imaging performed. All surgeries and subsequent 113 

analyses were performed blind to genotype. 114 

Arc induction.  Adapted from Tagawa et al. (2005). The eye opposite the one to be stimulated was 115 

removed the day prior to Arc induction.  Mice were then placed in a ventilated, dark chamber for 116 

15 hours and exposed to light, 30 minutes for Arc mRNA induction or 2 hours for Arc protein 117 

induction.   118 

Arc in situ hybridization and quantification. In situ hybridization was performed as described in 119 

William et al. (2012).  Briefly, in situ hybridization with an Arc antisense probe was performed on 120 

10 m, coronal, primary visual cortical sections.  The visual cortex ipsilateral to the stimulated eye 121 

is photographed and a rectangle is drawn across layer 2/3 of the Arc-positive domain for 122 

quantitation of Arc domain width.  A plot profile is generated along the long axis  of the rectangle, 123 

parallel to the cortical surface, averaging staining intensity across the short axis and the width of 124 

the Arc-positive domain is calculated as the full width at half maximum (FWHM).  Averages of 125 

staining intensity medial to the Arc-positive domain and within the area of greatest staining 126 

intensity are used to determine the value for half maximum above background.  5 or more 127 
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sections were used in the quantitation of responses per mouse.  Image analysis is performed in 128 

FIJI (NIH).   129 

Immunohistochemistry, WFA staining and cell counting.  Immunohistochemical and Wisteria 130 

Floribunda agglutinin (WFA; see below) stains were performed on coronal sections of the brains 131 

of 6 Ts65Dn trisomic and 6 non-trisomic littermate mice that underwent 2-hour Arc induction, to 132 

facilitate subsequent labeling of lateral visual cortex using Arc immunohistochemistry, followed by 133 

PBS cardiac perfusion, immersion fixation in 4% paraformaldehyde for 24 hours and embedding 134 

in OCT (23-730-571, Fisher Scientific).  10 m coronal sections through the posterior brain were 135 

serially collected on 10 slides with 200 m of distance between each series of sections every 100 136 

m and serially distributed across 10 slides. Sections were stained by overnight incubation with 137 

guinea pig anti-Arc (Cat# 156 005, Synaptic Systems; 1:1000), mouse anti-NeuN (MAB377, 138 

Millipore; 1:1000), mouse anti-Parvalbumin (P3088, Sigma; 1:4000), rabbit anti-Somatostatin 139 

(ab64053, Abcam; 1:1000), and mouse anti-Gad67 (MAB5406, Millipore; 1:1000) antibodies 140 

and/or WFA (FL-1351, Vector Laboratories; 1:1000) after 10 minute post fixation with 4% PFA, 141 

permeabilization with 0.3% Tween-20 and blocking with 10% goat serum.  WFA-stained slides 142 

were coverslipped using Slowfade mounting medium without glycerol (S-2828, ThermoFisher).  143 

All other slides were mounted using Vectashield with DAPI (H-1200, Vector Laboratories). 144 

The portion of each coronal section that contained visual cortex was determined by costaining for 145 

Arc or comparison to a serial section stained for Arc in which the outline of the Arc-positive and 146 

medial monocular visual cortex were outlined using CAST software (Olympus) to then allow 147 

measuring of the area counted as well as the number of cells within each area.  For NeuN counts, 148 

30% of the analyzed area was sampled in an unbiased, stereologic approach using the CAST 149 

system. 150 

Olfactory glomerular refinement assay. As described in Cao et al. (2012), we examined the 151 

precision of olfactory sensory neuron (OSN) axon targeting in Ts65Dn, Ts65Dn;APP2N, Ts1Rhr, 152 
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and non-trisomic mice with ages ranging from P34-P45.  To visualize the OSN axonal projection 153 

patterns, we immunostained the olfactory bulbs from these mice with antibodies against the M71 154 

and MOR28 olfactory receptors (ORs).  The numbers of glomeruli receiving either M71 or MOR28 155 

receptor neuron projections per half bulb were quantified for each mouse. 156 

Immunohistochemistry of olfactory bulb glomerular refinement assay.  As described in Cao et al. 157 

(2012), the olfactory bulbs (OBs) of Ts65Dn and Ts1Rhr mice were immunostained using 158 

antibodies against the M71 and MOR28 olfactory receptors (ORs; Barnea et al., 2004).  The 159 

olfactory bulbs were dissected, embedded in M1 (1310TS; ThermoFisher Scientific) and frozen in 160 

a dry ice/ethanol bath. Twenty μm slices of the OB were cryosectioned and collected on 161 

SuperFrost Plus slides (12-550-15, Fisher Scientific).  Sections were post-fixed with 4% 162 

paraformaldehyde in PBS for 8 minutes at room temperature, washed three times in PBS for 10 163 

minutes, permeabilized in 0.1% Triton X-100 in PBS (PT) for 30 minutes. at room temperature, 164 

blocked in 5% heat-inactivated donkey serum in PT (PTS) for 1 hour at room temperature, and 165 

incubated with primary antibody (rabbit anti-MOR28, 1:3000; guinea pig anti-M71, 1:1000; Barnea 166 

et al., 2004) in PTS under a Hybrislip (H18202; ThermoFisher Scientific) overnight in a humidified 167 

chamber at 4°C.  The following day, sections were washed three times with PT for 10 minutes, 168 

blocked with PTS for 30 minutes at room temperature, incubated with a fluorescent-conjugated 169 

secondary antibody (Cy3-conjugated donkey anti-guinea pig IgG, Jackson Immunoresearch, 170 

1:500) in PTS for 2 hours at room temperature, washed briefly in PBS, and coverslipped with 171 

Fluoromount G with DAPI (0100-20; Southern Biotech).  Slides were imaged using a Zeiss 172 

inverted fluorescent microscope and analyzed using FIJI (NIH). 173 

Optical imaging of intrinsic signals. Mice are presented with an upward drifting grating (0.03 174 

cycles/degree, 2 Hz) occupying a 16° area of the visual field to the right of the vertical midline, 20° 175 

above the horizontal meridian. Stimulus was presented to left or right eye for 5 seconds, followed 176 
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by 20 seconds of blank screen at mean luminance.  For a detailed description of imaging 177 

parameters and analysis, please see William et al (2012).    178 

Experimental design and statistical analysis: Pde6b genotyping was performed to ensure that 179 

experimental mice did not harbor rd1 mutations due to the C3H component of the mixed 180 

background in which all mice were maintained.  Littermate control mice are used in all 181 

experiments for comparison with trisomic Ts65Dn or Ts1Rhr mice.  Male (n=101) and female 182 

(n=65) mice were used in the experiments described in this study and the gender composition of 183 

study arms was similar in each experiment.  Two-tailed Student’s t-tests and two-way ANOVAs 184 

were calculated as described in the text using StatView (Version 5.0.1; SAS Institute 185 

Incorporated).   186 

Results 187 

Critical period visual cortical plasticity defects in Ts65Dn mice 188 

To test whether DS model mice demonstrate defects in cortical plasticity during early postnatal 189 

development, ocular dominance plasticity was assessed in one of the best-characterized mouse 190 

models of DS, the Ts65Dn line, which harbors a large duplication of mouse chromosome 16 that 191 

is syntenic to the majority of human chromosome 21q (Reeves et al., 1995).  Ocular dominance 192 

plasticity can be triggered in the primary visual cortex by a brief loss of vision in one eye via lid 193 

suture (monocular deprivation, MD) that results in several changes in the subsequent 194 

responsiveness of the visual cortex to stimulation of each eye: expansion of the area of the visual 195 

cortex that responds to the non-deprived eye (ipsilateral to the non-deprived eye), weakening of 196 

responses to stimulation of the deprived eye and strengthening of responses to stimulation of the 197 

non-deprived eye (Gordon and Stryker, 1996; Tagawa et al., 2005).  The cortical response to 198 

monocular challenge is most robust during a critical period at one month of age (Gordon and 199 

Stryker, 1996), during which all of the following studies were performed.  Two complementary 200 

approaches were used to measure cortical responses following MD, induction of the immediate 201 
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early gene Arc to label the visual cortex responsive to the non-deprived eye and optical imaging of 202 

intrinsic signals to measure the strength of cortical responses to stimulation of each eye.   203 

A brief period of visual stimulation induces Arc expression in many responding excitatory neurons 204 

in the visual cortex, highlighting the binocular visual cortex ipsilateral to the stimulated eye (Figure 205 

1 A-D; Tagawa et al., 2005).  In normally-reared mice, the pattern and width of the responsive 206 

domains of visual cortex are similar in Ts65Dn and control mice (width of Arc-positive domain in 207 

non-trisomic cortex, 871 ± 56 m, n=6; width in Ts65Dn cortex, 879 ± 32 m, n=6 mice; p=0.14, t-208 

test; Figure 1A and 1B).  Following a period of 4-6 days of MD, stimulation of the non-deprived 209 

eye reveals an expansion in the area of the visual cortex responsive to that eye, indicating a 210 

normal plastic response in control mice (width post-MD, 1108 ± 69 m, n=14 mice; p=7.75 x 10-7, 211 

t-test; Figure 1C and E).  This expansion is not seen in Ts65Dn mice (874 ± 80 m, n=7; p=0.95, 212 

t-test; Figure 1D and E).  A significant interaction exists between genotype and MD (p<0.0001; 213 

two-way ANOVA), confirming that Ts65Dn mice do not demonstrate the normal plastic response 214 

to MD.  To assess whether the abnormality that we observe in critical period plasticity in Ts65Dn 215 

mice is caused by a delay in the timing of the critical period, we have tested plasticity following a 216 

6-day period of MD in 2-3 month-old Ts65Dn mice and find a similar defect (non-trisomic width of 217 

Arc-positive domain post-MD, 1041 ± 7 m, n=2; Ts65Dn width, 801 ± 51 m, n= 4 mice; 218 

p=0.003, t-test).    219 

Intrinsic imaging is an alternative assay to measure visual cortical responses in vivo.   We first 220 

assessed whether a primary defect in vision might underlie the observed difference in critical 221 

period plasticity.  Ts65Dn mice demonstrate responses of comparable magnitude to those of 222 

control mice (Figure 2B) and the width of the peak of response at half of the maximum value is 223 

similar in non-trisomic and Ts65Dn mice (non-trisomic width at half-maximum, 934 ± 279 m, n=6; 224 

Ts65Dn width at half maximum, 866 ± 130 m, n=7; p=0.29, t-test), suggesting similar 225 

responsiveness of Ts65Dn cortex to visual stimulation.  Following a 6-day period of MD, non-226 
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trisomic mice demonstrate weakening of responses to the deprived eye, contralateral to the 227 

imaged cortex, and strengthening of responses to the ipsilateral, non-deprived eye (Figure 2B, 228 

black bars, Pre- and Post-MD).  Following MD, Ts65Dn mice demonstrate weakening of 229 

responses to the deprived eye, however, they fail to demonstrate strengthening of responses to 230 

the non-deprived eye (Figure 2B; red bars, Pre- and Post-MD).  As a result, the shift in ocular 231 

dominance that is observed in non-trisomic mice is not as robust in Ts65Dn mice (Figures 2C and 232 

D).  A significant interaction is present between genotype and shift in ocular dominance index 233 

(ODI) post-MD (non-trisomic ODI pre-MD, 0.186 ± 0.030, n=8; post-MD, -0.312 ± 0.080, n=8; 234 

Ts65Dn ODI pre-MD, 0.117 ± 0.047, n=10; post-MD, -0.038 ± 0.057, n=6; p=0.0058, two-way 235 

ANOVA), consistent with a defect in OD plasticity in Ts65Dn mice.   236 

Histologic evaluation of visual cortex in Down syndrome model mice 237 

Several groups have reported abnormalities in neurogenesis involving excitatory and inhibitory 238 

neurons in Down syndrome (DS) model mice (Chakrabarti et al., 2010; Chakrabarti et al., 2007; 239 

Haydar and Reeves, 2012; Perez-Cremades et al., 2010); to assess whether significant defects in 240 

the generation of cortical neurons are present in the visual cortex and may contribute to the defect 241 

in plasticity that we observe in Ts65Dn mice, we performed immunohistologic analysis of P28-32 242 

trisomic and littermate control mice.  We observe no significant difference in the thickness of the 243 

visual cortex in Ts65Dn and control mice (non-trisomic cortical thickness, 1,479 ± 83 m, n=6; 244 

Ts65Dn cortical thickness, 1,428 ± 32 m, n=6; p=0.19, t-test).  The density of NeuN+ neurons is 245 

similar in non-trisomic and Ts65Dn visual cortex (non-trisomic NeuN+ neuronal density, 2,380 ± 246 

324 neurons/mm2, n=6; Ts65Dn density, 2115 ± 556 neurons/mm2; p=0.34, t-test; Figure 3A-C).  247 

We see comparable numbers of  Gad67+ inhibitory neurons (non-trisomic Gad67+ neuronal 248 

density, 117.4 ± 32.3 neurons/mm2, n=6; Ts65Dn density, 123.1 ± 23.5 neurons/mm2, n=6; p= 249 

0.73, t-test; Figure 3D-F) in Ts65Dn and non-trisomic mice and comparable numbers of 250 

parvalbumin-expressing (non-trisomic parvalbumin+ neuronal density, 102 ± 36 neurons/mm2, 251 
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n=6; Ts65Dn density, 103 ± 39 neurons/mm2, n=6; p=0.99, t-test; Figure 3G-I) and somatostatin-252 

expressing inhibitory neuronal subtypes (non-trisomic somatostatin+ neuronal density, 33.3 ± 7.7 253 

neurons/mm2, n=6; Ts65Dn density, 32.1 ± 6.8 neurons/mm2, n=6; p=0.39, t-test; Figure 3J-L) in 254 

non-trisomic and Ts65Dn mice.  Similarly, we find no significant difference in the number of 255 

inhibitory neurons enshrouded in perineuronal nets (PNNs; non-trisomic density of PNNs, 82.5 ± 256 

30.8 neurons/mm2, n=6; Ts65Dn density, 71.9 ± 11.1 neurons/mm2, n=6; p=0.29, t-test), a- 257 

chondroitin sulfate proteoglycan-rich extracellular matrix which matures during the critical period 258 

and aids in inhibition of plasticity after the critical period (Pizzorusso et al., 2002; Ye and Miao, 259 

2013).  These data suggest that the plasticity impairment that we observe in Ts65Dn mice cannot 260 

be easily attributed to a significant decrease in the number of neurons, an abnormality in the 261 

number of inhibitory neurons or by aberrant or delayed maturation of PNN matrix in the primary 262 

visual cortex. 263 

APP-duplication does not drive the OD plasticity defect in Ts65Dn mice 264 

We had previously demonstrated that expression of a mutant allele of the amyloid precursor 265 

protein (APP) gene was sufficient to block critical period OD plasticity in transgenic mice (William 266 

et al., 2012), and Ts65Dn mice have been demonstrated to overexpress APP (Reeves et al., 267 

1995), raising the possibility that overexpression of APP and its proteolytic cleavage product, 268 

amyloid-beta (A ), may be responsible for the plasticity impairment that we observe in Ts65Dn 269 

mice.  To test this hypothesis, a mutant allele of APP was crossed into the Ts65Dn strain and 270 

Ts65Dn mice heterozygous for the endogenous APP locus (Ts65Dn; APP2N) mice were 271 

assessed for their ability to exhibit OD plasticity.  Following a 6-day period of MD, Ts65Dn; 272 

APP2N mice fail to demonstrate an expansion in the domain of visual cortex responsive to the 273 

non-deprived eye (width of Arc-positive visual cortex ipsilateral to the non-deprived eye, 866 ± 37 274 

m, n=7).  Moreover, no strengthening of responses to non-deprived eye stimulation is observed 275 

following 6 days of MD (pre-MD response to non-deprived eye stimulation, 0.49 ± 0.05%; post-MD 276 
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response, 0.46 ± 0.04%, n=12; p=0.2, t-test; Figure 4A).  A significant, but modest decline in ODI 277 

is observed in Ts65Dn; APP2N mice (pre-MD ODI, 0.22 ± 0.04; post-MD ODI, -0.03 ± 0.07; 278 

p=0.007, t-test; Figure 4B) driven entirely by weakening of responses to the deprived eye (pre-MD 279 

response to deprived eye stimulation, 0.74 ± 0.04%; post-MD response, 0.43 ± 0.05%, n=11; 280 

p=6.03 x 10-5, t-test; Figure 4A).   These data are a phenocopy of the results obtained in Ts65Dn 281 

mice and they suggest that duplication of the APP gene is not required to drive OD plasticity 282 

impairment in Ts65Dn mice. 283 

The Down syndrome critical region is sufficient to drive OD plasticity impairment 284 

To begin to define a minimal region within the Ts65Dn duplication sufficient to cause visual 285 

system plasticity impairment, OD plasticity was assessed in the Ts1Rhr mouse line that harbors a 286 

duplication roughly one-third of the size of that of the Ts65Dn line (Olson et al., 2007).  The 287 

sequence included in this duplication corresponds to a region of human chromosome 21 that has 288 

been termed the “Down syndrome critical region” due to its ability to confer a number of Down 289 

syndrome-associated phenotypes when duplicated in patients with partial duplications of 290 

chromosome 21 (Rahmani et al., 1989).  In the absence of a challenge, Ts1Rhr mice and non-291 

trisomic littermates demonstrate similar patterns of Arc expression upon stimulation of the 292 

ipsilateral eye (non-trisomic Arc+ domain width, 870 ± 25 m, n=6; Ts1Rhr domain width, 898 ± 42 293 

m, n=5; p=0.21, t-test; Figure 5 A, B and E).  Following a 6-day period of MD, however, Ts1Rhr 294 

mice demonstrate a defect in the plastic expansion in cortex responsive to the non-deprived eye 295 

as assessed by Arc expression (post-MD non-trisomic  Arc+ domain width, 1156 ± 72 m, n=9; 296 

compared to normally-reared, p= 4.4 x 10-7, t-test; post-MD Ts1Rhr domain width, 899 ± 52 m, 297 

n=9; compared to normally-reared p=0.97, t-test; Figure 5 C-E).  A significant interaction is 298 

present between genotype and deprivation (p<0.0001, two way ANOVA).  Ts1Rhr mice 299 

demonstrate robust responses that are comparable to those of non-trisomic mice (Figure 5A), with 300 

similar response widths (non-trisomic full width at half maximum (FWHM) of response to 301 
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contralateral eye stimulation, 665 ± 162 m, n=6; Ts1Rhr FWHM, 691 ± 202 m, n=6; p=0.8, t-302 

test).  Following a challenge of 6 days of MD, non-trisomic mice demonstrate weakening of 303 

responses to the deprived eye (contra) and strengthening of responses to the non-deprived eye 304 

(ipsi; black bars Pre- and Post-MD; Figure 5F).  Ts1Rhr mice demonstrate weakening of 305 

responses to the deprived eye following deprivation, but also demonstrate weakening of 306 

responses to the non-deprived eye (pre-MD non-deprived eye dF/F, 0.74 ± 0.04%; post-MD dF/F, 307 

0.58 ± 0.04%; p=0.02, t-test; red bars Pre- and Post-MD, Figure 5F).  The shifts in ODI that occur 308 

in non-trisomic mice are less robust in Ts1Rhr mice and a significant interaction is observed 309 

between genotype and challenge (p=0.024, two-way ANOVA; Figure 5 G and H).  These data 310 

indicate that Ts1Rhr mice demonstrate a defect in OD plasticity similar to that of Ts65Dn mice, an 311 

inability of the visual cortex to strengthen responses to stimulation of the non-deprived eye 312 

following the loss of input from the contralateral eye.   313 

Olfactory glomerular target refinement is disrupted in DS model mice. 314 

The plasticity impairments observed in the visual systems of Ts65Dn and Ts1Rhr mice raised the 315 

possibility that plasticity in other sensory systems may be perturbed in DS model mice.  During 316 

early postnatal development, the synapses between olfactory sensory neurons (OSNs) in the 317 

olfactory epithelium and tufted and mitral cells in the olfactory bulb undergo activity–dependent 318 

refinement (Zou et al., 2004).  The synapses between OSNs and second order neurons in the 319 

bulb are organized into discrete spheres of neuropil, termed glomeruli, such that OSNs that 320 

express the same odorant receptor all synapse within the same glomerulus (Mombaerts et al., 321 

1996; Vassar et al., 1994).  In the mature bulb, the axon projections of OSNs expressing a given 322 

odorant receptor converge on a single glomerulus in each half of the olfactory bulb.  Through a 323 

process that requires OSN activity, refinement of connections to a single glomerulus per hemibulb 324 

occurs (Yu et al., 2004).  A critical window exists during which OSN activity is required for 325 

refinement to occur (Ma et al., 2014; Tsai and Barnea, 2014; Zou et al., 2004).  For example, 326 
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OSNs expressing the odorant receptor M71 demonstrate an activity-dependent window that 327 

closes by postnatal day 25 (Zou et al., 2004), suggesting that by P34, much of this refinement has 328 

already occurred.  To assess glomerular refinement in the olfactory system, the distal projections 329 

of M71-expressing neurons were labelled in the olfactory bulbs of Ts65Dn mice and non-trisomic 330 

littermates using an antibody to M71 (Barnea et al., 2004).  Non-trisomic mice demonstrated 1-2 331 

glomeruli targeted by M71 neurons (average number of glomeruli per hemibulb, 1.36 ± 0.13, n=14 332 

foci; Figure 6A and C); this is expected as M71 glomerular refinement continues until P60-90 in 333 

wild type mice (Zou et al., 2004).  Ts65Dn mice, however, exhibit a larger number of M71-targeted 334 

glomeruli per hemibulb (average number of glomeruli per hemibulb, 1.81 ± 0.12, n=26 foci; 335 

p=0.027, t-test; Figure 6B and C).  Refinement of projections of neurons expressing the odorant 336 

receptor MOR28 to single glomeruli occurs normally in Ts65Dn mice (number of glomeruli per 337 

non-trisomic hemibulb, 1.0 ± 0.0, n=10 hemibulbs from 4 mice; number of glomeruli per Ts65Dn 338 

hemibulb, 1.0 ± 0.0, n=10 hemibulbs from 5 mice), suggesting that this population of olfactory 339 

sensory neurons is less sensitive to perturbation than the population expressing M71.  Consistent 340 

with our visual system plasticity data, Ts65Dn;APP2N mice demonstrate a defect in M71 receptor 341 

glomerular refinement (average glomeruli per hemibulb, 1.77 ± 0.17 , n=13 hemibulbs from 4 342 

mice; p=0.86 compared to Ts65Dn mice, t-test; Figure 6C), suggesting the connectivity 343 

abnormality observed in the olfactory systems of Ts65Dn mice is not driven by duplication of APP 344 

alone.  Surprisingly, the smaller duplication present in Ts1Rhr mice does not appear to be 345 

sufficient to cause impairment of refinement of glomerular connectivity (average number of 346 

glomeruli per hemibulb in non-trisomic bulbs, 1.29 ± 0.16, n=14 hemibulbs ; average number of 347 

glomeruli per Ts1Rhr hemibulb, 1.39 ± 0.16, n=18 hemibulbs; p=0.66, t-test; Figure 6D-F), 348 

suggesting either that the neural system sensitivity to a plasticity-disrupting genetic landscape 349 

differs between olfactory and visual cortices, or that duplicated genes present outside of the 350 

Ts1Rhr duplication, but included in the Ts65Dn duplication, are required to cause this defect in 351 

refinement of OSN connections.  352 
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Discussion 353 

To explore the possibility that defects in synaptic plasticity during early postnatal development 354 

may contribute to functional impairment in Down syndrome, we assessed critical period visual 355 

cortical plasticity in two mouse models of Down syndrome, the Ts65Dn and Ts1Rhr strains.  Both 356 

demonstrate impairment in ocular dominance plasticity.  The specific component of the plastic 357 

response that is impaired in these mice is the ability of the cortex to strengthen responses to the 358 

non-deprived eye following a 4-6 day period of contralateral lid closure, evidenced also as a lack 359 

of expansion in the proportion of the visual cortex that responds to the non-deprived eye.    360 

Ts65Dn and Ts1Rhr mice demonstrate robust responses to visual stimulation in the absence of 361 

challenge and appropriate weakening of responses to the deprived eye following challenge, 362 

suggesting that many aspects of visual circuit function are intact in these mice.  Blank et al. have 363 

described a retinogeniculate refinement abnormality in Ts65Dn and Ts1Rhr mice in which, prior to 364 

eye opening, trisomic mice demonstrate excessive refinement of contralateral and ipsilateral 365 

projections from each eye to target dorsal lateral geniculate nuclei (2011). Ts65Dn mice 366 

demonstrate normal retinal wave activity, suggesting that the phenotype was not secondary to 367 

altered retinal physiology (Blank et al., 2011).  The impact of a retinogeniculate refinement 368 

phenotype on the cortical plastic response is not clear, though this data suggest that 369 

abnormalities are present at multiple levels along the visual circuit.  370 

Another possible explanation for an impairment in the cortical plastic response lies in 371 

abnormalities in cortical development.  Using markers of differentiated neurons, inhibitory 372 

neurons, subtypes of inhibitory neurons and a marker of inhibitory circuit maturation, we find no 373 

significant differences when comparing Ts65Dn and non-trisomic visual cortex.  Abnormalities in 374 

neurogenesis and in inhibitory neuron numbers have been reported in the adult somatosensory 375 

cortex of Ts65Dn mice (Chakrabarti et al., 2010; Perez-Cremades et al., 2010).  Those 376 

differences were not identified in the critical period-age visual cortex in our study; whether defects 377 
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in neurogenesis are more apparent at different ages in different cortical areas may be borne out of 378 

studies that more specifically address this question in the future. 379 

Transgenic overexpression of mutant alleles of APP can impair critical period OD plasticity in 380 

mouse models of Alzheimer’s disease (Maya-Vetencourt et al., 2014; William et al., 2012), raising 381 

the possibility that overexpression of wild type APP in Ts65Dn mice may contribute to the 382 

impairment observed in developmental plasticity.  APP overexpression causes degeneration of 383 

basal forebrain cholinergic neurons in adult Ts65Dn mice (Salehi et al., 2006), but whether APP 384 

overexpression contributes to impairment at an earlier age is less clear.  Two lines of evidence 385 

argue against a role for trisomy of APP in the ocular dominance plasticity phenotype present in 386 

Ts65Dn mice.  Removing one functional allele of APP in Ts65Dn mice or studying mice with a 387 

smaller duplication of sequence that excludes the APP locus, we find that APP is not necessary to 388 

drive either visual or olfactory system phenotypes that we observe in Ts65Dn mice.  389 

Overexpression of wild-type murine APP via duplication of the endogenous locus would be 390 

expected to exert a milder effect on the organism than exogenous expression of the mutant 391 

human gene, though 2-fold increases in the concentration of wild type, murine A  have been 392 

demonstrated to impair hippocampal synaptic plasticity in vitro (Abramov et al., 2009).  Another 393 

possibility is that the effect of duplication of murine APP on OD plasticity may be masked by the 394 

effects of duplication of other genes.  Trisomy of murine APP may contribute to the defects that 395 

we observe, however, overexpression of other genes included in the Ts65Dn duplication appears 396 

to be sufficient to drive impairment in OD plasticity and olfactory glomerular refinement.   397 

The finding that the Ts1Rhr sequence duplication is sufficient to cause a defect in cortical 398 

plasticity narrows down the list of possible genes responsible for the phenotype to a group of 399 

approximately 33 candidates.  Overexpression of one gene duplicated in the Ts1Rhr sequence, 400 

dual-specificity tyrosine-phosphorylated and –regulated kinase 1A, DYRK1A, has been implicated 401 

in neurogenesis (Guedj et al., 2012), hippocampal plasticity impairment in vitro and in learning 402 
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and memory impairment in transgenic mice in vivo (Garcia-Cerro et al., 2014).  Over expression 403 

of DYRK1A can produce cognitive impairment in mice (Branchi et al., 2004).  Detailed dissection 404 

of the sequence duplicated in Ts1Rhr mice implicates the DYRK1A gene as contributing to neural 405 

system impairment in model mice, though DYRK1A duplication does not account for the entire 406 

phenotype in either Ts65Dn or Ts1Rhr mice (Garcia-Cerro et al., 2014; Jiang et al., 2015).  407 

Overexpression of DSCAM can phenocopy the excessive refinement of retinogeniculate 408 

connections observed in Ts1Rhr mice, though restoring the number of DSCAM genes to 2N in 409 

Ts1Rhr mice fails to rescue the phenotype (Blank et al., 2011).  Therefore, DYRK1A, APP and 410 

DSCAM overexpression each cause defects in plasticity, but reducing them individually to 2N in 411 

the context of a larger trisomy does not rescue impairment, suggesting complex gene-gene 412 

interactions.   Thus, the ocular plasticity phenotype and olfactory plasticity phenotype explored 413 

here, and the cognitive phenotypes previously described in Ts1Rhr mice (Belichenko et al., 2009), 414 

suggest a complicated picture in which multiple genes may be involved.  A more detailed 415 

understanding of the effects of gene dosage on visual system plasticity will provide insight into the 416 

basis for dysfunction across circuits required for higher cognitive functions.  417 

Ts65Dn mice demonstrate a defect in refinement of OSN projections onto single olfactory bulb 418 

glomeruli.   This process has been demonstrated to require olfactory sensory neuron activity as it 419 

can be impaired by nares closure (Zou et al., 2004).  The refinement defect present in Ts65Dn 420 

mice is less severe than that described in mice subjected to nares closure, suggesting that 421 

trisomy in this model does not completely impair activity-dependent target refinement.  Whether 422 

the refinement defect that we observe persists into adulthood is an important question that will 423 

need to be pursued with additional time points in older mice.  The underlying genetic cause of this 424 

phenotype may overlap with the activity-dependent impairment we observe in the visual cortex, 425 

though the abatement of this phenotype in Ts1Rhr mice suggests that additional or different 426 

genes contribute to the glomerular refinement defect in Ts65Dn mice (Table 1).  Reduction of 427 
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APP copy number to 2N in Ts65Dn mice failed to rescue plasticity in the visual system or to 428 

rescue glomerular refinement in the olfactory bulb.  Wild type human APP does not have the 429 

same ability to disrupt glomerular refinement as human APPswe when expressed in OSNs (Cao 430 

et al., 2012), which is consistent with our data suggesting that other genes drive the olfactory 431 

system phenotype in Ts65Dn mice.  Thus the current data revealing marked defects in 432 

developmental plasticity in both olfactory and visual systems suggest that refinement of 433 

connectivity and plasticity is impaired across circuits throughout the nervous system in the 434 

developing Down syndrome brain.   435 

Down syndrome patients demonstrate abnormalities in visual function secondary to refractive 436 

errors, strabismus, lens opacities and other defects (van Splunder et al., 2003); visual function 437 

may be further impaired by defects in activity-dependent plasticity in the visual cortex.  Reduced 438 

spine density and dendritic arborization abnormalities have been described in the visual cortex of 439 

DS infants (Takashima et al., 1981), structural findings which may also be secondary to defects in 440 

the functional wiring of the visual system.  A recent study revealed significant olfactory deficits in 441 

DS patients, even in a group of younger adults (ages 18-29; Cecchini et al., 2016).  Patients with 442 

visual and hearing deficits have higher rates of intellectual disability (Maatta et al., 2006), 443 

suggesting that abnormalities in sensory circuits could contribute to learning impairment and 444 

cognitive development.  Our data provide a model system to test the molecular underpinnings of 445 

these sensory defects, and to potentially provide a testbed for future behavioral or therapeutic 446 

interventions. 447 

  448 
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Figure 1. Defect in monocular deprivation-induced expansion of non-deprived eye response 568 

territory in Ts65Dn mice.  A–D, Coronal sections of visual cortex demonstrating the pattern of 569 

Arc mRNA induction following stimulation of the ipsilateral eye in non-trisomic (A and C) and 570 

Ts65Dn (B and D) mice.  In normally-reared mice, non-trisomic (A) and Ts65Dn (B) responses 571 

are similar.  Following a 4-6 day period (from P27-29 to P31-P35) of monocular deprivation 572 

(MD), non-trisomic mice demonstrate the expected expansion in width of the domain responsive 573 

to the non-deprived eye (C). Ts65Dn mice do not demonstrate this expansion (D).  E, 574 

Quantitation of results.  Arrowheads denote medial and lateral edges of responsive domains.  575 

Cortical layers are labeled in B. Error bars denote standard deviation.  Scale bar=500 m; 576 

***p<1.24 x 10-6, n.s.= not significant, t-test. Two-way ANOVA for interaction between genotype 577 

and MD, p<0.0001.  578 

Figure 2. Defect in OD response shift following MD in Ts65Dn mice.  A, Optical imaging 579 

schematic. B, Quantitation of responses. Following monocular deprivation (MD), non-trisomic 580 

(black) and Ts65Dn (red) mice demonstrate weakening of responses to the deprived, 581 

contralateral (contra) eye, however, only non-trisomic mice demonstrate strengthening of 582 

responses to the non-deprived, ipsilateral (ipsi) eye.  # p=0.072, * p= 0.013, ***p= 0.00034. C 583 

and D, Shifts in ocular dominance index ODI (contra – ipsi/ contra + ipsi), for individual mice (C) 584 

and the averages for each group (D) demonstrate that the expected shift that occurs in non-585 

trisomic mice is less robust in Ts65Dn mice.  Error bars denote standard error. # p=0.06, * 586 

p=0.024, *** p=4.44 x 10-5, t-test. 587 

Figure 3. Histologic assessment of neuronal populations in the Ts65Dn visual cortex. 588 

Representative immunostains (A-L) and Wisteria Floribunda Agglutinin (WFA) staining (M-O) of 589 

non-trisomic littermate (A,D,G,J,M) and Ts65Dn (B,E,H,K,N) visual cortex.  No significant 590 

differences were observed in the density of NeuN+ (A-C), Gad67+ (D-F), Parvalbumin+ (G-I), 591 

Somatostatin+ (J-L) or WFA-stained neurons in Ts65Dn and non-trisomic visual cortex.   592 

C,F,I,L,O, quantitation of cell counts in non-trisomic (black) and Ts65Dn (red) cortex.  Scale 593 

bar= 500 m. Error bars denote standard deviation.  n=6 per group. 594 
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 595 

Figure 4. Restoration of APP copy number in Ts65Dn mice fails to rescue OD plasticity defect. 596 

A. Following MD, Ts65Dn; APP2N mice demonstrate weakening of responses to the deprived 597 

eye (contra), but fail to demonstrate strengthening of responses to the non-deprived eye (ipsi).  598 

B. Plots of the ODIs of individual Ts65Dn; APP2N mice (n=11).  Error bars denote standard 599 

error.  *** p=6.03 x10-5, t-test. 600 

 601 

Figure 5. OD plasticity defect in Ts1Rhr mice. Similar to Ts65Dn mice, Ts1Rhr mice 602 

demonstrate a defect in OD plasticity by Arc induction (A-E) and optical imaging (F-H) assays.  603 

The expansion in the width of responsive cortex ipsilateral to the non-deprived eye that occurs 604 

in non-trisomic mice (C) does not occur in Ts1Rhr mice (D).  Scale bar=500 m.  E, Quantitation 605 

of Arc data.  ***p=1.86 x 10-7, t-test.  F, Following MD, Ts1Rhr mice demonstrate weakening of 606 

responses to the non-deprived (ipsi) eye, instead of strengthening.  * p<0.048 t-test.  G and H, 607 

ODI shifts in Ts1Rhr mice are much less robust and driven entirely by weakening of responses 608 

to the deprived eye. * p=0.0237, two-way ANOVA. 609 

Figure 6.  Ts65Dn mice demonstrate a defect in olfactory glomerular refinement.   610 

Refinement of glomerular targeting was assessed in Ts65Dn (A-C) and Ts1Rhr (D-F) mouse 611 

models at P34-36.  Ts65Dn mice (B) demonstrate impairment in refinement of connections to 612 

single glomeruli when compared to littermate controls (A).  C, Quantitation of results in non-613 

trisomic mice, Ts65Dn mice and Ts65Dn mice with 2 copies of APP (Ts65Dn;APP2N). 14 614 

hemibulbs from 6 non-trisomic mice, 26 hemibulbs from 7 Ts65Dn mice and 13 hemibulbs from 615 

4 Ts65Dn; APP2N mice were analyzed.  Ts1Rhr mice (E) and littermate controls (D) 616 

demonstrate similar degrees of target refinement at P34-36 (p=0.86; quantitation in F). 14 617 

hemibulbs from 4 non-trisomic mice and 18 hemibulbs from 5 Ts1Rhr mice were analyzed. 618 

Scale bar= 200 m; * p=0.027, t-test.  619 

Table 1. This table summarizes the results of assessments of OD plasticity and of olfactory 620 

glomerular refinement in mouse strains expressing mutant (Swedish mutation K670N, M671L; 621 

APPswe) or wildtype alleles of human APP and in Down syndrome model mice trisomic 622 

(Ts65Dn) or disomic (Ts65Dn; APP2N and Ts1Rhr) for APP.  References to published data are 623 

cited. 624 
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Table 1. Comparison of visual cortical plasticity and olfactory glomerular refinement 

phenotypes in mouse models of Alzheimer’s disease and Down syndrome.   

Genotype Ocular dominance plasticity Olfactory glomerular 

refinement 

APPswe  Impaired (William et al., 2012) Impaired (Cao et al., 2012) 

Wild type human APP 

overexpression 

Not tested Normal (Cao et al., 2012) 

Ts65Dn Impaired Impaired 

Ts65Dn; APP2N Impaired Impaired 

Ts1Rhr Impaired Normal 

 

 


