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SUMMARY

The Dp(10)2Yey mouse carries a �2.3-Mb intra-chromosomal duplication of
mouse chromosome 10 (Mmu10) that has homology to human chromosome 21,
making it an essential model for aspects of Down syndrome (DS, trisomy 21). In
this study, we investigated neuronal dysfunction in the Dp(10)2Yey mouse and
report spatial memory impairment and anxiety-like behavior alongside altered
neural activity in the medial prefrontal cortex (mPFC) and hippocampus (HPC).
Specifically, Dp(10)2Yey mice showed impaired spatial alternation associated
with increased sharp-wave ripple activity in mPFC during a period of memory
consolidation, and reduced mobility in a novel environment accompanied by
reduced theta-gamma phase-amplitude coupling in HPC. Finally, we found alter-
ations in the number of interneuron subtypes in mPFC and HPC that may
contribute to the observed phenotypes and highlight potential approaches to
ameliorate the effects of human trisomy 21.
Neurology, London WC1N
3BG, UK

3UCL Institute of Cognitive
Neuroscience and UCL
Queen Square Institute of
Neurology, University
College London, London
WC1N 3AZ, UK

4Bioinformatics and
Biostatistics, The Francis
Crick Institute, 1 Midland
Road, London NW1 1AT, UK

5Immune Cell Biology and
Down Syndrome Laboratory,
The Francis Crick Institute,
London NW1 1AT, UK

6Sainsbury Wellcome Centre,
University College London,
London W1T 4JG, UK

7School of Psychology,
Cardiff University, Cardiff
CF10 3AT, UK

8School of Physiology,
Pharmacology, and
Neuroscience, University of
Bristol, Bristol BS8 1TD, UK

9Lead contact

*Correspondence:
victor.t@crick.ac.uk (V.L.J.T.),
m.walker@ucl.ac.uk (M.C.W.),
elizabeth.fisher@ucl.ac.uk
(E.M.C.F.),
pi-shan.chang@ucl.ac.uk
(P.C.)

https://doi.org/10.1016/j.isci.
2023.106073
INTRODUCTION

Down syndrome (DS) is a complex chromosomal disorder arising from trisomy of human chromosome 21

(Hsa21). DS has an incidence of �1 in 800 live births worldwide,1 and the current global population of peo-

ple with DS is estimated at 6 million.2 The prevalence of DS is rising, primarily due to increased maternal

age and increased life expectancy in people with DS resulting from reduced infant mortality rates and

improved access to health care.3,4 Amajority of individuals with DS havemild to severe intellectual dysfunc-

tion.5,6 In addition, individuals with DS commonly exhibit depressed mood, anxiety, decreased interest,

and slowed psychomotor behaviors.7–11

Animalmodelsgivevaluable insights intogenedosage imbalances inDS.12,13 Inparticular,mousemodelsofDS

have been crucial to investigate the links betweendosage-sensitive ‘‘DS genes’’ and phenotypes and havepro-

vided the foundation forpotential treatments forDScomorbidities.13,14Hsa21has syntenywitha large stretchof

mouse chromosome 16 (Mmu16; approximately 145 protein-coding genes) and shorter regions of Mmu10 (37

protein-coding genes) andMmu17 (19 protein-coding genes).12,15 Chromosome engineering has enabled the

creation of specific mouse models with intra-chromosomal duplications, to investigate genotype-phenotype

relationships in DS; for example, such models have duplications of entire syntenic segments of Mmu16

(Dp(16)1Yey and Dp1Tyb models), Mmu17 (Dp(17)3Yey), or Mmu10 (Dp(10)2Yey).13

Previously, we have described altered neural dynamics in the hippocampus (HPC) and medial prefrontal

cortex (mPFC) alongside distinct cognitive impairments in these different DS models.16 These regions

play a fundamental role in executive function and emotional regulation,17–19 mnemonic processing,20 plan-

ning, and decision-making.21–25 Functional connectivity between these regions is implicated in spatial

memory function,26,27 modulation of anxiety,28,29 and fear.30,31 Thus, alterations in neuronal oscillations

within these regions could underlie the cognitive and emotional dysfunction observed in DS.

The Dp(10)2Yey mouse model of DS carries a small internal duplication spanning only 37 Hsa21 protein-

coding orthologs mapping to Mmu10.32 Several genes in the Mmu10 region, including Adarb1, S100b,
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Cstb, Prmt2, and Trpm2, play a crucial role in neurodevelopment and brain function, but it is unknown if

these genes are dosage sensitive and give rise to phenotypes when present in three copies.32–36 Aberrant

dosage of any of these genes—or others in the Dp(10)2Yey duplication—could contribute to impairments

seen in the mouse and human brain. Previously, we showed that Dp(10)2Yey DS mice exhibit impaired

spatial memory function and reduced HPC theta-gamma coupling.16

Here, we use a combination of behavioral, electrophysiological, and histological analyses to further

characterize DS-related phenotypes, and assess alterations in neural activity and cell expression in

Dp(10)2Yey mice. We confirm and extend the observation that these animals show impairments in spatial

memory function, and we also demonstrate increased anxiety-like behavior. Crucially, these deficits are

associated with an increased incidence of sharp-wave ripples (SWRs) in mPFC during memory consolida-

tion and reduced theta-gamma phase-amplitude coupling (PAC) in HPC during exploration of a novel envi-

ronment. Furthermore, we show that these animals have altered expression of specific interneurons in

mPFC (increased neuropeptide-Y [NPY]-expressing interneurons) and HPC (decreased calretinin [CR]-ex-

pressing interneurons), which likely contributes to the observed abnormalities in neural oscillations and

DS-associated behavior. These findings will facilitate better understanding of the mechanisms underlying

developmental cognitive disability and increased anxiety in DS and pave the way for the determination of

key dosage-sensitive genes within the Dp(10)2Yey region of duplication. Such genes and their products/

pathways are potential targets for new therapies to help ameliorate behavioral dysfunction in DS.

RESULTS

Impaired spatial memory and increased rate of mPFC SWRs during memory consolidation in

Dp(10)2Yey mice

Previously, we have shown that male Dp(10)2Yey mice exhibit impaired spatial memory in a spontaneous

alternation task.16 Here, our first aim was to determine whether this phenotype was specific to male

mice or common across sexes. Hence, we repeated this behavioral task with a female cohort of Dp(10)

2Yey DS mice and wild-type (WT) control littermates. Consistent with our previous study,16 we found

that both male and female Dp(10)2Yey mice exhibited significantly lower alternation rates compared

with WT (Figures 1A and 1B). This suggests that there are no sex differences in spatial memory function

in this DS mouse model. Interestingly, we found that alternation rate was significantly lower than chance

level (0.5) in female (Wilcoxon signed-rank test, W = �2.03, p = 0.04), but not male (Wilcoxon signed-

rank test, W = 0.96, p = 0.33) Dp(10)2Yey mice. This might suggest that the female mice were reluctant

to explore the unknown, novel arm because of increased anxiety. In contrast, both WT cohorts exhibited

an alternation rate that was significantly higher than chance (Wilcoxon signed-rank test, male WT:

W = 1.99, p = 0.04; female: W = 2.65, p = 0.01).

Growing evidence suggests that SWRs in the HPC andmPFC37,38 support memory consolidation andmem-

ory-guided behavior.39 Hence, we next examined SWR activity in both the HPC and mPFC of male Dp(10)

2Yey animals during rest periods in the spontaneous alternation task (see Figure S1 for representative

traces). We found that there were no significant differences in the incidence rate of SWRs in either

mPFC (Figure 1C) or HPC (Figure 1D) during the baseline period before their first run on the T-maze,

compared with WT. Conversely, SWRs occurred significantly more often in the mPFC (Figure 1E) but not

HPC (Figure 1F) of Dp(10)2Yey mice during the consolidation period between the first and second runs

on the T-maze, compared with WT. However, there was no significant difference in either the ripple-

band amplitude or duration of these SWR events between groups (Figure S2). This suggests that impaired

spatial alternation performance in this DS mouse model is associated with an increased incidence of mPFC

SWRs during memory consolidation. Importantly, this difference was not observed in other DS mouse

models (Figure S3), suggesting that it is a phenotype arising specifically from genes within the

duplicated region of Mmu10.

Dp(10)2Yey mice exhibit anxiety-like behavior in a novel environment

DS is associated with mild to severe cognitive disability and depressed mood, anxiety, decreased interest,

and slowing psychomotor behaviors compared with typically developing individuals.7–11 In addition,

functional interactions between the HPC and mPFC are implicated in anxiety-like behavior in rodents.28

Therefore, we asked whether dysfunction within this circuitry was associated with increased anxiety in

Dp(10)2Yey mice. To do so, we recorded behavior and concurrent local field potential (LFP) signals from

these regions during repeated visits to an open field environment (Figure 2A).
2 iScience 26, 106073, February 17, 2023



Figure 1. Reduced spontaneous alternation and increased rate of mPFC SWRs during consolidation in Dp(10)

2Yey mice

(A) Schematic of the experimental procedure.

(B) Comparison of alternation rate in male (n = 9) and female (n = 11) Dp(10)2Yey mice (Dp10, red) at age 3–4 months

compared with their wild-type control littermates at age 3–4months (WT, blue, n = 6male and n = 12 female). Upper panel

shows a scatterplot of raw data from individual animals, with a line indicating the 90% confidence intervals; lower panel

shows the bootstrap sampling distributions of paired mean differences in Cumming estimation plots. The mean

differences are depicted as black dots, and the black line shows the 95% confidence interval.

(C–F) The incidence rate of SWRs in the (C and D) mPFC and (E and F) HPC during the (C and E) baseline (event frequency,

Hz) and (D and F) consolidation periods (change in event frequency, normalized to baseline). Left panel shows a

scatterplot of raw data from individual animals; right panel shows the bootstrap sampling distribution of paired mean

differences in Gardner-Altman estimation plots. The mean differences are depicted as black dots, and the black line

shows the 95% confidence interval. Statistical analysis was performed using a permutation test (with 5000 shuffles). All

statistical details are presented in Data S1.
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First, focusing on behavior, we found that Dp(10)2Yeymice exhibit alteredmovement statistics in novel, but

not familiar, open field environments compared with WT littermates (Figures 2B and S4). Specifically, male

Dp(10)2Yey mice spent less timemobile (Figure 2C) and ranmore slowly when they were mobile (Figure 2D)

in novel, than in familiar, environments. Interestingly, these effects appeared to be specific to the periphery

of the open field (i.e., the half of the environment closest to the walls), with Dp(10)2Yey mice spending less

time mobile (Figures 2E and 2F) and running more slowly when mobile (Figures 2G and 2H) in this area, but

not in the center of the open field. This suggests that these mice experience increased anxiety in novel

environments, compared with WT animals, which manifests as a reluctance to explore the open field.

Consistent with this observation, in a separate set of purely behavioral experiments, we observed signifi-

cantly fewer climbing bouts in male Dp(10)2Yey mice during an elevated-platform task (Figure S5).

Importantly, there were no differences in anxiety-like behavior in the Dp1Tyb model compared with WT

littermates in a novel environment (Figure S6), indicating strain-specific behavior in Dp(10)2Yey animals

that likely arises from specific Mmu10 dosage-sensitive genes.

HPC theta power correlates with exploratory behavior in novel but not familiar environments

Next, we investigated theta band activity in the LFP signal recorded from the HPC andmPFC of Dp(10)2Yey

and WT mice during the open field test. We found no differences in theta power between groups in either

the HPC (Figures 3A and 3B) or mPFC (Figures S7A and S7B) during movement or stationary periods in
iScience 26, 106073, February 17, 2023 3



Figure 2. Dp(10)2Yey mice show reduced mobility in a novel open field environment

(A) Schematic of the experimental procedure.

(B) Relative frequency of movement speeds in a novel and familiar environment for Dp(10)2Yey mice at age 3–4 months (Dp10, red, n = 7) and wild-type

control littermates at age 3–4 months (WT, blue, n = 7). Each line shows the grand-average relative frequency of movement speed across animals; shaded

area indicates the SEM mean; vertical dotted line indicates the threshold between movement and stationary periods (5 cm/s).

(C and D) Comparison of (C) time spent mobile (i.e., >5 cm/s, as a percentage of total time) and (D) median running speed during movement (cm/s) between

Dp(10)2Yey mice and wild-type control littermates in a novel and familiar environment.

(E and F) Comparison of time spent mobile while in the (E) periphery (as a percentage of total time spent in the periphery) and (F) center (as a percentage of

total time spent in the center) between Dp(10)2Yey and WT littermates in a novel and familiar environment.

(G and H) Comparison of median running speed during movement while in the (G) periphery and (H) center between Dp(10)2Yey and WT littermates in a

novel and familiar environment. For (C–H) the upper panel shows a scatterplot of raw data from individual animals, with a line indicating the 90% confidence

intervals, and the lower panel shows the bootstrap sampling distribution of paired mean differences in Cumming estimation plots. The mean differences are

depicted as black dots, and the black line shows the 95% confidence interval. Statistical analysis was performed using a permutation test (with 5000 shuffles).

All statistical details are presented in Data S1.
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either novel or familiar environments. In addition, there were no significant differences in peak theta fre-

quency between groups (repeated measures ANOVA, HPMovement: F(1, 12) = 0.26; HP stationary: F(1, 12) =

0.10; mPFCMovement: F (1, 12) = 0.02; mPFCStationary: F(1, 12) = 0.01, all p > 0.62). This is consistent with previous

results from the same DS mouse model during the spontaneous alternation task described above.16

Intriguingly, hippocampal theta power in WT mice was significantly correlated with exploratory behavior in

novel but not familiar environments. Specifically, animals with greater HPC theta power tended to spend

less time in the periphery of the open field (Figure 3C) and a greater proportion of time mobile while

they were in the periphery (Figure 3D). Conversely, Dp(10)2Yey mice showed no relationship between theta

power and time spent in the periphery of the open field, and a significant negative correlation between

theta power and the proportion of time spent mobile while in the periphery (i.e., animals with greater

HPC theta power spent a greater proportion of time stationary while they were in the periphery). A com-

parison of regression models between Dp(10)2Yey and WT mice using a likelihood ratio test indicated
4 iScience 26, 106073, February 17, 2023



Figure 3. HPC theta power in novel and familiar environments

(A) Hippocampal LFP power spectra in novel and familiar environments. Each line shows the grand-average spectra for Dp(10)2Yey at age 3–4 months (Dp10,

red, n = 7) and WT control littermates at age 3–4 months (WT, blue, n = 7), with the dotted line representing the SEM.

(B) Comparison of integrated theta power duringmovement and stationary periods in a novel and familiar environment. The upper panel shows a scatterplot

of raw data from individual animals, with a line indicating the 90% confidence intervals, and the lower panel shows the bootstrap sampling distribution of

paired mean differences in Cumming estimation plots. The mean differences are depicted as black dots, and the black line shows the 95% confidence

interval. Statistical analysis was performed using a permutation test (with 5000 shuffles).

(C and D) Relationship between integrated theta power and behavior across animals. (C) Proportion of time spent in the periphery and (D) proportion of time

spent mobile while in the periphery. Continuous line shows the linear regression. The Pearson correlation test was used to measure a linear dependence,

*p < 0.05, **p < 0.01. Pearson correlation coefficients (R) and significance (p values) are presented in Table S1. The likelihood ratio (LR) test was used to

compare regression models. All statistical details are presented in Data S1.
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that the slope of this latter relationship was significantly different between groups (Figure 3D). In sum, these

results describe an opposing relationship between hippocampal theta power and exploratory behavior

while in the periphery of a novel environment. In contrast, we did not see any relationship between

mPFC theta power and movement statistics in either Dp(10)2Yey mice or WT littermates (Figures S7C

and S7D).

Dp(10)2Yey mice show reduced HPC phase-amplitude coupling in a novel environment

Cross-frequency PAC of neuronal oscillations has been proposed to be a general mechanism used by the

brain to perform the network-level dynamic computations that underlie voluntary behavior.40 Indeed,

theta-gamma PAC in the HPC is thought to modulate exploratory and memory-guided behaviors.41–43

Previously, we showed that Dp(10)2Yey mice exhibit weaker theta-gamma PAC in the HPC during sponta-

neous alternation.16 We therefore asked whether aberrant theta-gamma PAC is also observed in the open

field, and whether it is associated with the altered exploratory behavior observed in Dp(10)2Yey mice. Inter-

estingly, we found that theta-gamma PAC was weaker in Dp(10)2Yey mice thanWT littermates in novel, but

not familiar, environments (Figures 4A and 4B). Moreover, this effect appears to be primarily driven by
iScience 26, 106073, February 17, 2023 5



Figure 4. Dp(10)2Yey mice show reduced HPC phase-amplitude coupling in novel environments

(A) Comodulograms showing themagnitude of HPC phase-amplitude coupling across a range of low- (phase) and high- (amplitude) frequency bands in n = 7

Dp(10)2Yey and n = 7WT control littermates (all at age 3–4 months) duringmovement and stationary periods in a novel environment. White box indicates the

6–12 Hz theta phase and 60–120 Hz gamma amplitude window on which we focused in these analyses.

(B) Comparison of theta-gamma PAC during movement and stationary periods between Dp(10)2Yey (Dp10, red) and WT control littermates (WT, blue) mice

in novel and familiar environments. The upper panel shows a scatterplot of raw data from individual animals, with a line indicating the 90% confidence

intervals, and the lower panel shows the bootstrap sampling distribution of paired mean differences in Cumming estimation plots. The mean differences are

depicted as black dots, and the black line shows the 95% confidence interval. Statistical analysis was performed using a permutation test (with 5000 shuffles).

(C and D) Relationship between theta-gamma PAC and behavior across animals. (C) Proportion of time spent in the periphery and (D) proportion of time

spent mobile while in the periphery. Continuous line shows the linear regression. The Pearson correlation test was used to measure a linear dependence,

*p < 0.05, **p < 0.01. Pearson correlation coefficients (R) and significance (p values) are presented in Table S1. The likelihood ratio (LR) test was used to

compare regression models. All statistical details are presented in Data S1.
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differences in theta-gamma PAC during stationary periods. These results indicate that reduced theta-

gamma PAC in the HPC of Dp(10)2Yey mice is not specific to tasks with an explicit spatial memory

component.

Next, we asked whether the strength of theta-gamma PAC correlated with exploratory behavior in novel

environments. As expected, and similar to the relationships between integrated theta power and move-

ment statistics described above, we found that hippocampal theta-gamma PAC in WT mice was signifi-

cantly correlated with exploratory behavior in novel, but not familiar, environments. Specifically, animals

with stronger modulation of HPC gamma power by theta phase during movement tended to spend less

time in the periphery of the open field (Figure 4C); and those with stronger theta-gamma PAC during

movement or stationary periods spent a greater proportion of timemobile while they were in the periphery

(Figure 4D). Conversely, Dp(10)2Yey mice showed no relationship between theta-gamma PAC and time

spent in the periphery of the open field, and a significant negative correlation between theta-gamma
6 iScience 26, 106073, February 17, 2023



Figure 5. Reduced numbers of calretinin (CR)-expressing interneurons in the HPC of Dp(10)2Yey DS mice

(A) Mouse brain atlases highlighting the regions of interest: HPC CA1 region (CA1), HPC CA3 region (CA3), dentate gyrus

(DG) with three distinct layers (molecular layer, granule cell layer, and polymorphic layer), and fasciola cinerea.

Representative pictures of staining in the HPC of WT and Dp10 mice. Scale bar, 200 mm.

(B) Number of CR-expressing interneurons in HPC (cell density; cells/mm3) was significantly lower in n = 3 Dp(10)2Yey than

n = 3 WT littermates (at age 3–4 months). Left panel shows a scatterplot of raw data from individual animals; right panel

shows the bootstrap sampling distribution of paired mean differences in Gardner-Altman estimation plots. The mean

differences are depicted as black dots, and the black line shows the 95% confidence interval.

(C) CR-expressing interneurons in different HPC subregions of Dp(10)2Yey and WT mice. The upper panel shows a

scatterplot of raw data from individual animals, with a line indicating the 90% confidence intervals, and the lower panel

shows the bootstrap sampling distribution of paired mean differences in Cumming estimation plots. The mean

differences are depicted as black dots, and the black line shows the 95% confidence interval. Statistical analysis was

performed using a permutation test (with 5000 shuffles). All statistical details are presented in Data S1.
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PAC during movement and the proportion of time spent mobile while in the periphery (i.e., animals with

greater HPC theta-gamma PAC during movement spent a greater proportion of time stationary while

they were in the periphery). A comparison of regression models between Dp(10)2Yey and WT mice using

a likelihood ratio test indicated that the slope of this latter relationship was significantly different between

groups (Figures 4C and 4D).

A subtype-specific alteration of interneurons is evident in Dp(10)2Yey mPFC and HPC

Cortical circuits incorporating GABAergic interneurons controlling spike timing in individual neurons can

synchronize network activity and further contribute to network functions.44 Altered GABAergic activity

correlates with abnormal theta and gamma oscillations,45 as well as reductions in sociability, cognitive

impairments, and alterations in anxiety-related behaviors in humans and in animals.46–48 To investigate

the mechanism(s) underlying abnormal rhythmic activity in the Dp(10)2Yey brain, we assessed mPFC and

HPC GABAergic interneurons and hippocampal and synaptic function and dendritic spine density.

We found that the density of CR-, but not parvalbumin (PV)- and NPY-, expressing interneurons was signif-

icantly lower in the HPC in Dp(10)2Yey than WT littermates (Figures 5A, 5B, S8, S9 and Table S2). Interest-

ingly, we found that the changes in HPC CR-expressing interneurons were region specific: significantly

fewer CR-expressing interneurons were observed in CA1, CA2, and CA3, as well as the molecular and

polymorphic layers of the dentate gyrus, but we saw no differences in the dentate gyrus granule cell layer

or fasciola cinerea (Figures 5A, 5C, S8, and S9). Conversely, the density of NPY-expressing interneurons was
iScience 26, 106073, February 17, 2023 7



Figure 6. Increased numbers of neuropeptide Y (NPY)-expressing interneurons in the mPFC of Dp(10)2Yey mice

(A) Mouse brain atlases highlighting the regions of interest: mPFC area includes anterior cingulate, prelimbic cortex, and

infralimbic cortex, and representative pictures of staining in the mPFC of WT and Dp10 mice. Scale bar, 200 mm.

(B) Number of NPY-expressing interneurons in mPFC (cell density; cells/mm3) was significantly higher in n = 3 Dp(10)2Yey

mice than n = 3 WT littermates (at age 3–4 months). Left panel shows a scatterplot of raw data from individual animals;

right panel shows the bootstrap sampling distribution of paired mean differences in Gardner-Altman estimation plots.

The mean differences are depicted as black dots, and the black line shows the 95% confidence interval.

(C) NPY-expressing interneurons in the different mPFC subregions in Dp(10)2Yey and WT mice. The upper panel shows a

scatterplot of raw data from individual animals, with a line indicating the 90% confidence intervals, and the lower panel

shows the bootstrap sampling distribution of paired mean differences in Cumming estimation plots. The mean

differences are depicted as black dots, and the black line shows the 95% confidence interval. Statistical analysis was

performed using a permutation test (with 5000 shuffles). All statistical details are presented in Data S1.
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significantly higher in mPFC of Dp(10)2Yey mice (Figures 6A and 6B), but we observed no differences in CR-

or PV-expressing interneurons (Table S2). Again, we found region-specific alterations: the density of NPY-

expressing interneurons was significantly higher in the prelimbic cortex, but not in anterior cingulate or

infralimbic cortex (Figures 6A and 6C).

Abnormal dendritic spine structure and function are seen in postmortem DS brain, including reductions in

spine density and abnormal spine morphology.49–51 Hence, we next investigated synaptic function and

dendritic spine density in Dp(10)2Yey mice using immunoblotting and Golgi-Cox staining. However, we

did not find significant changes in the synaptic markers analyzed (Figure S10A) or in dendritic spine density

(Figure S10B) in HPC of Dp(10)2Yey compared with WT littermate controls.

Single-cell RNA sequencing of Dp(10)2Yey hippocampus

A pilot single-cell RNA sequencing (scRNA-seq) experiment was conducted to identify differentially

expressed genes (DEGs) and altered gene set pathways in the Dp(10)2Yey model. Fourteen cell clusters

were defined, 11 of which were identified by known markers52 of microglia, oligodendrocytes, astrocytes,

oligodendrocyte precursor cells, endothelial cells, neurons, and ependymal cells (Figure S11A). Differential

expression analysis of the scRNA-seq data revealed 2,336 DEGs in the Dp(10)2Yey cells compared with WT

controls (Dp(10)2Yey, n = 2; WT, n = 2, adjusted p value <0.01) (Figure S11B). The DEGs were particularly
8 iScience 26, 106073, February 17, 2023
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enriched in microglia and neurons; however, the DEGs identified had low log2 fold-changes (<0.5) and

therefore were not considered of interest. Gene set enrichment analysis (GSEA) was used to determine

whether a defined set of genes showed statistically significant concordant differences between Dp(10)

2Yey and WT cells, by focusing on groups of genes that share common biological function or regulation

(Subramanian et al., 2005). The widely used Hallmark gene set from the Molecular Signatures Database

(MSigDB) was used for further enrichment analysis by GSEA. In total 60 Hallmark pathways were upregu-

lated in the Dp(10)2Yey cells compared with WT cells (FWER <0.05). The enriched pathways include the

complement cascade, myogenesis, adipogenesis, tumor necrosis factor-a signaling via nuclear factor

(NF)-kB, mTorC1 signaling, and oxidative phosphorylation (Table S3).
DISCUSSION

Here, we describe cognitive impairments, alterations in neural activity, and the expression of specific inter-

neuron subtypes in Dp(10)2Yey mice, which carry a segmental duplication of Hsa21 orthologous segment

on Mmu10 composed of only 37 protein coding genes.32 These results extend and complement our pre-

vious description of distinct alterations in behavior and oscillatory activity within and between the HPC

and mPFC in three different DS mouse models.16 In that study, we showed that male Dp(10)2Yey mice

do not exhibit spontaneous alternation on the T-maze, consistent with a deficit in hippocampal spatial

memory function. Here, we replicate that finding in a different cohort of female Dp(10)2Yey mice, thus

demonstrating that both sexes share this behavioral phenotype.

We have now shown that male Dp(10)2Yey mice show reduced mobility in novel open field environments,

which could result from increased anxiety-like behavior. As such, it is tempting to speculate that the

reduced propensity to spontaneously alternate between goal arms on the T-maze may also reflect anxiety,

manifesting as a preference to return to the familiar, previously visited arm rather than the novel, unex-

plored arm. This finding is reminiscent of our previous behavioral results from Dp1Tyb mice, which showed

a reluctance to complete the spontaneous alternation paradigm, despite intact memory function. Further

tests are needed to dissociate the relative influence of increased anxiety and apathy on behavior in these

animals.

In this study, we showed evidence for females exhibiting stronger anxiety-like behavior. Indeed, an

increasing number of studies show sex differences in anxiety and depression behavior in rodents,53–55 in

humans,56,57 and even in zebrafish.58 Several hypotheses have been proposed to explain the higher vulner-

ability of females to anxiety.59 These include that the circuit involving anxiety behavior (1) is more sensitive

in females, (2) is sex specific, and (3) is mediating different behavioral performances. Furthermore, it has

been hypothesized that males and females engage different circuits to achieve the same behavioral

outcome, known as a convergent sex difference (for summary, see Ref. 59). Our findings underscore the

need for further work to include both sexes and suggest that sex differences in HPC-mPFC neural activity

may underlie behavioral differences relevant to anxiety-like behavior.

To investigate the possible basis of impaired spatial memory function in these animals, we examined the

incidence of SWR events in HPC and mPFC during the ‘‘baseline’’ rest period before the first run, and the

‘‘consolidation’’ period between the first and second runs of each trial on the T-maze. To our surprise, we

found that the incidence rate of mPFC, but not HPC, SWRs was increased in male Dp(10)2Yey mice during

the memory consolidation period. This may appear counterintuitive, as an increased rate of SWRs in the

HPC is typically associated with successful memory consolidation. However, the role of SWRs in the

mPFC is unclear and aberrant activity could be having a deleterious effect or, alternatively, the increased

rate of SWRs could be a compensatory mechanism due to the failure of other processes necessary for

spatial memory. Indeed, the relationship between SWRs in the LFP and task-related neural activity remains

to be established.

Elsewhere, we found that hippocampal theta-gamma PAC was reduced when Dp(10)2Yey mice explored a

novel environment. We previously reported that the same group of animals showed reduced PAC during

the spontaneous alternation task.16 Again, these results demonstrate that reduced PAC (in particular

during stationary periods) in Dp(10)2Yey mice is not chronic but behaviorally dependent—manifesting

only in novel environments. Interestingly, both hippocampal theta power and theta-gamma PAC were

also correlated with the proportion of time spent mobile in the periphery of a novel environment—but

in different directions across Dp(10)2Yey mice and their WT littermates. Although the relationship between
iScience 26, 106073, February 17, 2023 9
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hippocampal theta power during movement and the propensity to explore the periphery of an environ-

ment is not clear, previous studies have demonstrated a positive correlation between ventral hippocampal

theta power and anxiety-like behavior.28,60

In this study, we focused on the innate levels of anxiety in mutant DS mice. Previous studies have described

increased theta power in the rodent HPC and mPFC during exposure to anxiogenic environments.28,61 In

such environments, animals typically spent a greater fraction of time in the perimeter (i.e., exhibit thigmo-

taxis). As such, we sought to correlate features of the LFP with the amount of time spent in the periphery of

our open field environment, and with the fraction of time in the periphery that the animal remained immo-

bile, another strong behavioral expression of fear or anxiety.

To look for a potential mechanism underlying these electrophysiological differences between Dp(10)2Yey

and WT mice, we examined the expression of different classes of interneurons in the HPC and mPFC. By

employing a novel technique—the affordable optical clearing and immunolabelling method62—we were

able to sample 90%–100% of the dorsal HPC and mPFC tissues. This allows us both to retain tissue integrity

and to gain more accurate 3D representations of cellular environments using fewer animals. We found a

significant loss of CR-expressing interneurons in the HPC. CR-expressing interneurons play a crucial role

in the generation of synchronous, rhythmic hippocampal activity by controlling other interneurons termi-

nating on different dendritic and somatic compartments of principal cells.63 In addition, these cells regu-

late the output of the CA1 feedback inhibitory circuitry, controlling the spike timing of oriens-lacunosum-

moleculare (OLM) cells to pace their activity at theta frequency.64 Their synapses onto OLM cells express

a5-GABA(A) receptors, which have been shown to modulate anxiety-like behaviors and spatial memory.65

As such, these cells are a strong candidate for establishing and modulating PAC in local hippocampal

circuits.

This highlights a potential cellular mechanism for our observations of reduced HPC PAC in novel environ-

ments and during spontaneous alternation. Decreased expression of CR interneurons is associated with

functional decline of inhibitory activity in the HPC and cognitive deficits.66,67 Interestingly, reduced cell

density of CR- (but not PV-) expressing cells has been observed in postmortem superior temporal gyrus

of young adult male individuals with DS.68 In addition, using DS pluripotent stem cells, DS progenitors

differentiated into fewer CR-expressing cells compared with isogenic controls.68,69 These results suggest

that altered interneuron expression in DS is modulated specifically by genes expressed in three copies in

Dp(10)2Yey mice.

In addition, we observed an increased density of NPY-expressing interneurons in mPFC. These cells

have a powerful impact on network dynamics because of their crucial role as an endogenous regulator

of neuronal excitability. Therefore, increased expression of NPY-expressing interneurons may account

for our observations of abnormal SWR activity in the mPFC of Dp(10)2Yey mice. Collectively, these

data suggest that alterations in the expression of specific interneurons in the HPC and mPFC may

contribute to the observed phenotypes of cognitive impairment and altered neural activity, thereby

demonstrating the potential for an underlying inhibitory contribution in the Dp(10)2Yey mouse model

of DS.

Finally, results from a small pilot study using GSEA screening of scRNA-seq fromHPC showed that a total of

60 Hallmark pathways were upregulated in the Dp(10)2Yey model compared with WT. Of these pathways,

some are involved in the regulation of memory function, such as the complement and mammalian target of

rapamycin (mTOR) signaling pathways, whereas others are relevant to DS in a wider context, for example,

adipogenesis and myogenesis. The Hallmark complement pathway was upregulated in the cell clusters

identified asmicroglia, astrocytes, oligodendrocytes, and neurons in the Dp(10)2Yey model. Restingmicro-

glia communicate with neurons and regulate synaptic pruning through the C1q, C3, and CR3 complement

pathways,70 and this process plays a critical role in the regulation of learning and memory by mediating

neuronal function.71,72 The microglia and oligodendrocyte cell clusters also showed upregulation of the

mTOR signaling pathway; mTOR, a serine/threonine protein kinase and component of mTOR complex 1

(mTORC1), plays an important role in memory and synaptic plasticity by regulating nucleotide and protein

synthesis.73 Several studies have demonstrated that rapamycin, the main mTOR antagonist, improves

memory and cognition when administered chronically in mice and rats,74–76 and mTOR is hyperactivated

in DS human frontal cortex,77 HPC,78 and human DS fibroblasts.79
10 iScience 26, 106073, February 17, 2023
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Candidate genes within the duplicated region of the Dp(10)2Yey model that may have a role in the up-

regulation of these key pathways include S100b, Prmt2, and Adarb1. S100B, predominantly produced by

astrocytes and microglia, triggers the complement cascade via NF-kB,80 and NF-kB-activated astroglial

release of complement protein C3 can compromise neuronal morphology and function.81 Furthermore,

S100B mediates activation of phosphorylated mTOR signaling through the Receptor for Advanced Gly-

cation Endproducts.82 Transgenic mice overexpressing human S100B from its endogenous promoter

display increased repetitive behavior and impaired performance in the Morris water maze, harm avoid-

ance, and social interaction tests.83,84 More importantly, S100B levels are elevated in the brain of people

with DS85,86 and in the HPC of the Dp(10)2Yey mouse model (unpublished data). PRMT2 has a role in

neuritic arbor formation and dendritic spine induction, maturation, and plasticity,87 and human PRMT or-

thologs play a part in cell proliferation via mTOR signaling.88 Similarly, in humans ADARB1 increases cell

proliferation and migration by regulating mTOR signaling.89 Our preliminary data were generated from a

small pilot study (Dp(10)2Yey, n = 2; WT, n = 2), therefore our conclusions are constrained by the low

sample number. However, the results identify altered pathways in the Dp(10)2Yey model that are biolog-

ically relevant to the dysfunction in working memory phenotype and therefore warrant further

investigation.

In summary, we have undertaken behavioral and electrophysiological phenotyping of Dp(10)2Yey mice

and identified changes in behavior, neural activity, and interneuron densities in HPC and mPFC that

must arise from dosage sensitivity of one or more of the 37 genes in the duplicated region. This extends

our understanding of the basis of cognitive dysfunction in DS and lays the groundwork for a final effort to

identify the dosage-sensitive gene(s) underlying these phenotypes. The gene(s) identified will not only

provide better understanding of cell and molecular mechanisms underlying developmental intellectual

disability in DS but also have the potential to translate to important routes for phenotype-modifying

therapies.
Limitations of the study

We showed that female Dp(10)2Yey mice exhibit impaired spatial memory in the spontaneous alternation

task; however, unlike male Dp(10)2Yey mice, these mice did not have depth-recording electrodes im-

planted, and so we could not determine if the electrophysiological properties of female Dp(10)2Yey

mice are similar to those in male mice. Indeed, there is a need for further work to investigate possible

sex differences in HPC-mPFC neural activity. A pilot study containing a small number of animals was

used for the GSEA screening of scRNA-seq, therefore our conclusions are constrained by the low sample

number. Nevertheless, the results provide potential targets for altered pathways in the Dp(10)2Yey model

that are biologically relevant to the DS phenotype. Last, we have described the association between

abnormal histopathology, aberrant neural dynamics, and cognitive impairments, but further work is

needed to demonstrate causality, in particular, by using appropriate interventions.
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52. Zeisel, A., Muñoz-Manchado, A.B.,
Codeluppi, S., Lönnerberg, P., La Manno,
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KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Goat anti-Rabbit 800 nm LI-COR Biosciences 926-32211; RRID:AB_621843

Goat anti-Rabbit 600 nm LI-COR Biosciences 926-68071; RRID:AB_10956166

Goat anti-Mouse 800 nm LI-COR Biosciences 926-32210; RRID:AB_621842

Goat anti-Mouse 600 nm LI-COR Biosciences 926-68020; RRID:AB_10706161

Rabbit anti-GAPDH Sigma aldrich G9545; RRID:AB_796208

Mouse anti-B-actin Proteintech 60008-1-Ig; RRID:AB_2289225

Mouse anti-Drebrin Enzo Life Science ADI-NBA-110-E; RRID:AB_2039073

Rabbit anti-PSD95 Abcam ab18258; RRID:AB_444362

Rabbit anti-Synapsin1 Cell Signaling 5297; RRID:AB_2616578D

Immunohistology Muza et al.62 N/A

Chemicals, peptides, and recombinant proteins

NuPAGE� 12% Bis-Tris polyacrylamide gels Thermo Fisher Scientific NP0336BOX

NuPAGE� MOPS SDS Running Buffer Thermo Fisher Scientific NP0001

NuPAGE� MES SDS Running Buffer Thermo Fisher Scientific NP0002

Intercept� (PBS) Blocking Buffer LI-COR Biosciences 927-7000

Critical commercial assays

RNAseq Adult Brain Dissociation Kit Miltenyi Biotec Cat# 130-107-677

Trans-Blot Turbo transfer kit Bio-Rad 170-4270

Deposited data

scRNA sequencing data This paper GEO: GSE214273

Experimental models: Organisms/strains

Dp1Tyb (Dp(16Lipi-Zbtb21)1TybEmcf) This paper N/A

Dp(10)2Yey (Dp(10Prmt2-Pdxk)1Yey) This paper N/A

Dp(17)3Yey (Dp(17Abcg1-Rrp1b)3Yey) This paper N/A

Software and algorithms

LWDAQ Software Open Source Instruments, Brandeis, Boston, USA http://alignment.hep.brandeis.edu/

Software/

Custom MATLAB scripts This paper N/A

SPSS 24 Statistical Product and Service Solutions, IBM https://www.ibm.com/analytics/

spss-statistics-software

ESTIMATION STATISTICS ESTIMATION STATS https://www.estimationstats.com/#/

Prism Graphpad https://www.graphpad.com/scientific-

software/prism/

Custom R scripts This paper N/A

Custom Python scripts This paper N/A

Seurat Butler et al.90 (v3.1.0)

scCATCH Shao et al.91 (v2.1)

Image Studio LiteTM Software LI-COR Biosciences (v5.2.5)
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RESOURCE AVAILABILITY

Lead contact

Further information and requests should be directed to and will be fulfilled by lead contact: Pishan Chang

(pi-shan.chang@bristol.ac.uk), and corresponding author: Matthew Walker (m.walker@ucl.ac.uk) or Eliza-

beth Fisher (elizabeth.fisher@ucl.ac.uk).
Materials availability

This study did not generate new unique reagents.

Data and code availability

d scRNA sequencing data have been deposited at GEO and are publicly available as of the date of pub-

lication. Accession numbers are listed in the key resources table.

d This paper does not report original code.

d Any additional information required to reanalyse the data reported in this paper is available from the

lead contact upon request.
EXPERIMENTAL MODEL AND SUBJECT DETAILS

Dp(10)2Yey mice32,92 were maintained within a facility at University College London and Cardiff University.

Animals were maintained in colonies as hemizygous mutants backcrossed for over ten generations to

C57BL/6J, with age-matched WT littermates used as controls. All experiments were undertaken using

male aged 3–4 month old (behavior and electrophysiology) and female animals aged 3–4 month old

(behavior only), blinded to genotype, which was decoded after experimental analysis and reconfirmed

using an independent DNA sample isolated from a postmortem tail.

All experiments were performed in accordance with the United KingdomAnimal (Scientific Procedures) Act

1986. All experiments conform to the relevant regulatory standards is included in this STAR Methods

section. Reporting is based on the ARRIVE 2 Guidelines for Reporting Animal Research developed by

the National Center for Replacement, Refinement and Reduction of Animals in Research, London, United

Kingdom. Mice were housed in controlled conditions in accordance with guidance issued by the Medical

Research Council on ‘‘Responsibility in the use of animals in bioscience research‘‘ (2019) and all experi-

ments were carried out under Licence from the UK Home Office and with Local Ethical Review Board

(AWERB) approval. Mice were housed in individually ventilated cages (IVC) of 2–5 age-matched animals

under controlled environmental conditions (24–25�C; 50%–60% humidity; 12 h light/dark cycle) with free

access to food and water.
METHOD DETAILS

Surgical preparation and transmitter implantation for long-term recording

Mice were anesthetized with 2.5%–3% isoflurane (Abbot, AbbVie Ltd., Maidenhead, UK) in 100% oxygen

(flow rate of 1–1.5 L/min) via gas anesthesia mask (Model 906, David Kopf Instruments, CA, USA) from a

recently calibrated vaporizer (Harvard Apparatus, Cambridge, MA). Body temperature was maintained

with a heat blanket during surgery. A transmitter (A3028A, Open Source Instruments, Brandeis, Boston,

USA)93 was implanted subcutaneously with the depth recording electrodes (a 125 mmdiameter teflon-insu-

lated stainless steel electrode with 10kOhm impedance, Open Source Instruments, Brandeis, Boston, USA)

positioned in mPFC (1.8 mm anterior, 0.4 mm lateral, 1.5 mm ventral) and dorsal HPC (1.85 mm posterior,

1.25 mm lateral, 1.45 mm ventral; Paxinos, 2012). The reference electrode was implanted over the cere-

bellum posterior to lambda. The whole assembly was held in place with dental cement (Simplex Rapid,

Acrylic Denture Polymer, UK). At the end of the experiment, recording electrode locations were verified,

and LFP data were only included in the study if electrode tips were located in mPFC and dorsal HPC. In

total, LFP data from just one animal was excluded because the recording site was outside the target region.

Due to the relatively large diameter of the recording electrode, and prolonged recording period, it is diffi-

cult to specify the precise region of dorsal HPC from which recordings were made; it is likely that our mea-

surements reflect field potentials summated over a relatively large region. Nonetheless, we estimate that

�57% of recordings were made from CA1 stratum radiatum,�9% from CA1 stratum oriens, and�34% from

dentate gyrus. A subcutaneous injection of bupivacaine and metacam was provided for post-surgical pain
18 iScience 26, 106073, February 17, 2023
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management. At the end of surgery, enrofloxacin (5 mg/kg, Baytril, Bayer health care) and pre-warm saline

(0.5–1 mL) were administered subcutaneously. The animals were placed in a temperature-controlled (25�C)
recovery chamber until ambulatory and closely monitored at least 1–2 h before returning to their home

cage to allow recovery for at least 14 days after surgery. The transmitter, which has no adverse effects,94

was implanted for data recordings. During all recording sessions, continuous LFP recordings were re-

corded (bandpass filter: 0.2 Hz–160 Hz, 512Hz sampling rate with 16-bit resolution) using LWDAQ Software

(Open Source Instruments, Brandeis, Boston, USA). Animals were carefully monitored daily and were

euthanized at the end of the experiment with pentobarbital (25 mg/kg).
Behavioral tests

Behavioural tests were performed in the T-maze and the open field. The interval between tests was 2 days.

The apparatus were custom made. The behavior analysis was performed using Any-Maze and custom

MATLAB scripts. Animals were transferred to the testing room for 1–2 h before each experiment to habit-

uate to the environment and achieve an optimal state of arousal.
Behavioral testing: T-maze spontaneous alternation

Working memory function in male mice from each strain and associated age-matched WT controls was

assessed using the spontaneous alternation paradigm in an enclosed T-maze apparatus.95 This test is suit-

able for working memory and route-learning capabilities. The protocol has been described in detail in.16 In

brief, the T-maze is an enclosed apparatus in the form of a T placed horizontally. Animals are placed at the

base of the T and allowed to choose one of the goal arms abutting the other end of the stem. If two runs are

given in quick succession, on the second run, the rodent is expected to choose the arm not visited before,

reflecting the memory of the first choice.
Behavioral testing: Open field

The open field test is widely used to test exploratory behavior and general activity of mice and rats.96 This

test was carried out in an arena (20 cm wide 3 40 cm length x 20 cm height) divided into 2 sections with an

interval of 45 min. In the first section (novel environment), the mice were placed in the arena and allowed to

explore it for 5 min. The test was used to evaluate spontaneous locomotor activity and anxiety (time spent

moving in the central area and in the corner areas).97,98 In the second session, mice were placed in the same

test area (familiar environment), and were allowed to explore freely for 5 min.
EEG pre-processing

First, we used the Generalized Extreme Studentised Deviate test to identify outlier samples (i.e. artifacts) in

the EEG signal, we replaced artifacts of %5 samples duration by linear interpolation, we marked any re-

maining artifacts so that the corresponding EEG data was excluded from all subsequent analyses. Finally,

we applied a 1Hz high pass filter (using a 400th order FIR filter) to the resultant signal, and z-scored the

amplitude of that signal to ensure consistency across recordings.

Next, for open field sessions, we extracted tracking data from video recordings (sampled at 25Hz) to esti-

mate the location and movement speed of the animal in each time bin. We then split the data into move-

ment (defined asR1s periods of continuousR5 cm/smovement) and stationary (defined asR1s periods of

continuous <5 cm/s movement) epochs for subsequent analysis.
Generating power spectra

First, we detrended the signal from each of the movement or stationary epochs identified above, and

generated power spectra using the fast Fourier transform. The resultant spectra were then smoothed

with a 2Hz Gaussian kernel, averaged across epochs in each condition (i.e. across all movement or station-

ary periods), and peak power and frequency in the 6–12Hz theta band was extracted from the average

spectra.
Estimating phase-amplitude coupling

For illustrative purposes, cross-coherence images were computed as described previously (Chang et al.,

2020): first, we used a five cycle Morlet wavelet to generate power time series for each frequency band

for each of the movement or stationary epochs described above. Next, we computed coherence between
iScience 26, 106073, February 17, 2023 19
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the raw EEG signal and each power time series. Finally, we averaged cross-coherence images across

epochs in each condition (i.e. across all movement or stationary periods).

Phase-amplitude coupling between specific pairs of phase and amplitude frequency bands was computed

by band-pass filtering the EEG signal in each frequency band (using a 400th order FIR filter), using the Hil-

bert transform to extract the amplitude of the high frequency signal and the phase of the low frequency

signal, respectively, and then computing the mean amplitude of the high frequency in each of twenty

evenly spaced phase bins of the low frequency signal. The resultant vector length of this distribution

was subsequently computed for each epoch, and then averaged across epochs in each condition (i.e.

across all movement or stationary periods).

Sharp-wave ripple detection

Sharp-wave ripple (SWR) events were detected by first band-pass filtering the pre-processed EEG signal in

the >150Hz range (using a 400th order FIR filter), then using the Hilbert transform to extract amplitude at

each time point, smoothing the amplitude time series with a 15ms Gaussian filter, and z-scoring the resul-

tant signal. Candidate SWR events were subsequently defined asR40ms periods with amplitude ZR 0 and

peak amplitude ZR 3. Any candidate events that were separated by% 40ms were merged, and any candi-

date events with duration R500ms were discarded.

Immunohistochemistry

Brain collection

Animals were anesthetized with 100% isoflurane via inhalation and thereafter transcardially perfused with

0.01 M PBS followed by 4% ice-cold formalin in PBS, prior to extracting whole brain and immerse fixation in

4% formalin for 24 h at 4�C. The tissue was then transferred to PBS +0.05% sodium azide solution for long

term storage at 4�C. Tissue was sectioned using a Vibratome (Leica VT1000S) at 1 mm thickness.

Optical clearing and immunolabelling brain slices

Optical clearing and immunolabelling brain slices were performed using the ABSOCmethod, as described

in Muza et al.,.62 In separate experiments, calretinin (CR), parvalbumin (PV), and neuropeptide-Y positive

cells were immunolabelled using rabbit anti-calretinin (Abcam – ab244299, 1:5000), rabbit anti-parvalbu-

min (Abcam – ab11427, 1:5000), and rabbit anti-neuropeptide-Y (Abcam – ab10980, 1:5000) antibodies,

respectively. All primary antibodies were probed with goat anti-rabbit Alexa Fluor 633 (ThermoFisher –

A21071, 1:1000) secondary antibodies.

Confocal microscopy

Following optical clearing and immunolabelling, brain slices were mounted on glass microscopic slides

fitted inside an 800 mm silicone spacer (Sylgard – 01673921) with BABB solution (33% v/v benzyl alcohol

(Sigma-Aldrich – 305197) and 66% v/v benzyl benzoate (Sigma-Aldrich – B6630)). Brain slices were then

imaged with on a Leica SP8 confocal microscope with an x10, 0.4NA air objective. Two images per brain

slice were acquired – the brain slice autofluorescence detected at wavelength 488 nm, and the cell signal

detected at wavelength 633 nm.

Image post-processing

Raw images were stitched using Leica SP8 Navigator tool and adjusted using Fiji (ImageJ 1.51 v9).

Image registration and cell density quantification

Custom-made ImageJ, python, and R scripts were developed to assign segmented cells to their appro-

priate brain region. This script registers the brain slice autofluorescence data to the Allen Mouse Brain

Common Coordinate Framework (CCFv3 –99) to annotate brain regions, individually segments cells, and

combines cell coordinates and anatomical regions to produce a table describing cell density for a given

region in a brain slice.

Golgi-Cox staining

A modified Golgi-Cox method100 was used to analyze dendritic spine density. After being removed from

the skulls, brains were incubated in Golgi-Cox solution (1% potassium dichromate, 1% mercury chloride,
20 iScience 26, 106073, February 17, 2023
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0.8% potassium chromate) for 48 h at room temperature in the dark. This solution was then renewed and

tissue was immersed for 3more weeks. Thereafter, brains were washed with distilled water (dH20) andmain-

tained in 90� ethanol for 30 min before being cut coronally (thickness of 200 mm) in 70% ethanol using a vi-

bratome. Brain slices were washed with dH20, reduced in 16% ammonia for 1 h and fixed in 1% sodium thio-

sulfate for 7 min. After another wash with dH20, they were placed on microscope slides, dehydrated (50%,

70%, 80% and 100% ethanol (3 min each), 2x isopropanol: ethanol (2:1; 5 min each), isopropanol (5 min) and

2x xylene (5 min each)) and mounted with Omnimount (National Diagnostics).

Dendritic spine density was determined in the secondary apical dendrites of hippocampal CA1 pyramidal

cells. Selected neurons were captured using Axio Observer 7 (Zeiss) at a resolution of 15.5077 pixels per

micron. For each mouse (n = 4–5 per group), 3 dendrites of 9 different neurons were used for the analysis.
Protein extracts

Total protein extracts were obtained from mouse HPC. Hippocampal tissue was homogenized in lysis

buffer containing 2% SDS, 10 mM Tris-HCl (pH7.5), phosphatase inhibitors (1 mM NaF and 0.1 mM

Na3VO4) and the commercial Complete Protease Inhibitor Cocktail (Roche) using a T 10 basic ULTRA-

TURRAX� (Ika). Homogenates were sonicated for 2 min, left 20 min on ice, vortexed and centrifuged for

13 min at 15,700 g and 8�C. Supernatants were kept and maintained at �80�C until use. Protein concentra-

tion was determined using the Pierce BCA Protein Assay kit (Thermo Fisher Scientific).
Immunoblotting

Total hippocampal extracts were used to analyze the levels of targeted proteins by immunoblotting. They

were mixed with 4X NuPAGE� LDS Sample Buffer (Thermo Fisher Scientific) containing b-mercaptoetha-

nol, denaturalized at 95�C for 5 min and resolved onto NuPAGE� 4 to 12% Bis-Tris polyacrylamide gels

(Thermo Fisher Scientific) using NuPAGE� MOPS SDS Running Buffer (20X; Thermofisher) for medium-

size to big targeted-proteins and NuPAGE� MES SDS Running Buffer (20X; Thermofisher) for small

ones. Proteins were then transferred onto 0.2 mmnitrocellulosemembranes using Trans-Blot Turbo transfer

system (Bio-Rad) at 1.3 A for 10 min. Membranes were blocked for 1 h with Intercept� (PBS) Blocking Buffer

and incubated overnight at 4�C with the corresponding primary antibodies (rabbit anti-Synapsin1 (Cell

Signaling; 1:60000), rabbit anti-PSD95 (abcam, 1:1000), mouse anti-Drebrin (Enzo Life Sciences, 1:1000),

rabbit anti-GAPDH (Sigma Aldrich, 1:200000), beta-actin (Proteintech, 1:300000) diluted in blocking buffer.

After blocking, membranes were washed 3 times (10 min each) in PBST (0.05% Tween in PBS) and incubated

for 1 h with the pertinent IRDye-secondary antibody (LI-COR Biosciences) diluted in blocking buffer. Finally,

membranes were washed twice with PBST and once with PBS for 10 min. Antibody binding was visualised

by Odyssey� CLx Imaging System (LI-COR Biosciences) and Image Studio LiteTM Software (LI-COR

Biosciences, version 5.2.5) was used for protein quantification.
Single-cell RNA sequencing

Sample preparation

Single-cell preparation was carried out on 2 consecutive days, at the same time on each day, with each

experiment comprising 1 male Dp(10)2Yey and 1 male wild-type (WT) littermate at 3 months old. Mice

were killed by cervical dislocation; their brains were removed and the hippocampi microdissected in ice-

cold Dulbecco’s PBS (D-PBS). The dissected hippocampi were dissociated using the Adult Brain Dissocia-

tion Kit (Miltenyi Biotec #130-107-677) according to the manufacturer’s instructions, with the following

exceptions: the enzyme mixes were added sequentially and a gentleMACSTM Octo Dissociator, followed

by incubation in a 37�C orbital shaker, was used for the mechanical dissociation steps. Tissue was dissoci-

ated in pre-warmed Enzyme Mix 1 (E1) on the gentleMACS Octo Dissociator for 36 s, then transferred to a

37 �C orbital shaker and incubated for 15 min at 100 rpm. EnzymeMix 2 (E2) was added to each sample and

tissue was dissociated on the gentleMACSTM Octo Dissociator for 30 s, followed by a 10 min incubation in a

37 �C orbital shaker at 100 rpm. Samples were then dissociated on the gentleMACSTM Octo Dissociator for

59 s, followed by a final 10 min incubation in a 37 �C orbital shaker at 100 rpm. Cell suspensions were

applied to 70 mm pre-moistened cell strainers and cells were collected by centrifugation for 10 min at

300 xg, 4 �C. Cell pellets were resuspended in ice-cold D-PBS using wide-bore, pre-moistened tips, prior

to debris removal, which was carried out according to the manufacturer’s instructions. Final cell pellets

were resuspended in 0.04% BSA in D-PBS (Miltenyi Biotec MACS BSA #130-091-376). Cell viability was
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assessed using a NanoEntek Eve Automated Cell Counter. The single-cell suspension was then loaded into

the 10x Chromium.

Sequencing and mapping

One library for each of the 4 samples was prepared according to the manufacturer’s instructions (single cell

30 v1 protocol, 10x Genomics). The 10x Genomics Cell Ranger software (v.3.0.2)101 was used to de-multiplex

Illumina BCL output, create FASTQ files and generate single cell feature counts for each library using a

custommouse genome (mm10–3.0.0) as reference. All subsequent analyses were performed in R program-

ming language (v.3.6.1) using the Seurat (v.3.1.0) package.90 Genes were removed if they were expressed in

3 or less cells and cells with less than 200 genes detected were also removed. Data was integrated following

Seurat’s Canonical Correlation Analysis approach (CCA). For each sample the top 2000 most variable

genes were selected for data integration using CCA. 50 dimensions were used for dimensional reduction

using t-distributed stochastic neighbor embedding (t-SNE) and cluster calling. Clusters were visualized us-

ing the Uni-form Mani-fold Approximation and Projection (UMAP). Upon initial examination two clusters

with high expression levels of the hemoglobin alpha-1 (Hba-a1) gene were identified as red blood cells,

these were removed. This was done before normalization and integration and the analysis was repeated

with the same parameters using a resolution of 0.2 to define clusters. Cluster markers were identified using

the function "FindAllMarkers" with default parameters, and cluster identity was established by manual

curation of literature together with scCATCH.91

Differential expression and gene set enrichment analysis

In order to find genes differentially expressed betweenWT andDp(10)2Yey samples within each cluster, the

DESeq2 implementation in Seurat "FindMarkers" function was used. Gene set enrichment analysis (GSEA)

was carried out using Cluster Profiler,102,103 using a minimum gene set size of 15, maximum gene set size of

500,000 and a cut off of p.adjust < 0.05, with the following Gene Collections "c2.cp.v7.2.symbols.gmt",

"c5.go.bp.v7.2.symbols.gmt" and "h.all.v7.2.symbols.gmt" downloaded from the Broad Institute.
QUANTIFICATION AND STATISTICAL ANALYSIS

Detailed statistical analysis was performed using GraphPad Prism 6 (GraphPad Software), SPSS (Statistical

Product and Service Solutions, IBM), and R-Studio (R version 3.6.3). All data are presented as meanG SEM.

Comparisons of means were performed using one way ANOVA with Tukey post hoc test or two-way

ANOVA with Holm post hoc test were appropriate, if the data were normally distributed; Kruskal-Wallis

test with post hoc Dunn’s multiple comparisons test if the data were not normally distributed (with the

Shapiro-Wilk test used to assess normality of the data distributions).

Detailed statistical analysis was performed using Estimation statistics (open source estimation program

available on https://www.estimationstats.com).104 Estimation statistics report mean differences (effect

size) with expressions of uncertainty (confidence interval estimates). In this method, each paired mean

difference is plotted as a bootstrap sampling distribution, using 5000 bootstrap samples and the confi-

dence intervals are bias corrected and accelerated. The p value(s) reported is the likelihood(s) of observing

the effect size(s), if the null hypothesis of zero difference is true. For each permutation p value, 5000 reshuf-

fles of the control and test labels were performed; p < 0.05 is considered a significant difference. Pearson

correlation and linear regression were applied to calculate the behavior correlation with electrophysiolog-

ical data. The significance threshold for all correlation tests was set at p < 0.05.
22 iScience 26, 106073, February 17, 2023

https://www.estimationstats.com

	Cognitive impairments in a Down syndrome model with abnormal hippocampal and prefrontal dynamics and cytoarchitecture
	Introduction
	Results
	Impaired spatial memory and increased rate of mPFC SWRs during memory consolidation in Dp(10)2Yey mice
	Dp(10)2Yey mice exhibit anxiety-like behavior in a novel environment
	HPC theta power correlates with exploratory behavior in novel but not familiar environments
	Dp(10)2Yey mice show reduced HPC phase-amplitude coupling in a novel environment
	A subtype-specific alteration of interneurons is evident in Dp(10)2Yey mPFC and HPC
	Single-cell RNA sequencing of Dp(10)2Yey hippocampus

	Discussion
	Limitations of the study

	Supplemental information
	Acknowledgments
	Author contributions
	Declaration of interests
	Inclusion and diversity
	References
	STAR★Methods
	Key resources table
	Resource availability
	Lead contact
	Materials availability
	Data and code availability

	Experimental model and subject details
	Method details
	Surgical preparation and transmitter implantation for long-term recording
	Behavioral tests
	Behavioral testing: T-maze spontaneous alternation
	Behavioral testing: Open field
	EEG pre-processing
	Generating power spectra
	Estimating phase-amplitude coupling
	Sharp-wave ripple detection
	Immunohistochemistry
	Brain collection

	Optical clearing and immunolabelling brain slices
	Confocal microscopy
	Image post-processing
	Image registration and cell density quantification
	Golgi-Cox staining
	Protein extracts
	Immunoblotting
	Single-cell RNA sequencing
	Sample preparation
	Sequencing and mapping
	Differential expression and gene set enrichment analysis


	Quantification and statistical analysis



