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Resumo 

 

Objetivos: Este trabalho está dividido em dois capítulos. O objetivo do primeiro 

capítulo é avaliar os efeitos do diazepam, um modulador alostérico positivo de 

receptores GABAA (GABAAR) comumente utilizado na prática clínica, sobre a 

atividade elétrica cerebral, plasticidade sináptica e comportamento de camundongos 

Ts65Dn, o modelo experimental mais utilizado para o estudo da síndrome de Down 

(SD). O objetivo do segundo capítulo é fornecer uma perspectiva de como a 

avaliação da dinâmica das redes neurais em SD, em especial por meio do estudo do 

acoplamento fase-amplitude (PAC) de frequências cruzadas, pode contribuir para a 

identificação de biomarcadores para o diagnóstico e/ou prognóstico da doença de 

Alzheimer na população com SD. Métodos: A atividade elétrica cerebral de 

camundongos controle (N=6) e Ts65Dn (N=7) foi registrada por vídeo 

eletroencefalograma. Eletrodos foram implantados em ambos os hemisférios do 

córtex frontal, bem como profundamente na região CA1 do hipocampo esquerdo. A 

análise de densidade espectral de potência dos registros corticais e hipocampais foi 

realizada pelo método de Welch, enquanto o PAC entre as oscilações teta e gama 

do hipocampo foi estimado pelas ténicas envelope-to-signal correlation e mean 

vector length. Efeitos de dose-resposta do diazepam na atividade elétrica cerebral e 

no comportamento dos camundongos foram avaliados após a administração 

intraperitoneal (i.p.) única das doses 1, 3 e 10 mg/kg. A susceptibilidade a 

convulsões induzidas pela administração i.p. única de 2 ou 4 mg/kg picrotoxina, um 

antagonista não competitivo de GABAAR, também foi avaliada. A potenciação de 

longa duração (LTP) induzida por trens de estimulação na frequência teta em fatias 

hipocampais (região CA1) obtidas de camundongos controle (N=12) e Ts65Dn 

(N=12) foi avaliada por meio de registros extracelulares de potenciais pós-sinápticos 

excitatórios de campo nas seguintes condições: solução de fluido cérebro espinhal 

artificial (aCSF), aCSF contendo 200 μM GABA, aCSF contendo 1 μM diazepam e 

aCSF contendo 10 μM diazepam. Por fim, o comportamento do tipo ansioso em 

camundongos controle (N=32) e Ts65Dn (N=28) tratados com solução salina ou 1 

mg/kg de diazepam foi avaliado por meio do teste do labirinto em cruz elevado. 

Resultados: Observou-se um aumento da potência das oscilações beta-2, bem 

como uma diminuição da potência das oscilações beta-1 e gama em camundongos 
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controle tratados com diazepam. Tais efeitos, entretanto, não foram observados em 

camundongos Ts65Dn. Por outro lado, enquanto foi observada uma lentificação das 

oscilações delta em ambos os camundongos controle e Ts65Dn tratados com 

diazepam, uma lentificação das oscilações teta fora observada apenas em 

camundongos controle. Observou-se também efeitos genótipo-dependentes do 

diazepam quanto a dinâmica da modulação da diferença de fase entre o córtex e o 

hipocampo, uma vez que o tratamento promoveu um aumento na sincronização de 

fase entre as atividades oscilatórias dessas regiões cerebrais apenas em 

camundongos controle. A eficácia do diazepam em reduzir tanto a suscetibilidade 

quanto a gravidade de crises convulsivas induzidas por picrotoxina foi observada em 

ambos os camundongos controle e Ts65Dn. Efeitos genótipo-dependentes também 

foram observados sobre a magnitude da LTP, a qual fora reduzida pelos tratamentos 

com 200 μM GABA e 10 μM diazepam em fatias de camundongos controle quando 

comparadas às fatias de camundongos Ts65Dn. Enquanto o tratamento com o 

diazepam aumentou o número de entradas e o tempo de permanência nos braços 

abertos do labirinto em camundongos controle, tal tratamento não alterou as 

medidas espaço-temporais em camundongos Ts65Dn. Por outro lado, o tratamento 

com o diazepam alterou parâmetros etológicos em ambos os grupos, como o 

aumento no número de mergulhos de cabeça em espaços não protegidos do 

labirinto. Por fim, verificou-se a presença de PAC entre as oscilações teta e gama do 

hipocampo em camundongos controle e Ts65Dn. Entretanto, o padrão e a 

intensidade desse fenômeno foram diferentes entre os grupos, visto que uma maior 

intensidade de acoplamento fora observada em camundongos Ts65Dn. 

Conclusões: Este estudo revelou diferenças significativas nos efeitos do diazepam 

sobre as propriedades eletrofisiológicas cerebrais e fenótipos comportamentais de 

camundongos controle e Ts65Dn, as quais sugerem uma redução na sensibilidade 

aos efeitos do diazepam sobre a modulação da sinalização mediada por GABAAR no 

camundongo Ts65Dn. Adicionalmente, diferenças quanto aos índices de PAC 

sugerem um padrão alterado na dinâmica das redes neuronais no hipocampo de 

camundongos Ts65Dn. Tais parâmetros podem contribuir para a identificação de 

biomarcadores electroencefalográficos não-invasivos com potencial diagnóstico e/ou 

prognóstico da doença de Alzheimer (DA) na população com SD, cujo risco para a 

DA é conhecidamente aumentado. 
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Abstract 

 

Objectives: This work is divided in two chapters. Chapter 1 consists of evaluating 

the effects of diazepam, a highly prescribed positive allosteric modulator of GABAA 

receptors (GABAAR), on brain activity, synaptic plasticity, and behavior of the well-

studied mouse model of Down syndrome (DS), the Ts65Dn mouse. Chapter 2 aims 

to provide a perspective of how the study of brain network dynamics in DS, especially 

by studying mechanisms of cross-frequency phase-amplitude coupling (PAC), may 

contribute to the discovery of non-invasive biomarkers with potential clinical 

application. Methods: Brain electrical activity was recorded by video-

electroencephalography (video-EEG), which was performed in control (N=6) and 

Ts65Dn (N=7) male mice. Electrodes were implanted bilaterally in the frontal cortex, 

as well as deeply into the left hippocampal CA1 area. Power spectral analysis of 

cortical and hippocampal recordings were carried out by Welch's method, while 

hippocampal theta-gamma PAC was estimated by envelope-to-signal correlation and 

mean vector length. Dose-response relationship of diazepam on brain activity and 

behavior was evaluated following a single intraperitoneal (i.p.) administration at 1-, 3-

, and 10-mg/kg doses. The effects of a single i.p. injection of 2 and 4 mg/kg 

picrotoxin, a noncompetitive antagonist of GABAAR, on seizure susceptibility were 

also investigated. Theta-burst-induced long-term potentiation (LTP) in hippocampal 

CA1 region of control- (N=12) and Ts65Dn-derived (N=12) slices was evaluated by 

extracellular recordings of field excitatory postsynaptic potential under the following 

experimental conditions: artificial cerebral spinal fluid (aCSF), aCSF with 200 μM 

GABA, aCSF with 1 μM diazepam, and aCSF with 10 μM diazepam. Finally, anxiety-

like behaviors in saline- and diazepam-treated control (N=32) and Ts65Dn (N=28) 

male mice were evaluated by the elevated plus-maze test. Results: We found that 

diazepam neither increased beta-2 activity nor decreased the power of beta-1 and 

gamma oscillations in Ts65Dn mice compared to control mice. Although we observed 

slowing effects of diazepam on delta oscillations in both control and Ts65Dn mice, a 

similar effect on frequencies within the theta range was only found in controls. Our 

findings also revealed that diazepam modulated the dynamics of phase relationships 

between cortical and hippocampal areas in a genotype-dependent manner, with 

increased phase synchronization between oscillatory activities in control mice and 
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opposite effects in Ts65Dn mice. In a separate set of experiments, it was found that 

diazepam was similarly effective in reducing susceptibility and severity to picrotoxin-

induced convulsive seizures in both control and Ts65Dn mice. Differences in 

diazepam effects were also observed in the magnitude of CA1 TBS-induced LTP, 

which was depressed by 200 μM GABA and 10 μM diazepam in control- but not in 

Ts65Dn-derived slices. Diazepam increased both time spent and number of entries 

into the open arms in control mice, while it had no major effects on spatiotemporal 

patterns of exploratory activity in Ts65Dn mice. In contrast, we observed that 

diazepam altered risk assessment behaviors such as head dipping in both groups. 

Finally, we found that hippocampal theta-gamma PAC was present in control and 

Ts65Dn mice, but the pattern and intensity of this phenomenon were different 

between groups, with Ts65Dn mice showing higher theta-gamma PAC than controls. 

Conclusions: This study unveiled significant genotype-dependent differences in the 

effects of diazepam on the electrophysiological and behavioral phenotypes of control 

and Ts65Dn mice, wherein Ts65Dn mice appear less sensitive to diazepam-

mediated modulation of GABAAR signaling. In addition, altered dynamics in 

hippocampal networks of Ts65Dn mice as suggested by measures of PAC may 

contribute to the development of non-invasive EEG biomarkers for the diagnosis and 

prognosis of Alzheimer's disease in the DS population, which is at a higher risk for 

developing this neurodegenerative disease. 
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1 INTRODUCTION 

 

Down syndrome (DS) or trisomy 21 is the most frequent chromosomal disorder 

in humans (Lejeune et al., 1959). This neurodevelopmental disorder accounts for 

about 1 in 700 live births in the United States and has a prevalence of 1 in 1,000 in 

the general population (Mai et al. 2019). Over the past decades, DS life expectancy 

has risen from an estimated 26 years in 1950 to 53 years in 2010, which has 

changed DS from a predominantly developmental disability that affects a child's 

physical, learning, or behavioral functioning to a disability that also affects individuals 

at older ages (De Graaf et al., 2017).  

Different hypotheses have been proposed to link trisomy of human 

chromosome 21 (HSA21) to the wide range of phenotypic manifestations associated 

with DS. Genotype–phenotype studies on persons with a partial segmental 

duplication of HSA21 have suggested that most of the phenotypic traits in DS arise 

from the overexpression of multiple dosage-sensitive genes within the Down 

syndrome critical region (DSCR), which encompasses a ~5.4 Mb region on the distal 

half of the HSA21 (Hsa21q22) (Delabar et al., 1993). However, further studies have 

argued against this hypothesis by showing that multiple regions of HSA21 rather than 

a single region contribute to different DS-related phenotypes (Korbel et al., 2009; 

Lyle et al., 2009; Olson et al., 2007). Currently, two main hypotheses (which are not 

mutually exclusive) have been considered to explain DS phenotypic traits. The first 

hypothesis (‘gene dosage hypothesis’) states that such phenotypes result directly 

from the overexpression of specific HSA21 and its downstream consequences, while 

the second one (‘amplified developmental instability hypothesis’) considers that DS-

related phenotypes are consequences of a global chromosomal imbalance, which 

leads to a nonspecific disturbance of cellular homeostasis (Antonarakis et al., 2020; 

Dierssen, 2012; Pritchard and Kola, 1999). 

Trisomy of HSA21 affects the brain in multiple ways. Most persons with DS 

have mild to moderate intellectual disability, with a wide interindividual variation in 

several components of cognitive domains, such as memory, attention, language, and 

executive functioning (Basten et al. 2018; Liogier et al., 2015; Lanfranchi et al., 2010;
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Pennington et al., 2003; Nadel, 2003; Vicari et al., 2000). Few to no appreciable 

anatomical differences have been found between infants with and without DS at birth 

(Pennington et al., 2003; Schmidt-Sidor et al., 1990), although significant differences 

emerge few months later, such as delayed myelination and decreased grey matter 

volume (Pennington et al., 2003; Wisniewski and Schmidt-Sidor, 1989). Individuals 

with DS show a global reduction in brain volume, with larger volumetric reductions in 

specific regions, such as prefrontal cortex, hippocampus, and cerebellum (Lott and 

Dierssen, 2010; Nadel, 2003). In addition, virtually all individuals with DS in their mid-

30s to early 40s develop a neuropathology identical to that seen in Alzheimer’s 

disease (AD) (Wiseman et al., 2018; Doran et al., 2017; Mann, 1988). This 

phenotypic feature puts these individuals at a greater risk of developing early-onset 

dementia, wherein up to 90% of these individuals is likely to present cognitive decline 

by their 60s (Bayen et al., 2018; McCarron et al., 2017; McCarron et al., 2014). In 

fact, dementia was recently reported to be the cause of death in 70% of older adults 

with DS (Hithersay et al., 2019), which is a striking high rate considering that 

dementia was the cause of death in nearly 30% of individuals older than 65 years in 

the general population (2020 Alzheimer's disease facts and figures; Harrison et al., 

2019). 

Seizure disorders are relatively common in individuals with DS, with 40% of 

the affected individuals having seizure onset at an early stage of life and another 

40% having seizure onset by their 30s or later (Pueschel et al., 1991). Inherent 

structural brain abnormalities, such as delayed and disorganized cortical lamination, 

dendritic and synaptic abnormalities, and decreased neuronal density, along with 

cardiovascular abnormalities, may contribute to increase seizure susceptibility in 

these individuals (Haydar and Reeves, 2012; Golden and Hyman, 1994; Stafstrom et 

al., 1991; Schmidt-Sidor et al., 1990; Takashima et al., 1989). Infantile spasms are 

the most common type of seizure occurring in young children with DS, with onset at 4 

to 9 months of age (Goldberg-Stern et al., 2001) and prevalence estimates ranging 

from about 12 to 30% (Goldberg-Stern et al., 2001; Stafstrom et al., 1991). Partial 

and generalized tonic–clonic seizures can also manifest in children and adolescents 

with DS (Goldberg-Stern et al., 2001; Stafstrom et al., 1991), although these types of 

seizures are more likely to occur in adulthood (Pueschel et al., 1991). In addition, 

late-onset epilepsy in middle-aged to elderly DS individuals seems to be associated 
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with the occurrence of AD-related neuropathological changes (De Simone et al., 

2010; Puri et al., 2001).  

Persons with DS are also at a higher risk of experiencing some forms of 

neuropsychopathological comorbidities, such as attention-deficit/hyperactivity 

disorder (ADHD), autistic spectrum disorder (ASD), and anxiety and mood disorders 

(Vicari et al., 2013; Dykens et al., 2007). Signs of anxiety and depression may 

increase as young individuals with DS move from adolescence into adulthood 

(Dykens et al., 2002). In fact, behavioral disturbances in DS have been hypothesized 

to be early signs of AD and, therefore, they would possibly predict the onset of AD 

and dementia in this population (Dekker et al., 2015). In addition, adolescents and 

young adults with DS may also develop the Down syndrome Disintegrative Disorder 

(DSDD), which is characterized by the loss of previously acquired social and 

cognitive skills (Santoro et al., 2019; Mircher et al., 2017). Catatonia, which is a 

psychomotor disorder whose symptoms range from stupor to agitation, have been 

recently recognized as an important cause of functional regression in DS (Lyons et 

al., 2020; Miles et al., 2019). 

Mouse models of DS are important components of efforts towards elucidating 

molecular mechanisms by which trisomy 21 affects brain development and function. 

These animal models also allow the assessment of efficacy and safety of treatment 

strategies for improving cognitive abilities of persons with DS. The Ts65Dn mouse, 

which is the most studied mouse model of DS, is trisomic for about two-thirds of the 

genes orthologous to HSA21 (Davisson et al., 1990). As a model of DS, these mice 

reproduce several fundamental features seen in the human condition, such as 

learning and memory impairments and altered brain morphology and function 

(Dierssen, 2012). 

 

1.1 Altered GABAergic transmission as a possible mechanism underlying 

cognitive deficits in Down syndrome 

 

Accumulating evidence indicates that an imbalance between excitatory and 

inhibitory activity of neuronal circuits may lead to dysfunctional GABAergic 

neurotransmission in DS (Zorrilla de San Martin et al., 2018). This alteration has 

been proposed as a possible mechanism leading to synaptic plasticity alterations and 
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learning and memory deficits in mouse models of DS (Zorrilla de San Martin et al., 

2018; Deidda et al., 2015; Costa and Scott-McKean, 2013; Fernandez et al., 2007).  

Several changes in brain structure have been observed in Ts65Dn mice. For 

example, dendritic spines of pyramidal cells in the neocortex of Ts65Dn mice were 

found to be considerably smaller and less branched than those in controls (Dierssen 

et al., 2003). A significant increase in inhibitory inputs to pyramidal cell spine necks 

with a relative decrease in inputs to dendrite shafts was observed in the dentate 

gyrus of Ts65Dn mice (Belichenko et al., 2004). Such morphological changes may 

contribute to increase dendrite-targeting inhibition efficacy in these animals (Schulz 

et al., 2019; Belichenko et al., 2004; Kurt et al., 2000). In addition, early electron 

microscopy studies showed fewer asymmetric synapses (which are typically 

excitatory) in the temporal cortex and hippocampus, while symmetric synapses 

(which are typically inhibitory) seemed to be normal in Ts65Dn mice (Belichenko et 

al., 2009; Kurt et al., 2004; Kurt et al., 2000). These findings suggest that excitatory 

synapses are preferentially affected in Ts65Dn mice, and that the efficacy of 

inhibitory interneurons is increased in these animals. 

Overexpression of several subtypes of GABAergic interneurons has been 

reported in the neocortex of Ts65Dn mice (Chakrabarti et al., 2010; Pérez-Cremades 

et al., 2010). Pérez-Cremades and colleagues showed a particular increase in 

calretinin-expressing interneurons with bipolar somatodendritic morphology (Pérez-

Cremades et al., 2010). The density of fast-spiking GABAergic interneurons 

expressing parvalbumin (PV cells) across multiple cortical layers has also been found 

to be increased in Ts65Dn mice (Chakrabarti et al., 2010; Pérez-Cremades et al., 

2010). These changes in the pattern of neural assembly organization may contribute 

to abnormal network dynamics in Ts65Dn mice. In fact, alterations of specific cortical 

GABAergic circuits have been recently reported in these animals (Zorrilla de San 

Martin et al., 2020). Consistent with this picture are the findings from Cramer and 

colleagues, who showed that spontaneous network oscillations (UP states) were 

significantly shorter and less frequent in the neocortex of Ts65Dn mice (Cramer et al. 

2015). The dynamics of these spontaneous patterns of massive, persistent network 

activity reflect a complex, stereotypically organized sequential spread of activation 

through local cortical networks, in which PV and deep pyramidal cells play a critical 
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role (Kuki et al., 2015; Brown et al., 2012; Sanchez-Vives et al., 2010; Luczak et al., 

2007). 

Since the first study showing learning deficits in Ts65Dn mice has been 

published (Reeves et al., 1995), large body of research has been devoted to 

assessing synaptic plasticity in this mouse model. Initial experiments revealed 

reduced long-term potentiation (LTP) induced by high frequency stimulation in the 

CA1 region of the hippocampus of Ts65Dn mice (Siarey et al., 1997). Further 

supporting evidence was provided by studies showing reduced theta-burst 

stimulation-induced LTP in the hippocampal CA1 region (Costa and Grybko, 2005), 

as well as in the dentate gyrus of Ts65Dn mice (Kleschevnikov et al., 2004). 

Exaggerated chemically and electrically induced long-term depression (LTD) were 

also observed in the hippocampal CA1 region of Ts65Dn mice (Scott-McKean and 

Costa, 2011; Siarey et al., 1999). Importantly, LTP deficits were found to be 

pharmacologically rescued in Ts65Dn mice by several GABAA receptor (GABAAR) 

antagonists (Fernandez et al., 2007; Costa and Grybko, 2005; Kleschevnikov et al., 

2004). Indeed, both decreased LTP levels and learning and memory deficits in 

Ts65Dn mice were counteracted by chronic administration of the non-competitive 

GABAAR antagonist pentylenetetrazole at sub-epileptic doses (Fernandez et al., 

2007). Such findings have paved the way for the design of clinical trials aimed at 

enhancing cognitive abilities of DS individuals with the GABAAR antagonist 

pentylenetetrazole (PTZ; COMPOSE trial - Cognition and Memory in People with DS) 

and the inverse agonist of α5-containing GABAAR RG1662 (clinical trial identifier 

NCT01436955; NCT02024789; http://www.clinicaltrials.gov).  

Recently, an alternative hypothesis for GABAAR-mediated neurotransmission 

dysfunction in DS was offered by the study of Deidda and colleagues (Deidda et al., 

2015). Findings from Deidda et al. suggest that the reversal of GABAAR responses 

from inhibitory (hyperpolarization) to excitatory (depolarization) due to intracellular 

accumulation of chloride ions (Cl–) in the hippocampus of Ts65Dn mice may explain 

cognitive deficits in DS. According to this work, the intracellular accumulation of Cl– 

may result from an increased expression of the Na+-K+-2Cl− cotransporter isoform-1 

(NKCC1) coupled with no change in the expression of the K+-Cl− co-transporter 

isoform-2 (KCC2) (Deidda et al., 2015).  

 

http://www.clinicaltrials.gov/
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1.2 GABAA receptor signaling in the brain 

 

Inhibitory neurotransmission in mammalian brain is largely mediated by GABA 

acting on GABAAR. GABAA receptors are ligand-gated chloride channels, activated 

by the binding of two GABA molecules, which drives Cl− inside the neurons and 

hyperpolarizes the neuronal membrane (Sigel and Ernst, 2018). Although the 

activation of GABAAR typically results in hyperpolarizing inhibition in the mature 

central nervous system (CNS), it produces depolarizing and sometimes excitatory 

responses in the developing brain (Kaila et al., 2014). In fact, the polarity of GABA-

gated currents (i.e., depolarizing vs. hyperpolarizing) is mainly determined by the 

intracellular concentration of Cl− (Kaila et al., 2014). Two Cl− cotransporters control 

the intracellular concentration of this anion: the NKCC1, which imports Cl− into the 

neuron and the KCC2, which exports Cl− out of the neuron (Schulte et al., 2018). 

Enhancement or reduction in the expression and/or activity of either of these co-

transporters can alter the level of GABAergic inhibition and may contribute to a wide 

variety of neurological and psychiatric dysfunctions (Schulte et al., 2018; Doyon et 

al., 2016). 

GABAA receptors are composed of five subunits, which are encoded by 19 

different genes that have been grouped into eight subclasses (α1–6, β1–3, γ1–3, ρ1–

3, δ, ɛ, π, and θ) (Sigel and Steinmann, 2012). Most of GABAARs consist of two α-, 

two β-, and single γ-subunits, wherein the two GABA-binding sites are located at the 

extracellular β-α interfaces. At least 11 structurally and functionally distinct receptor 

subtypes with physiological relevance have been identified in the mammalian brain 

(Olsen and Sieghart, 2008). 

In the adult CNS, GABAAR mediates both phasic and tonic inhibition (Farrant 

and Nusser, 2005). Subsets of GABAARs at GABAergic synapses consist of two α1, 

α2, or α3 subunits together with two β2 or β3 subunits and one γ2 subunit (Sigel and 

Steinmann, 2012; Luscher et al., 2011). Such receptors display low affinity for GABA 

and thus are optimized to respond selectively to relatively high concentrations of 

GABA released into the synaptic cleft (Sigel and Steinmann, 2012). Not all GABAAR 

containing the γ2 subunit are concentrated at synapses. For example, the α5βγ2 

subytpe of GABAAR is mostly found at extrasynaptic sites and thus contributes to 

tonic inhibition (Luscher et al., 2011), although a pool of α5 subunit-containing 
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GABAAR has been found at hippocampal GABAergic synapses (Serwanski et al., 

2006), thereby contributing to GABAAR-mediated synaptic inhibition in the 

hippocampus (Zarnowska et al., 2009). The most abundant subtypes of GABAAR 

mediating tonic GABAergic currents in the forebrain and cerebellum are α4βδ and 

α6βδ receptors, respectively (Luscher et al., 2011). In addition, α1βδ receptors 

mediate tonic inhibition in hippocampal interneurons (Glykys et al., 2007). The δ-

containing GABAARs show higher affinities for GABA (in the order of submicromolar 

rage) than GABAARs containing other subunits, which is consistent with their peri- or 

extrasynaptic localization and role on mediating tonic inhibition (Luscher et al., 2011; 

Farrant and Nusser, 2005). 

The presence of allosteric binding sites in the extracellular and 

transmembrane domains of GABAAR allows the modulation of GABA-mediated 

inhibition by different classes of pharmacological compounds (Sigel and Ernst, 2018; 

Sigel and Steinmann, 2012). Benzodiazepines positively modulate GABAAR by 

increasing the frequency of channel opening in response to GABA, thereby 

potentiating GABAergic inhibitory neurotransmission (Sigel and Ernst, 2018). 

Classical benzodiazepines, such as diazepam, predominantly act through GABAAR 

containing α1βγ2, α2βγ2, α3βγ2 and α5βγ2 subunit combinations, where the α1β2γ2 

subunit isoform accounts for the majority of GABAARs in the brain (Rudolph and 

Mohler, 2004; Sigel, 2002). The binding site for benzodiazepines in GABAAR is 

located extracellularly at α-γ interface (Sigel, 2002). The GABAAR containing α4 and 

α6 subunits are insensitive to diazepam (Wong and Skolnick, 1992). In addition, both 

physiological and pharmacological effects of GABAAR activation are mainly 

determined by the α subunit (Rudolph et al., 1999). For example, GABAAR containing 

α1 mediates the sedative and hypnotic actions of diazepam, whereas the anxiolytic-

like and muscle relaxant effects are mediated by α2-containing GABAAR. GABAAR 

containing α3- or α5-subunits also contributes to myorelaxant effects of diazepam 

(Rudolph et al., 1999).  
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1.3 Clinical implications of intracellular chloride accumulation in Down 

syndrome 

 

What is the impact of GABAAR functional changes upon the effects of 

benzodiazepines in persons with DS? If Cl− homeostasis is indeed disrupted in 

Ts65Dn mice, molecules that enhance GABA-evoked responses might not be 

effective at reducing aberrant excitatory neuronal activity underlying pathological 

neuronal synchronization, or might even produce paradoxical excitation on this 

mouse model (and presumably in individuals with DS). In this context, it is worth 

noting that the findings from the work by Deidda et al. might have important 

implications for clinical practice involving persons with DS for several reasons.  

First, given that benzodiazepines are the first-line therapy to treat acute 

seizures in the emergency room, should we reconsider the use of these drugs for 

managing active seizures in persons with DS (Costa, 2015)? In fact, several studies 

have reported seizure aggravation as a paradoxical reaction to the use of 

benzodiazepines (Kim et al., 2016; Bruining et al., 2015; Montenegro et al., 2001). 

Second, benzodiazepines are among the most prescribed class of drugs for 

anxiety disorders (Gomez et al., 2018; Reinhold and Rickels, 2015). These drugs 

have also been considered an effective treatment for catatonia and DSDD in patients 

with DS (Lyons et al., 2020; Miles et al., 2019). Do we need to re-evaluate how to 

treat such disorders in this vulnerable population?  

Third, several studies provide evidence pointing to the use of benzodiazepines 

as a risk factor for dementia, cognitive decline, and AD, particularly in elderly people 

(Ettcheto et al., 2020; Gomm et al., 2016; Billioti de Gage et al., 2014; Wu et al., 

2009). Given that persons with DS inevitably develop a neuropathology 

indistinguishable from AD by their 40s (Wiseman et al., 2018; Doran et al., 2017), 

and are at a much higher risk for developing early-onset dementia (Sinai et al., 

2018), are we making a mistake by overlooking the safety of benzodiazepines when 

prescribing such agents to these individuals?  

Despite pieces of evidence suggest dysfunctional GABAAR-mediated 

neurotransmission in Ts65Dn mice, whether or to what extent such a dysfunction 

affects electrophysiological and behavioral responses to benzodiazepines in Ts65Dn 

mice has not yet been addressed.  
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1.4 Investigating neural oscillations and their interactions in Down syndrome: 

toward the identification of neurophysiological biomarkers for clinical 

applications 

 

Neural oscillations across multiple temporal and spatial scales are a prevalent 

feature of brain activity. These rhythmic oscillations are critical for brain function as 

they serve as a mechanism for neural communication and computation (Buzsáki, 

2006). Electrical activity of the brain is produced by periodic fluctuation in neuronal 

excitability. Changes in neuronal membrane potential give rise to electric fields, 

which can be extracellularly recorded by either attaching electrodes to the surface of 

the scalp (electroencephalography; EEG) or inserting electrodes into the brain (local 

field potentials; LFP) (Buzsáki et al., 2012). Many properties of neural oscillations, 

such as frequency, amplitude, and phase, can be studied by spectral analysis, which 

comprises a range of methodological approaches used for analyzing an EEG signal 

based on its frequency components.   

Brain oscillations underlying physiological processes mostly occur within delta 

(1–4 Hz), theta (4–8 Hz), alpha (8–12 Hz), beta (15–30 Hz), and gamma (30–80 Hz) 

frequency bands (Penttonena and Buzsáki, 2003). These oscillations can interact 

with each other by several mechanisms. In a simple scenario, neural oscillations 

within the same frequency band may be synchronized (or phase-locked) to each 

other, wherein neuronal communication is implemented through neuronal coherence 

(Fries, 2015; Fries, 2005). More complex patterns of network organization arise from 

coupling properties that allow multiple oscillators across different frequency bands to 

interact with one another. This phenomenon may be accomplished by cross-

frequency coupling (CFC) mechanisms (Hyafil et al., 2015; Canolty and Knight, 

2010). 

Coupling between neural oscillations within the same or across different brain 

structures has been functionally linked to distinct cognitive processes (Hyafil et al., 

2015; Lisman and Jensen, 2013; Canolty and Knight, 2010). The best-studied 

example of CFC mechanism underlying cognitive processing is the phase-amplitude 

coupling (PAC) between theta and gamma frequency oscillations (Lisman and 

Jensen, 2013). In addition, several studies have clearly demonstrated that the 

strength by which gamma oscillations are nested within theta oscillations changes 
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with cognitive demands, wherein theta–gamma PAC has been found to increase 

during learning and memory (Tort et al., 2009; Canolty et al., 2006). A more 

ambitious approach has been to test whether changes in coupling pattern or strength 

may be predictive of memory performance (Friese et al., 2012; Shirvalkar et al., 

2010; Axmacher et al., 2010).  

Cross-frequency coupling signatures have been correlated to both 

physiological and pathological states (Kichigina, 2018; Mathalon and Sohal, 2015; 

Uhlhaas and Singer, 2006). In the field of Alzheimer's research, progress has been 

made towards the potential use of network-based biomarkers such as theta-gamma 

PAC for detecting very mild stages of prodromal AD (Goodman et al., 2018; Cassani 

et al., 2018; Poza et al., 2017). These findings offer the promise to provide a novel 

approach for both diagnosis and prognosis of AD. In addition, measures of PAC may 

also serve as useful biomarkers for screening drug efficacy in AD (Stoiljkovic et al., 

2018). 

Research on the utility of cerebral spinal fluid (CSF) and neuroimaging 

biomarkers for AD diagnosis and staging in DS has been rapidly evolving over the 

past decades. For example, several studies in persons with DS have assessed 

amyloid-β (Aβ) brain deposition with positron emission tomography (PET) 

radiotracers and studied candidate CSF biomarkers for AD in DS (Fortea et al., 2020; 

Neale et al., 2017; Rafii et al., 2017; Rafii et al., 2015). In fact, one of the major DS 

initiatives, the Down Syndrome Biomarker Initiative (DSBI), launched by the 

Alzheimer’s Disease Cooperative Study (ADCS) (Ness et al., 2012), has the aim to 

characterize some of the earliest biomarker changes associated with AD in DS (Rafii 

et al., 2015). Yet, research aimed at assessing neurophysiological biomarkers for 

AD–related cognitive decline in DS, specially those related to PAC, is still in its 

infancy, and much of the existing evidence steams from preclinical studies (Heller et 

al., 2020; Chang et al., 2020; Alemany-González et al., 2020; Zorrilla de San Martin 

et al., 2020). 

 

 



 

 

 

2 OBJECTIVES 

 

This work is divided in two chapters.  

Chapter 1 consists of investigating the effects of the widely acting 

psychoactive drug diazepam on the electrophysiological and behavioral phenotypes 

of Ts65Dn mice. More specifically, we aim to achieve the following goals: 

1) To investigate how diazepam modulates LFP activity in the cortex and 

hippocampus of awake, freely-behaving control and Ts65Dn mice by the use of EEG. 

2) To quantify the effects of diazepam and the neurotransmitter GABA itself on 

LTP in the hippocampal CA1 region of control and Ts65Dn mice.  

3) To evaluate susceptibility to picrotoxin-induced seizures in control and 

Ts65Dn mice. 

4) To evaluate the effectiveness of diazepam in reducing susceptibility and 

severity to picrotoxin-induced convulsive seizures in control and Ts65Dn mice. 

5) To evaluate mouse behavior in the elevated plus-maze (EPM) task to probe 

for differences between Ts65Dn and control mice in their responsiveness to the 

anxiolytic-like properties of diazepam. 

Chapter 2 aims to provide a perspective of how the study of brain network 

dynamics in DS, especially by studying mechanisms of PAC, may contribute to the 

discovery of non-invasive biomarkers with potential clinical application. We also 

provide a preliminary investigation of how theta-gamma PAC is modulated in 

hippocampal networks of control and Ts65Dn mice.  
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Abstract 

Mounting evidence implicates dysfunctional GABAAR-mediated 

neurotransmission as one of the underlying causes of learning and memory deficits 

observed in the Ts65Dn mouse model of Down syndrome (DS). The specific origin 

and nature of such dysfunction is still under investigation, which is an issue with 

practical consequences to preclinical and clinical research, as well as to the care of 

individuals with DS and anxiety disorder or those experiencing seizures in 

emergency room settings. Here, we investigated the effects of GABAAR positive 

allosteric modulation (PAM) by diazepam on brain activity, synaptic plasticity, and 

behavior in Ts65Dn mice. We found Ts65Dn mice to be less sensitive to diazepam, 

as assessed by electroencephalography, long-term potentiation, and elevated plus-

maze. Still, diazepam pre-treatment displayed typical effectiveness in reducing 

susceptibility and severity to picrotoxin-induced seizures in Ts65Dn mice. These 

findings fill an important gap in the understanding of GABAergic function in a key 

model of DS. 
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Introduction 

Down syndrome (DS), the phenotypic expression of trisomy 21, accounts for 

approximately 1 in 700 live births in the United States and has a prevalence of about 

1 in 1,000 in the general population 1. Persons with DS are especially vulnerable to 

neurodevelopmental and neurodegenerative disorders. The intellectual disability 

displayed by individuals with DS is mostly generalized, with disproportionate 

involvement of abilities heavily dependent on the hippocampus and prefrontal cortex 

2, 3. Trisomy 21 also affects the central nervous system (CNS) in several additional 

ways. For example, persons with DS are at a higher risk of experiencing seizure and 

anxiety disorders than those in the general population 4, 5, 6, 7, 8, 9, 10. 

The idea that the inhibition of gamma-aminobutyric acid (GABA) A receptors 

(GABAAR) could restore long-term potentiation (LTP) in hippocampal slices from 

Ts65Dn mice has been explored by Kleschevnikov and collaborators 11 and members 

of our research team 12, 13 . However, in these studies, the doses necessary to 

produce rescuing of the observed depressed levels of LTP in Ts65Dn mice were 

convulsive doses that generated robust network oscillations in hippocampal slice 

preparations 12. Subsequent work 14, however, showed that Ts65Dn mice treated with 

a subconvulsive dose of picrotoxin, once a day for 2 weeks, displayed a durable 

enhancement in object recognition performance and in dentate-gyrus LTP. Although 

the mechanisms underlying this observation remain poorly understood, the idea that 

modulating the synaptic balance between inhibition and excitation could become a 

practical therapeutic approach in individuals with DS became a popular concept for 

several years. This idea even inspired the design and implementation of a few small-

scale clinical trials with either the GABAA receptor antagonist pentylenetetrazole (PTZ 

or BTD-001 15) or the selective GABAA α5 receptor negative allosteric modulator 

(RG1662 or Basmisanil 16, 17). Fortunately, these trials concluded without any severe 

adverse events among the participants from this vulnerable population, and the 

underlying idea of inhibiting GABAAR-mediated neurotransmission as a potential 

therapeutic strategy in DS has mostly fallen out of favor in recent years. 

Recently, a completely different perspective on GABAAR-mediated 

neurotransmission dysfunction in DS was brought into view by the work by Deidda et 

al. 18, which generated extensive evidence supporting the notion that intracellular 

accumulation of chloride ions (Cl–) occurs in the hippocampus of Ts65Dn mice. 
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According to these authors, this phenomenon would result from an increased 

expression of the cation-Cl− co-transporter NKCC1, which would lead to the reversal 

of GABAAR responses from inhibitory (hyperpolarization) to excitatory 

(depolarization) 18.  One of the predicted consequences of such alteration in Cl− 

homeostasis in Ts65Dn mice would be that molecules that act by enhancing GABA-

mediated responses might not be as effective in reducing neuronal activity during 

pathologic synchronization events, or might even flip inhibition into paradoxical 

excitation on this mouse model (and presumably in individuals with DS). Of particular 

concern would be benzodiazepines, which are very popular anxiolytic/anti-seizure 

agents that positively modulate GABAergic inhibitory neurotransmission by 

increasing the frequency of channel opening of GABAAR in response to GABA 19.  

In terms of clinical practice, there would be several areas of DS-specific 

concerns regarding the use of benzodiazepines in the event of altered brain Cl− 

homeostasis. For example, considering that benzodiazepines are the first-line 

treatment of acute seizure disorders, should we reconsider the use of such agents for 

treating emergent seizures in individuals with DS? 20 Additionally, because young 

and older adults with DS display increased vulnerability to generalized anxiety 

disorder, and benzodiazepines are also among the most effective interventions in 

patients with DS with clinical signs of catatonia and unexplained regression 5, 10, 21, do 

we need to re-evaluate how we approach the treatment of these psychiatric disorders 

in persons with DS?  

In the present study, we evaluated the effects of the highly prescribed 

benzodiazepine diazepam on the electrophysiological and behavioral phenotypes of 

the most-widely used mouse model of DS, the Ts65Dn mouse. To this end, we used 

electroencephalography (EEG) to investigate how diazepam modulates local field 

potential (LFP) activity in the cortex and hippocampus of awake, freely-behaving 

Ts65Dn mice. We also quantified the effects of diazepam and the neurotransmitter 

GABA itself on LTP in the CA1 region of Ts65Dn mouse hippocampus. Finally, we 

evaluated mouse behavior in the elevated plus-maze (EPM) task to probe for 

differences between Ts65Dn and control mice in their responsiveness to the 

anxiolytic-like properties of diazepam. Although our findings did not support the 

notion of diazepam-induced enhanced excitability, this study unveiled significant 

differences in the effects of diazepam on GABAAR-mediated responses between 
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control and Ts65Dn mice. Such findings should inspire future preclinical and clinical 

studies in DS and many other neurodevelopmental, psychiatric, and neurological 

disorders in which an alteration in Cl− homeostasis is suspected 22. 

 

Results 

GABAAR modulation by diazepam does not cause clinical or 

electrographic seizures in Ts65Dn mice. To determine the behavioral effects of 

diazepam on Ts65Dn (N = 15) and control (N = 14) mice (13–20 weeks old), video 

recordings were performed in freely moving mice acutely treated with 1, 3, or 10 

mg/kg diazepam (Fig. 1a). Subsets of Ts65Dn (N = 7) and control (N = 6) animals 

were chronically implanted with EEG electrodes to record brain electrical activity 

during these video recording sessions (video-EEG). 

Before diazepam injections, mice were freely moving around their cages or 

standing along the cage sides. After injection, all diazepam doses produced relaxed 

wakefulness or drowsiness in both control and Ts65Dn mice. Diazepam-treated mice 

no longer showed a preference for the periphery of their cages and they frequently 

laid in a stretched-out posture (instead of curled-up) or sat quietly in any cage 

location. Mice eyelids were partially or fully open following diazepam administration. 

Visual inspection of the video-EEG recordings revealed that Ts65Dn and control 

mice showed no evidence of electrographic seizures or epilepsy-related phenotypes, 

neither spontaneously nor pharmacologically induced by any of the administered 

doses of diazepam. 

To estimate the effects of diazepam on neuronal activity, we first calculated 

the power-spectrum distribution (PSD) over the 0.5–100-Hz frequency range in the 

video-EEG subset of animals. A normalized PSD was obtained for each experimental 

condition by the ratio of the PSDs for the EEG 30-min post-dosing segments and 

those for the EEG 30-min baseline-recording segments. Quantitatively similar results 

were observed for the EEG spectral analysis of cortical and hippocampal recordings. 

Thus, we will only report EEG data obtained from the cortical derivation in the main 

text (the EEG analysis dataset from the hippocampal derivation can be found in 

Supplementary Fig. S1 and S2 and Supplementary Tables S1-S5). Given that we did 

not observe major differences between control and Ts65Dn mice in EEG power 

across frequencies from 50 to 100 Hz, we will mostly focus on comparisons between 



18 

 

 

 

EEG power across the frequency range of 0.5-50 Hz (results of spectral parameters 

within the high-gamma band can be found in Supplementary Tables S3 and S4). 

We employed one-way MANOVA followed up with canonical discriminant 

analysis (Can) to test whether changes in EEG spectral power across multiple 2-Hz 

bands (0.5 to 50 Hz) induced by different doses of diazepam could be used to 

differentiate control from Ts65Dn mice (Fig. 1b, c and d). Visual inspection of the 

grouped scatter plots of the first two canonical variables showed that Can1 

discriminated the control mice group from the Ts65Dn mice group at 1-, 3-, and 10-

mg/kg doses (Fig. 1b, c, and d respectively). One-way ANOVA (F(5,33) =  25.590, P < 

0.0001), followed by Fisher’s LSD post hoc test (P = 0.0009, P = 0.0055, and P < 

0.0001 at 1-, 3-, and 10-mg/kg doses, respectively), confirmed these findings (Fig. 

1e; Supplementary Tables S1 and S2). Similarly, Can2 differentiated control and 

Ts65Dn mice groups (F(5,33) =  8.346, P < 0.0001) at 1- and 3-mg/kg doses (P = 

0.0003 and P = 0.0019, respectively; Fig. 1f; Supplementary Tables S1 and S2). It is 

important to emphasize that the relative size of Can1 (58.14%) is much larger than 

Can2 (18.96%) or any of the calculated higher order canonical variables (Fig. S2).  

We also evaluated similarities among groups by using hierarchical clustering 

analysis. A dendrogram representation of the Euclidian distances between group 

centroids (i.e., the group's mean), showed for example that the centroid of control 

mice group treated with 10 mg/kg diazepam was at the highest level of the 

hierarchical tree (Fig. 1g). The full set of observed inter-cluster differences in the 

grouped scatter plots suggest a genotype-dependence for the effects of diazepam on 

EEG spectral power. This led us to compare the normalized PSDs obtained from 

baseline and post-dosing recordings for each dose in each genotype (Fig. 1h-j, upper 

and middle portions) to determine the differences in diazepam effects between 

control and Ts65Dn mice for each experimental condition (Fig. 1h-j, lower portions).  

We observed that the effects of diazepam on slower brain rhythms were mildly 

different between control and Ts65Dn mice (Fig. 1h-j). Spectral power decreases in 

the 0.50-2.90 Hz and 4.50-5.70 Hz ranges were induced by 1 mg/kg diazepam in 

control mice (Fig. 1h, upper portion), whereas in Ts65Dn mice this decrease in power 

only occurred in the 0.50-2.70 Hz range (Fig. 1h, middle portion). Additionally, 

spectral power reductions were restricted to narrower frequency bands at the 3-

mg/kg dose in both genotypes (0.50-1.10 Hz and 1.95-2.45 Hz in control and Ts65Dn 
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mice, respectively; Fig. 1i, upper and middle portions). Finally, power reductions 

induced by 10-mg/kg doses occurred at the frequency ranges of 0.50-2.90 Hz (Fig. 

1j, upper portion) in control mice and at 1.20-2.90 Hz and 8.80 to 9.50 Hz (Fig. 1j, 

middle portion) for Ts65Dn mice. 

The presence of increased beta activity following PAM of GABAARs has been 

widely recognized as an EEG biomarker in both animal models 23, 24 and humans 25, 

26. As shown in Fig. 1h (upper portion), we detected a consistent power increase 

affecting the frequency range of 20.50-22.60 Hz in control mice treated with 1 mg/kg 

diazepam, which did not reach significance for the 3 and 10-mg/kg doses (Fig. 1h 

and j, upper portions). In contrast, we did not find evidence of power increase within 

beta-frequency range in Ts65Dn mice treated with any dose of diazepam (Fig. 1h-j, 

middle portions). In addition, we detected significant differences in the spectral profile 

of beta activity between control and Ts65Dn mice at both 1 and 3 mg/kg diazepam 

(Fig. 1h and 1i, lower portion). Finally, significant differences in the spectral profile of 

gamma activity (34.15 to 37.35 Hz) were detected between control and Ts65Dn mice 

at 1-mg/kg dose (Fig. 1h, lower portion). 

Given that 1-mg/kg was more effective than 3- and 10-mg/kg doses in eliciting 

a measurable physiological effect in cortical network oscillations, we will focus on the 

EEG effects of 1 mg/kg diazepam in the following analyses (results of the EEG 

parameters for 3 and 10 mg/kg diazepam can be found in Supplementary Tables S3-

S5). Furthermore, 1-mg/kg dose in mice can be considered equivalent to a ~5 mg 

dose in humans (using 60 kg as body weight reference 27), which is in the middle 

range of the common diazepam doses used in clinical practice (2 to 10 mg 28). 

  

For each frequency band, we observed genotype-dependent changes in 

neuronal activity in response to 1 mg/kg diazepam. We analyzed a variety of 

spectral features extracted from the PSD to further explore the effects of diazepam at 

1-mg/kg dose on GABAergic transmission mediated by GABAAR. In this set of 

analysis, the PSD was decomposed into the functionally distinct wavebands delta 

(0.5–4 Hz), theta (4–8 Hz), alpha (8–12 Hz), beta 1 (12–15 Hz), beta 2 (15–30 Hz), 

and gamma (30–50 Hz). We also calculated the mean frequency power for each 

waveband. (Analysis of the pattern of the spectral power distribution across 

frequency bands can be found in Supplementary Tables S3-S5). 
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We observed that the effects of diazepam on EEG spectral power were 

dependent on frequency band. Diazepam at 1-mg/kg dose significantly (F(1, 11) = 

9.472, P = 0.0105) increased beta-2 band power in control but not in Ts65Dn mice. A 

significant interaction was also found between genotype and treatment (F(1, 11) = 

5.307, P = 0.0418). Post hoc tests confirmed that diazepam-treated control mice 

showed a significantly higher beta-2 band power compared with its baseline condition 

(P = 0.0037; Fig. 2a). In addition, we found significant treatment- and genotype-

dependent effects (F(1, 11) = 12.268, P = 0.0049 and F(1, 11) = 6.323, P = 0.0288; 

respectively) on the beta-2 mean frequency power. A significant interaction between 

genotype and treatment was also detected (F(1, 11) = 6.537, P = 0.0267), with 

diazepam-treated control mice showing a significant increase in the power of the 

beta-2 mean frequency compared to its baseline condition (P = 0.0017) and to 

diazepam-treated Ts65Dn mice (P = 0.0017; Fig. 2b). Such findings support our 

previous observation that diazepam increases EEG activity within the beta-2 

frequency range in a genotype-dependent manner.  

We also found that diazepam at 1-mg/kg dose decreased beta-1 band power 

in control but not in Ts65Dn mice. Both genotype and treatment had significant 

effects (F(1, 11) = 5.350, P = 0.0411 and F(1, 11) = 5.496, P = 0.0389; respectively), with 

detected decreases in the beta-1 band power compared to its baseline condition (P = 

0.0456) and to diazepam-treated Ts65Dn mice (P = 0.0237; Fig. 2c). These findings 

show that diazepam has opposite effects on spectral power within the 12–15 Hz and 

15–30 Hz frequency ranges in control mice, but no measurable effects in Ts65Dn 

mice.  

 

Diazepam-induced changes in neural synchrony are significantly 

different between control and Ts65Dn mice. Phase synchronization plays an 

important role in supporting neural communication and plasticity either within the 

same or across brain regions 29. To determine whether diazepam affects phase 

synchronization between neural oscillations, we calculated the instantaneous phase 

of cortical and hippocampal EEG recordings through Hilbert transform, and then we 

estimated the distribution of phase-difference between these pairs of signals across 

0.5 to 50 Hz frequency range. We found that control and Ts65Dn mice showed 

similar phase-lag distributions during baseline recordings (P = 0.052, KS test with 
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Bonferroni-adjusted P-value; Fig. 3a), with phase differences clustered around zero 

in both genotypes. In contrast, 1 mg/kg diazepam changed probability density 

functions of the phase difference between cortical and hippocampal EEG recordings 

in a genotype-dependent manner. Whereas the peak of phase-difference distribution 

became narrower as the number of phase-lag estimates close to zero increased in 

diazepam-treated control mice, phase lag distributions occurred with approximately 

equal probability in diazepam-treated Ts65Dn mice (P < 0.0001, KS test with 

Bonferroni-adjusted P-value; Fig. 3b).  

We next estimated spectral coherence to measure the extent to which 

diazepam affects oscillatory coupling between cortical and hippocampal signals and 

to determine how coherent activity is distributed across frequency bins. Pairwise 

coherence in the beta-2 frequency range (19.40-23.20 Hz) was significantly 

increased by 1 mg/kg diazepam in control mice (Fig. 3c), whereas diazepam-treated 

Ts65Dn mice showed no significant changes in coherent activity compared to their 

pre-injection baseline (Fig. 3d). Significant differences in pairwise coherence at 

20.60-23.40 Hz and 43.20-44.60 Hz frequency ranges were detected between 

diazepam-treated control and Ts65Dn mice (black asterisks; Fig. 3c). These findings 

show that cortical (and hippocampal) beta-2 frequency oscillations display a 

preferred phase-difference of coupling in diazepam-treated control mice, but not in 

Ts65Dn mice. 

 

Ts65Dn and control mice show similar susceptibility to picrotoxin-

induced seizures. Given that our previous findings did not produce any evidence of 

observable seizures or epileptiform activity induced by GABAAR PAM in Ts65Dn 

mice, we tested the effects of the inhibition of GABAergic transmission by the 

GABAAR antagonist picrotoxin on the seizure susceptibility of Ts65Dn mice. For this 

set of experiments, video-only or video-EEG was recorded from control and Ts65Dn 

mice that were intraperitoneally (i.p.) injected with picrotoxin at 2- (control, N = 14; 

Ts65Dn, N = 15) and 4-mg/kg doses (control, N = 11; Ts65Dn, N = 14; Fig. 4a). 

Then, seizure severity was scored using a modified Racine scale system30, in which 

higher values correspond to more severe seizures and a score of seven indicates 

death. Only fully induced convulsive (motor) seizures (classes 4 to 7) were 
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considered to estimate the latency, which was defined as the time in minutes from 

the administration of picrotoxin to the onset of convulsive seizures. 

The administration of 2 mg/kg picrotoxin evoked convulsive seizures in 

approximately 64% and 47% of control and Ts65Dn mice, respectively (Fig. 4b). In 

contrast, all animals of both genotypes exhibited convulsive seizures when treated 

with 4 mg/kg picrotoxin (Fig. 4b). The administration of picrotoxin also produced a 

dose-dependent effect on the mean values of seizure severity score as revealed by 

two-way ANOVA (F(1, 50) = 30.002, P < 0.0001; Supplementary Table S11). Post hoc 

tests identified a significant increase in the seizure severity score for both control (P = 

0.0035) and Ts65Dn (P < 0.0001) mice treated with 4 mg/kg picrotoxin compared 

with their 2 mg/kg picrotoxin-treated peers (Fig. 4c; Supplementary Table S12). 

Similarly, the mean values of latency were significantly affected by the picrotoxin 

dosage (F(1, 37) = 16.275, P = 0.0003; Supplementary Table S11), which was 

confirmed by post hoc comparisons for the latency to convulsive seizure onset in 

control (P = 0.0089) and Ts65Dn (P = 0.0056) mice treated with 4 mg/kg picrotoxin 

compared with their 2 mg/kg picrotoxin-treated peers (Fig. 4d; Supplementary Table 

S12). We found that 71% of Ts65Dn mice treated with 4 mg/kg picrotoxin died during 

the course of the experiment, in contrast to 55% mortality in controls (Fig. 4e). Such 

difference, however, was not statistically significant (P = 0.2325, Mantel-Cox log-rank 

test).  

 

Diazepam was efficacious in preventing picrotoxin-induced seizures in 

both Ts65Dn and control mice. To investigate a potential genotype dependence of 

diazepam’s protective effect against picrotoxin-induced seizures, we administered 2 

mg/kg picrotoxin i.p. to control (N = 12) and Ts6Dn (N = 15) mice pretreated with 3 

mg/kg of diazepam (30 minutes before the picrotoxin injections). Mouse behavior 

was monitored for 60 minutes following picrotoxin injection for seizure severity 

scoring (Fig. 4f). The anticonvulsant activity of diazepam was considered effective 

when it prevented the occurrence of convulsive seizures (classes 4 to 7). Treatment 

(F(1, 52) = 16.668, P = 0.0002), but not genotype (F(1, 52) = 0.393, P = 0.5333) had a 

significant effect on the mean values of seizure severity score (Supplementary Table 

S11). Post hoc analysis confirmed that the acute pretreatment with 3 mg/kg 

diazepam significantly decreased the severity of seizures induced by the 
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administration of 2 mg/kg picrotoxin in both control (P = 0.0016) and Ts65Dn mice (P 

= 0.0189) compared to the animals that did not receive the pretreatment (Fig. 4g; 

Supplementary Table S12). The incidence of picrotoxin-induced seizures with scores 

4 to 7 in control and Ts65Dn mice was almost completely abolished by pretreatment 

with 3 mg/kg diazepam (only one pretreated mouse of each genotype developed 

convulsive seizures; Fig. 4h). These findings indicated that diazepam was similarly 

effective in reducing picrotoxin-induced seizure severity and susceptibility to 

convulsive seizures in both control and Ts65Dn mice. 

 

GABA and diazepam decrease hippocampal CA1 LTP induced by theta-

burst stimulation (TBS) in control- but not in Ts65Dn-derived slices. Because 

the induction of hippocampal CA1 LTP is also sensitive to GABAergic inhibition 31, 32, 

we tested whether GABA (200 μM) or diazepam (1 and 10 μM) would modulate the 

magnitude of CA1 TBS-induced LTP in Ts65Dn mice. We found that both GABA and 

diazepam (at 1 and 10 μM) significantly decreased the mean levels of LTP in control-

derived hippocampal slices (F(3, 44) = 4.103, P = 0.0119) (Fig. 5a and c), but not in 

Ts65Dn-derived hippocampal slices (F(3, 44) = 0.857, P = 0.8570) (Fig. 5b and d; 

Supplementary Table S6). Fisher’s LSD post hoc analysis confirmed that 200 μM 

GABA (P = 0.0489), 1 μM diazepam (P = 0.0458), and 10 μM diazepam (P = 0.0011) 

significantly decreased the mean levels of LTP in control-derived hippocampal slices 

(Fig. 5c; Supplementary Table S7). 

We then normalized data to untreated genotype-specific levels as an 

alternative way to investigate genotype-dependent effects of GABA or diazepam on 

TBS-induced LTP in Ts65Dn and control mice. Two-way ANOVA revealed that 

genotype (F(1, 88) = 10.987, P = 0.0013), but not treatment (F(3, 88) = 1.494, P = 

0.2217), had significant effects on the mean levels of LTP. No significant interaction 

was found between genotype and treatment (F(3, 88) = 1.314, P = 0.2750; 

Supplementary Table S8). Post hoc analysis confirmed that control-derived 

hippocampal slices showed relatively greater inhibition to LTP by 200 μM GABA (P = 

0.0211) and diazepam at 10 μM (P = 0.0145) compared with Ts65Dn-derived 

hippocampal slices (Fig. 5e; Supplementary Table S9). These findings show that 

TBS-induced LTP is not sensitive to GABAergic modulation by either GABA or 

diazepam in Ts65Dn-derived hippocampal slices. 
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Ts65Dn and control mice show differential sensitivity to diazepam 

modulation of anxiety-like behavioral responses. We used an EPM behavioral 

protocol to address how acute treatment with diazepam modulates anxiety-like 

responses in Ts65Dn mouse model. Control and Ts65Dn mice (8–12 weeks old) 

received either diazepam (control, N = 16; Ts65Dn, N = 14) at an anxiolytic but not 

sedative dose (1 mg/kg 33) or vehicle (saline; control, N = 16; Ts65Dn, N = 14) 30 min 

before testing in the EPM (Fig. 6a). Then, both standard parameters of 

spatiotemporal distribution patterns of exploratory activity across the maze (Fig. 6b) 

and ethological measures (which are used to assess a range of specific behaviors 

related to the murine defensive repertoire) were determined. 

We found that treatment with diazepam (F(1, 56) = 6.123, P = 0.0164), but not 

genotype (F(1, 56) = 3.935, P = 0.0522), had significant effects on the mean values of 

open arm entries. No significant interaction was found between genotype and 

treatment (F(1, 56) = 1.065, P = 0.3066; Supplementary Table S13). Post hoc test 

revealed that diazepam-treated control mice entered open arms more frequently than 

vehicle-treated control mice (P = 0.0130; Fig. 6c; Supplementary Table S14). Similar 

results were observed for the analysis of percentage of time spent in open arms, 

which resulted in significant dependence on treatment (F(1, 56) = 10.124, P = 0.0024), 

but not on genotype (F(1, 56) = 2.337, P = 0.1319). Again, no significant interaction 

between genotype and treatment was found (F(1, 56) = 0.290, P = 0.5921; 

Supplementary Table S13). Post hoc tests showed that the percentage of time spent 

in open arms was significantly higher for diazepam-treated control mice than for 

vehicle-treated control mice (P = 0.0086; Fig. 6d; Supplementary Table S14). Finally, 

analysis of total arms entries showed a significant dependence on treatment (F(1, 56) = 

5.947, P = 0.0179), but not on genotype (F(1, 56) = 1.412, P = 0.2397). No significant 

interaction was found between genotype and treatment (F(1, 56) = 0.553, P = 0.4600; 

Supplementary Table S13). Post hoc comparisons showed that total arms entries 

were almost two times as high for diazepam-treated control mice as for vehicle-

treated control mice (P = 0.0235; Fig. 6e; Supplementary Table S14). Data on 

treatment effects on the mean values of closed arm entries can be found in 

Supplementary Fig. S5 and Supplementary Table S13. These findings show that 

diazepam abolished the preference shown by saline-treated control mice for 
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protected areas of the EPM, which is supported by the significant increase in the 

number of open arm entries and time spent in open arms without affecting the 

number of closed arm entries and time spent in closed arms. However, Ts65Dn mice 

treated with diazepam did not differentiate between areas of the EPM. 

We then scored ethological patterns of response as a means to assess 

behavioral strategies (i.e. risk assessment behaviors) expressed by mice when 

dealing with stressful situations. First, we assessed the frequency of stretched attend 

posture (SAP), which is characterized by a forward elongation of the animal’s body 

followed by a retraction to its original position. SAP was differentiated as protected 

(i.e., occurring on/from the closed arms or central platform) or unprotected (occurring 

on/from the open arms). Two-way ANOVA showed that treatment (F(1, 56) = 6.955, P = 

0.0108), but not genotype (F(1, 56) = 0.551, P = 0.4611), had significant effects on the 

percentage of protected SAP [(protected/total) x 100]. A significant interaction was 

found between genotype and treatment (F(1, 56) = 5.104, P = 0.0278; Supplementary 

Table S13). Post hoc tests revealed that vehicle-treated Ts65Dn mice had 

significantly less protected SAP than vehicle-treated control mice (P = 0.0383; Fig. 

6e). Treatment with diazepam significantly decreased protected SAP in control mice 

when compared to vehicle-treated control mice (P = 0.0007; Fig. 6e; Supplementary 

Table S14). Regarding the percentage of unprotected SAP [(unprotected/total) x 

100], analysis showed that treatment (F(1, 56) = 7.253, P = 0.0093), but not genotype 

(F(1, 56) = 0.071, P = 0.7903), had significant effects on this parameter. No significant 

interaction was found between genotype and treatment (F(1, 56) = 1.721, P = 0.1949; 

Supplementary Table S13). Post hoc tests showed that the percentage of 

unprotected SAP was significantly higher for diazepam-treated control mice than for 

vehicle-treated control mice (P = 0.0049; Fig. 6f; Supplementary Table S14). 

Next, we assessed the frequency of head-dipping (HD), which consists of an 

exploratory movement wherein the mouse projects its head/shoulders over the sides 

of the open arms and down towards the floor. As SAP, HD was also differentiated as 

protected or unprotected. Both genotype (F(1, 56) = 4.121, P = 0.0471) and treatment 

(F(1, 56) = 18.087, P = 0.0001) had significant effects on the percentage of protected 

HD [(protected/total) x 100]. No significant interaction was found between genotype 

and treatment (F(1, 56) = 1.058, P = 0.3082; Supplementary Table S13). Post hoc tests 

confirmed that vehicle-treated control mice performed protected HD most frequently 
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than vehicle-treated Ts65Dn mice (P = 0.0349) and diazepam-treated control mice (P 

= 0.0003; Fig. 6g). Vehicle-treated Ts65Dn mice performed protected HD most 

frequently than diazepam-treated Ts65Dn mice (P = 0.0314; Fig. 6g; Supplementary 

Table S14). Regarding the percentage of unprotected HD [(unprotected/total) x 100], 

treatment (F(1, 56) = 17.866, P = 0.0001), but not genotype (F(1, 56) = 1.214, P = 

0.2752), had significant effects on this parameter. No significant interaction was 

found between genotype and treatment (F(1, 56) = 1.045, P = 0.3111; Supplementary 

Table S13). Post hoc tests showed that the percentage of unprotected HD was 

significantly higher for diazepam-treated control (P = 0.0003) and Ts65Dn mice (P = 

0.0324; Fig. 6h; Supplementary Table S14) than for vehicle-treated mice of the same 

genotype. These findings indicated that diazepam-treated control and Ts65Dn mice 

exhibited a similar pattern of exploratory behavior, but vehicle-treated Ts65Dn mice 

appeared “less fearful” or “distressed” than vehicle-treated control mice when 

exposed to EPM. (Analyses on frequency of closed arm returns and grooming time 

can be found in Supplementary Fig. S5 and Supplementary Table S13 and S14). 

 

Discussion  

In this study, we investigated the effects of diazepam on brain activity, synaptic 

plasticity, and behavior in Ts65Dn and control euploid mice and found distinct, 

genotype-dependent drug responses. When compared to control animals, we found 

that diazepam neither increased beta-2 activity nor decreased the power of gamma 

and beta-1 oscillations in Ts65Dn mice. Although we observed slowing effects of 

diazepam on delta oscillations in both control and Ts65Dn mice, a similar effect on 

frequencies within the theta range was only found in control mice. Our findings also 

revealed that diazepam modulated the dynamics of phase relationships between 

brain areas in a genotype-dependent manner, with increased phase synchronization 

between oscillatory activities in control mice and opposite effects in Ts65Dn mice. In 

a separate set of experiments, we found that diazepam was effective in reducing 

seizure susceptibility and severity to picrotoxin-induced convulsive seizures in both 

control and Ts65Dn mice. Differences in diazepam effects were observed in the 

magnitude of CA1 TBS-induced LTP, which was depressed by diazepam in control- 

but not in Ts65Dn-derived slices. Finally, we observed genotype-dependent 

differences in sensitivity to the modulation of anxiety-like responses by diazepam. 
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Together, these findings highlight the complex interplay between the modulation of 

GABAAR-mediated signaling in electrophysiological and behavioral outcomes in 

Ts65Dn mice.  

The finding that control mice treated with 1 mg/kg diazepam showed a 30% 

increase in beta-2 activity compared to its EEG baseline recording is consistent with 

previous findings from several preclinical and clinical studies23, 24, 25, 26, 34, 35, 36. 

However, no evidence of diazepam-induced increase in EEG beta-band power was 

found in Ts65Dn mice. The specific reasons for this genotype-dependent difference 

are yet to be determined, but we know that the beta rhythm is closely tied to the 

coupling of excitatory and inhibitory cells in cortical tissue37. Given previous evidence 

on abnormalities in synaptic structure and function in Ts65Dn mice, we speculate 

that the beta-related electrophysiological phenotype displayed by diazepam-treated 

Ts65Dn mice may, at least in part, reflect abnormalities in reciprocally connected 

networks of inhibitory GABAergic interneurons in cortical areas of Ts65Dn mice.  

The generation of gamma oscillations depends on neural synchronization 

either by mutual inhibition between interneurons or by the excitatory-inhibitory loop38. 

In both models, inhibition is mediated by GABAAR38. Previous studies showed that 

diazepam appears to modulate both the amplitude and frequency of gamma 

oscillations39, but not to disrupt their synchrony or rhythmicity 40. Given that the 

modulation of GABAAR-mediated synaptic inhibition can control gamma-band 

rhythmogenesis38, 39, we hypothesize that the lack of diazepam effect on the 

modulation of gamma/beta-1 activity may be associated with an impairment of such 

rhythmicity control mechanisms in Ts65Dn mice. This is consistent with recent 

findings reporting that spontaneous network oscillations (UP states) were significantly 

shorter and less frequent in the neocortex of Ts65Dn mice41. The dynamics of these 

spontaneous patterns of massive, persistent network activity reflect a complex, 

stereotypically organized sequential spread of activation through local cortical 

networks42 in which fast-spiking GABAergic interneurons expressing parvalbumin 

(PV+ cells) and deep pyramidal cells play a critical role43, 44, 45. The density of PV+ 

cells across multiple cortical layers was found to be increased in Ts65Dn mice by 

some investigators 46, 47. However, Zorrilla de San Martin and collaborators 48 

reported that perisomatic inhibition from PV+ interneurons was unaltered in Ts65Dn 

mice. Instead, these investigators observed that these cells lost their classical fast-
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spiking phenotype and exhibited increased excitability. In either one of these 

scenarios, it is possible that an altered pattern of organization of excitatory and 

inhibitory cell assemblies in Ts65Dn vs. control euploid mice may account for the 

genotype-dependent differences in cortical network dynamics observed after 

diazepam treatment.  

Disruption of excitation and inhibition balance (E/I balance), which is critically 

involved in the stability of network dynamics 38, has been reported in Ts65Dn mice 

and inferred in persons with DS 49. Recent findings showing a delayed GABA polarity 

switch in the hippocampus of neonatal Ts65Dn mice suggest developmental delays 

in maturation of neural circuits of these animals, which in turn may contribute to the 

disruption of E/I balance towards inhibition in adult Ts65Dn mice 50. In addition, 

Zorrilla de San Martin et al. 48 reported that the dendritic inhibitory loop involving 

excitatory pyramidal neurons and Martinotti cells (which are somatostatin-positive 

interneurons that inhibit distal dendrites of excitatory pyramidal neurons) is enhanced 

in Ts65Dn mice 48. Since α5-containing GABAAR mediate synaptic inhibition of 

pyramidal cell dendrites by Martinotti cells 51, these findings may support previous 

evidence on the rescue of learning/memory deficits and synaptic plasticity deficits in 

Ts65Dn mice by negative allosteric modulators (NAMs) of these receptors 52, 53, 54, 55. 

Our findings also revealed that diazepam differently modulates phase relationships 

between brain areas in control and Ts65Dn mice. We found that diazepam-treated 

control mice showed a narrower distribution of phase differences when compared to 

diazepam-treated Ts65Dn mice, which suggests that diazepam increased phase 

synchronization between oscillatory activities of cortex and hippocampus in control 

mice, while it had an opposite effect in trisomic animals. We also observed a greater 

consistency of the phase difference (i.e., a higher coherence) between cortical and 

hippocampal oscillations in the beta-2 frequency range of diazepam-treated control 

mice compared to diazepam-treated Ts65Dn mice.  

Brain oscillations at different frequencies can interact with each other via 

cross-frequency coupling 56, 57. Previous findings showed that, although diazepam 

changed the frequencies in which cross-frequency coupling occurs due to its slowing 

effect on frequencies, the strength of phase-amplitude coupling between slow and 

fast oscillations was unaffected by the drug 58. Although we did not directly assess 

the properties of the phase–amplitude coupling between theta and gamma 
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oscillations, we did see modulatory effects of 1 mg/kg diazepam on theta frequencies 

and gamma power in control mice, but not in Ts65Dn mice. We thus speculate that 

the GABAAR-mediated mechanisms underlying the coordination of oscillatory activity 

across cell assemblies are impaired in Ts65Dn mice brain, which is consistent with 

recent evidence suggesting abnormal prefrontal–hippocampal functional connectivity 

across different brain states in Ts65Dn mice 59.  

The administration of picrotoxin induced a dose-dependent increase in seizure 

severity and a decrease in latency to convulsive seizure onset in both control and 

Ts65Dn mice. Acute pretreatment with 3 mg/kg diazepam, however, significantly 

decreased seizure severity as well as the incidence of seizures with scores 4 to 7 

similarly in mice of both genotypes, which demonstrates that diazepam was typically 

effective in reducing Ts65Dn mice susceptibility to picrotoxin-induced seizures.  

The strength of GABAergic transmission has been shown to modulate 

plasticity at excitatory synapses on principal cells, which is a key mechanism 

underlying learning and memory encoding. We and others had previously shown that 

reduced levels of LTP in the hippocampus of Ts65Dn mice can be pharmacologically 

enhanced by the antagonism of GABAA-mediated synaptic inhibition with picrotoxin11, 

12, 13, 14. Here, we found that diazepam produced a significant depression in the mean 

level of TBS-induced LTP in control- but not in Ts65Dn-derived slices at 1 and 10 μM. 

Similar results were observed when control- and Ts65Dn-derived hippocampal slices 

were treated with 200 μM GABA. Together, these results extend previous findings on 

the role of GABAA-R in neuroplasticity dysfunction observed in Ts65Dn mice. In fact, 

they underscore the high-level of complexity of GABAA-mediated signaling in such 

animals since GABAAR appears sensitive to inhibition by picrotoxin, but less sensitive 

to diazepam-mediated modulation. Diazepam acts specifically through GABAAR 

containing α1, α2, α3 or α5, but not α4 or α6 subunit types, whereas picrotoxin exerts 

a noncompetitive inhibition via any combination of subunit subtypes. Therefore, the 

pattern of subunit arrangement of GABAAR, as well as their synaptic localization, 

might account for the pharmacological genotype-dependent differences in LTP levels 

displayed by control- and Ts65Dn-derived slices when treated with picrotoxin and 

diazepam. This is especially interesting in light of findings that NAMs of α5-containing 

GABAAR can enhance induction of LTP in Ts65Dn mice, as well as improve mouse 
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behavioral performance without causing anxiogenic side effects or seizures 52, 53, 54, 

55.  

Given the crucial role of GABAergic function in modulating anxiety responses, 

an additional goal of this study was to investigate both anxiety-related behavioral 

differences between Ts65Dn and control mice in EPM exploration and the effects of 

diazepam treatment. To this end, both standard and ethological parameters were 

considered. In the first set of analyses, similar spatiotemporal patterns of exploratory 

activity were found between vehicle-treated groups. Both Ts65Dn and control mice 

preferred closed over open arms, which is consistent with the natural tendency of 

mice to avoid open areas in favor of enclosed spaces60. The ethological approach, 

however, allowed us to detect significant differences between defensive elements 

displayed by trisomic and euploid mice during EPM testing. For instance, Ts65Dn 

mice exhibited a relatively lower percentage of protected movements of SAP and HD. 

In addition, trisomic mice turned back into (rather than leaving) a closed arm less 

often than controls. Together, these results suggest that the differences observed in 

behavioral responses of Ts65Dn mice may stem from a lower level of anxiety when 

faced with approach-avoidance conflicts compared to the control mice. Alternatively, 

these behavioral responses of Ts65Dn mice may simply reflect a failure of this animal 

in recognizing, attending to, or interpreting environmental cues appropriately61. It is 

also possible that Ts65Dn mice have a decreased ability to recognize the 

aversiveness represented by the environmental context of the EPM, which may 

reflect deficits in executive function 62, 63, 64, 65.  

Genotype-dependent differences in sensitivity to the anxiolytic properties of 

diazepam were also detected by EPM testing. Diazepam produced a significant 

increase in both time spent and number of entries into the open arms in control mice, 

while it had no major effects on spatiotemporal patterns of exploratory activity in 

Ts65Dn mice. We also observed that diazepam reduced risk assessment behaviors 

in both control and Ts65Dn mice. Considering the absence of a significant diazepam 

effect on percentage time and number of open arm entries in Ts65Dn mice, and the 

fact that risk assessment behaviors are very sensitive to anxiolytic drugs66, our 

findings suggest that diazepam may have induced a more subtle anxiolytic effect in 

Ts65Dn mice compared to control mice.  
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We cannot ignore the potential for genotype-dependent differences in 

pharmacokinetics and/or pharmacodynamics of diazepam effects. For instance, 

given diazepam’s high lipophilicity67, genotype-dependent differences in body 

composition may also affect drug distribution and rate of blood-brain barrier 

penetration. It is also possible that regional differences in GABAAR subunit 

composition between Ts65Dn and control mice may contribute to the differential 

profile of responses displayed by animals of these two genotypes.  

Many questions remain about the precise mechanisms behind the genotype-

dependent differences in responses to diazepam documented in the present work, 

but it is clear that our findings do not support a global reversal of GABAAR responses 

from inhibitory to excitatory in the Ts65Dn mouse model of DS. Not only diazepam 

did not produce seizures in Ts65Dn mice, but, in agreement with clinical observations 

in patients with DS, it was similarly effective in reducing susceptibility and severity of 

picrotoxin-induced convulsive seizures in Ts65Dn and control euploid mice. Although 

it is still possible that Cl− homeostasis may be altered in limited brain regions of 

Ts65Dn mice, we should note that none the results of the present work, including in 

vitro work on hippocampal slices, support this notion.  

The dysfunctional GABAAR–mediated neurotransmission phenotypes reported 

here should prove useful in enhancing our understanding of some of the neural 

substrates for the cognitive deficits observed in persons with DS. Furthermore, these 

findings also provide preclinical support for the use of EEG techniques for monitoring 

therapeutic responses in patients with DS. For example, the validation of specific 

EEG biomarkers of brain functioning may prove helpful in discriminating between 

potentially effective and dead-end pathways on the road toward improved clinical 

care of patients with DS with or without neurological and/or psychiatric co-morbidities.  

 

Methods 

Mice. All experimental procedures were approved by the Institutional Animal 

Care and Use Committee (IACUC) at Case Western Reserve University (CWRU) and 

were carried out in compliance with the ARRIVE guidelines and in accordance with 

the Guide for the Care and Use of Laboratory Animals (National Institutes of Health, 

2011). Ts65Dn mice were generated by in-house repeated backcrossing of Ts65Dn 

females (obtained from The Jackson Laboratory, Bar Harbor, ME) with 
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B6EiC3Sn.BLiAF1/J hybrid male mice (C57BL/6JEiJ females x C3Sn.BLiA-

Pde6b+/Dn males, also purchased from The Jackson Laboratory). The colony was 

maintained in a controlled 12:12 light/dark cycle (lights off at 6:00 p.m.) in the Animal 

Resource Center at CWRU. Animals were provided with food and water ad libitum. 

Ts65Dn mice were genotyped using polymerase chain reaction (PCR)68. Euploid 

littermates of Ts65Dn mice were used as control mice. 

 

Electrode preparation. Three bare silver wires (127 μm diameter; A-M 

Systems, Inc., Carlsborg, WA, USA) and two formvar-insulated nichrome wires (66 

μm diameter; A-M Systems, Inc., Carlsborg, WA, USA) were soldered into separate 

channels of an eight-channel headstage (Plexon Inc., Dallas, TX, USA). Two silver 

wires were used as recording electrodes, while the other one was used as reference 

electrode. The bipolar electrode was made by twisting the nichrome wires around 

each other.  

 

Surgical procedure for electrode implantation. Mouse survival surgeries 

were performed using aseptic techniques. Control (N=6) and Ts65Dn (N=7; 13–20 

weeks old) male mice were anesthetized with ketamine and xylazine (95 mg/kg and 5 

mg/kg, respectively, as a single intraperitoneal (i.p.) injection of 6.25 ml/kg), and then 

placed in the stereotaxic apparatus (Model 1900 Stereotaxic Alignment System, 

David Kopf Instruments, Tujunga, CA, USA). Body temperature was maintained at 

approximately 37°C using a thermal pad. After fixing the mouse’s head, the scalp 

was locally anesthetized with 2% lidocaine hydrochloride subcutaneous (s.c.) 

injection and the skull was exposed by a small midline incision. Hydrogen peroxide-

soaked cotton swabs were used for removing any remaining connective tissue on the 

skull surface. Two small craniotomies (~0.5 mm diameter) were drilled on both sides 

of the frontal cortex (anterioposterior AP: +1.5 mm, mediolateral ML: ±1.5 mm)69 for 

screw fixation. One more craniotomy was performed above the parietal cortex for 

positioning the bipolar electrode into the left hippocampal CA1 area (AP: -2.3 mm, 

ML: -1.7 mm; and dorsoventral DV: -1.2 mm)69. The reference screw was placed 

above the contralateral parietal cortex. The stainless steel screws and the exposed 

skull were covered by Teets 'Cold Cure' dental cement (A-M Systems, Inc., 

Carlsborg, WA, USA). Carprofen (5mg/kg, s.c. injection) was used 
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for preemptive analgesia and within 24 h following surgery. Animals were singly 

housed after surgery and allowed to recover at least one week before being 

submitted to video-EEG monitoring. 

 

Drug treatments. Diazepam was purchased from Hospira, Inc. (5 mg/ml; Lake 

Forest, IL, USA) and was diluted to 0.16, 0.48, and 1.6 mg/ml with 0.9% saline 

solution prior to administration. This diazepam formulation contains 40% propylene 

glycol, 10% alcohol, 5% sodium benzoate and benzoic acid added as buffers, and 

1.5% benzyl alcohol added as a preservative. Diazepam was administered i.p. to 

mice in a volume of 6.25 ml/kg body weight. The dose-response relationships for 

diazepam in Ts65Dn mice were evaluated following single administration of 1-, 3-, 

and 10- mg/kg doses. The rationale for choosing these doses was based on previous 

findings showing that 1 mg/kg diazepam was effective in reducing anxiety-like 

behaviors33, whereas 3 mg/kg diazepam was effective against seizures70. Finally, 10 

mg/kg diazepam is a behaviorally disruptive dose, wherein treated-animals showed 

gait abnormalities, hypoactivity, and reduced muscle tone71. For these in vivo 

experiments, 0.9% saline solution was used as the placebo, which obviated the use 

of three separate vehicle-treated groups. There were three main reasons supporting 

this choice of vehicle in the placebo group.  First, the v/v % of saline vs. the Hospira 

diazepam formulation was 97, 90, and 68 for 1-, 3-, and 10-mg/kg doses, 

respectively, which means that saline solution was the most representative 

constituent of the injections (mainly at the key doses of 1- and 3-mg/kg). Second, the 

corresponding dose of ethanol (perhaps the most potentially problematic vehicle 

component) in this formulation as used here were equivalent to 0.016, 0.048, and 

0.158 g/kg for 1-, 3-, and 10-mg/kg diazepam doses, respectively. This means that, 

even at the maximum diazepam dose, the amount of ethanol in the Hospira 

formulation is well below any minimum ethanol dose in the literature necessary to 

produce detectable behavioral effects. Third, and most important, the Hospira 

formulation is a veterinarian-grade drug that is identical to the diazepam injections 

that have been used in human beings at emergency rooms across the globe for 

decades, and the effects of such clinical formulations have always been attributed to 

diazepam and not to any of its vehicle components. Still, one cannot totally discount 

the very small possibility that the lack of identical chemical contents in the vehicle-
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treated group could have a minor effect on the interpretation of diazepam effects vis-

à-vis the placebo group in this subset of experiments.  

Picrotoxin was purchased from Sigma-Aldrich (St. Louis, MO, USA) and was 

diluted to 0.32 and 0.64 mg/ml with 0.9% saline solution prior to administration. 

Picrotoxin was administered i.p. to mice as individual single doses of 2 and 4 mg/kg 

in a volume of 6.25 ml/kg body weight. Individual mice were subjected to all 

experimental conditions with inter-injection intervals of at least 24 h.  

 

Video and Video-EEG recordings. To determine the behavioral effects of 

diazepam on Ts65Dn (N = 15) and control (N = 14) mice (13–20 weeks old), video 

recordings were performed in freely moving mice acutely treated with 1, 3, or 10 

mg/kg diazepam (i.p.). Subsets of Ts65Dn (N = 7) and control (N = 6) animals were 

previously chronically implanted with EEG electrodes to record brain electrical activity 

during these video recording sessions. A webcam (C920 HD Pro Webcam, Logitech, 

Newark, CA, USA) was placed above the recording chamber for continuous 

monitoring of mouse behavior. For the video-EEG subset of animals, on the day of 

the experiment, mouse head mount was connected to the recording apparatus 

(OmniPlex Neural Recording Data Acquisition System, Plexon Inc., Dallas, TX, USA) 

by an interface cable. Such cable was attached to a commutator, which allowed mice 

to move freely in the recording chamber. After 30 minutes of recording of baseline 

activity, mice were i.p. injected with one of the following: (1) 1 mg/kg diazepam; (2) 3 

mg/kg diazepam; (3) 10 mg/kg diazepam; (4) 2 mg/kg picrotoxin; or (5) 4 mg/kg 

picrotoxin. Each injection was followed by data acquisition for a period of 90 minutes. 

To investigate the efficacy of diazepam in preventing picrotoxin-induced seizures, 

immediately after 30-minutes baseline recording, mice were injected with 3 mg/kg 

diazepam and recordings were continued for another 30 minutes. After that, mice 

received 2 mg/kg picrotoxin and recordings were continued for 60 minutes. The 2-

hour EEG recording sessions were carried out in the light phase of the circadian 

cycle. 

 

EEG data analysis. Local field potentials were acquired at 2-kHz sampling 

rate and band-pass filtered (3 Hz to 500 Hz, four-pole Butterworth filter). The 

adaptive power line noise removal was used to remove 60 Hz and its five first 
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harmonics. Signal processing was carried out off-line by custom-written MATLAB 

codes (The MathWorks Inc., Natick, MA, USA). Multiple artifact-free EEG segments 

within the 30 minutes of baseline recording (prior to diazepam administration) and 

within the 30-min post-dosing period were manually selected for further analysis. We 

specifically focused on this period based on previous findings showing that diazepam 

and its active metabolites achieve maximum concentration in mouse brain within 30 

min after dosing33.   

Power spectral density (PSD) was estimated by Welch's method (window-size: 

5s; window function: Hamming; overlap: 50%). The PSD was calculated for each 

animal of each experimental group and then a mean PSD was estimated per group. 

For the analysis of band power, mean frequency, power of the mean frequency, 

skewness, and kurtosis we partitioned the PSD into the wavebands delta (0.5–4 Hz), 

theta (4–8 Hz), alpha (8–12 Hz), beta 1 (12–15 Hz), beta 2 (15–30 Hz), gamma (30–

50 Hz), and high gamma (50–100 Hz)72. Because we found no significant differences 

between data from left and right cortical derivations, EEG recordings from both 

hemispheres of a given mouse in a given experimental condition were averaged to 

represent that animal in further analysis.  

To determine phase-difference between hippocampal and cortical electrodes, 

raw time series data were band-pass filtered (0.5–50 Hz), and then the instantaneous 

phase was estimated from the complex-valued analytic signal via Hilbert transform in 

each time window. Phase-difference histograms were computed by dividing the 

phase-spectrum (0–360°) into equal-sized 100 bins (3.6°/bin), and the number of 

observed events within each bin was determined in order to quantify its empirical 

probability density function.  

To quantify the strength of the relationship between hippocampal and cortical 

signals within each frequency bin, spectral coherence was determined as a function 

of the PSD by dividing the square of the absolute value of the cross-spectral density 

function of these two signals by the product of the autospectral density function of 

each signal 73. The coherence ranges from 0 to 1, wherein 1 denotes maximum 

coherence and 0 indicates no coherence between signals. The power of each 

waveband was calculated as the area under the power spectrum curve within a 

frequency range of interest and then it was expressed as a ratio of the total power of 

the signal. 
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Field excitatory postsynaptic potential (fEPSP) recordings. Control (N=12) 

and Ts65Dn (N=12; 3–6 months old) male mice were used in these experiments. 

Mice were deeply anesthetized with halothane and rapidly decapitated. Brains were 

then quickly dissected in ice-cold (4ºC), saturated (95% O2/5% CO2) artificial cerebral 

spinal fluid (aCSF) solution containing (in mM): 120 NaCl, 3.5 KCl, 2.5 CaCl2, 1.3 

MgSO4, 1.25 NaH2PO4, 26 NaHCO3, and 10 D-glucose. Slices were cut with a 

vibrating blade microtome (VT 1000s, Leica, Bannockburn, IL) into transverse, 

400 μm thick slices. Hippocampal slices were dissected out and allowed to recover 

for at least an hour at room temperature in a holding chamber containing oxygenated 

aCSF. After this period, hippocampal slices were transferred to the recording 

chamber and superfused with aCSF, aCSF with 200 μM GABA, aCSF with 1 μM 

diazepam, or aCSF with 10 μM diazepam solutions at 30 ± 0.5 °C. 

Stock solutions of GABA 74, 75 (Sigma-Aldrich, St. Louis, MO) were dissolved in 

standard aCSF at 200 mM, stored at −80°C until the day of experiments, and diluted 

1:1000 to a final concentration of 200 μM on the day of experiments. Stock solutions 

of diazepam 76, 77, 78 (Sigma-Aldrich, St. Louis, MO) was first dissolved in standard 

aCSF containing 0.01% DMSO at 1 mM and 10 mM, stored at −80°C until the day of 

experiments, and diluted 1:1000 to a final concentration of 1 μM and 10 μM on the 

day of experiments. In the final aCSF, GABA, and diazepam solutions, there was 

less than 0.001% DMSO. 

To reduce day-to-day variations, parallel recordings from untreated (aCSF 

only) and treated (aCSF containing GABA or diazepam) hippocampal slices of 

control and Ts65Dn mice were performed using a customized electrophysiology 

setup as described previously 12, 13. In all experiments, one hippocampal slice was 

used per genotype per condition. Field excitatory postsynaptic potentials were 

recorded with Ag/AgCl recording electrodes through thin-walled, 1.5 mm, WPI 

borosilicate glass micropipettes filled with aCSF (3–5 MΩ resistance), inserted into 

the CA1 region of the hippocampus. Two fine bipolar platinum/iridium electrodes 

(FHC, Bowdoinham, ME) were positioned on the CA1 Schaffer collateral fibers at 

opposite sides of the recording pipette. Stimulation intensity was adjusted to 40–50% 

of the amplitude that is required to produce population spikes. For all experiments, a 

stable baseline of synaptic transmission was established for 20 minutes prior to the 

induction of LTP. LTP was then induced by theta-burst stimulation (TBS, five bursts 
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of four pulses at 100 Hz, 200 ms intertrain interval) in the CA1 region of Ts65Dn- and 

control-derived hippocampal slices and the fEPSPs were recorded for an additional 

60 minutes. Signals from the recording electrode were amplified 1000 times 

(Brownlee Precision Electrophysiology Amplifier Model 440, San Jose, CA), low-pass 

filtered (8-pole Bessel) at 2 kHz, and digitized at 20 kHz by a Digidata digitizer 

(1322A, Axon Instruments) into a Microsoft Windows-based computer. PCLAMP 

software (PCLAMP 8.2, Axon Instruments) was used for data acquisition and offline 

analysis. Synaptic efficacy was determined by the slope of fEPSPs normalized to the 

mean value of fEPSP slopes recorded prior to the LTP induction. 

 

Elevated plus-maze (EPM) behavioral test. Control (N=32) and Ts65Dn 

(N=28; 8–12 weeks old) male mice were injected with either vehicle (saline) or 1 

mg/kg diazepam (i.p.) 30 minutes before being tested in the EPM. The EPM 

apparatus used here consisted of two sets of opposing arms (30 x 5 cm) connected 

by a central platform (5 x 5 cm). Two of the arms were enclosed by transparent walls 

(15 cm high), while the other two arms were open. The open arms had a 5 mm high 

border to minimize animal falls. The height of the platform was 40 cm, and it was set 

at the center of an empty, circular tank to protect the mouse from falling or attempting 

to escape during the test. Home cages were transferred to the testing room at least 1 

hour prior to the beginning of the test. Each mouse was placed in the central area of 

the maze, facing one of the open arms, and tested for 5 minutes. The test was 

recorded using a digital camera mounted above the apparatus. The ToxTrac 

software79 was used for analyzing spatiotemporal parameters, while ethological 

measures were scored by a trained observer blind to mouse genotype and treatment. 

However, regarding genotype, we know historically in our group that a trained 

observer can visually identify a Ts65Dn mouse from its euploid counterpart with 

approximately 70% accuracy. For drug treatment, one of the lab team members 

(typically the lab PI) prepared the study medication and labeled the vial with a 

randomization code. The experimenter then recorded and analyzed the video 

session without knowledge on whether she was analyzing behavior resulting from 

drug or saline injections. 
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Statistical analysis. Results are presented as mean ± standard error of the 

mean (SEM). MATLAB (The MathWorks, Inc., Natick, MA), Statistica Academic 

(version 13, TIBCO Software, Palo Alto, CA), and GraphPad Prism (version 7.0, 

GraphPad Software, La Jolla, CA) were used for statistical analyses. One-way 

multivariate analysis of variance (MANOVA) was performed to compare means 

between genotypes (control versus Ts65Dn mice) across several dependent 

variables (EEG spectral power across multiple combinations of frequencies between 

0.5 and 50 Hz in 2-Hz steps) at 1, 3, and 10 mg/kg diazepam. One-way MANOVA 

was followed by a canonical discriminant analysis to determine the ability of a set of 

variables (i.e., EEG spectral power across multiple combinations of frequencies) to 

group a sample into clusters (diazepam-treated control and Ts65Dn mice at 1-, 3-, 

and 10 mg/kg doses). Mean values of the first and second canonical variables (Can1 

and Can2, respectively) were compared between groups by one-way analysis of 

variance (ANOVA). Mean values of PSD were compared between baseline and 

diazepam conditions for each dose in each genotype by two-tailed paired t tests. For 

comparisons between genotypes, the mean PSD for the 30-min post-dosing EEG 

segments was divided by the mean PSD for the 30-min baseline-recording EEG 

segments in each experimental condition and then the normalized PSD for each 

diazepam dose was compared between genotypes by two-tailed unpaired t tests. 

Mean values of band power, mean frequency, power of the mean frequency, 

skewness, and kurtosis were compared between baseline and diazepam conditions 

for each dose by repeated measures analysis of variance (RM ANOVA), with 

genotype as categorical factor. We applied the two-sample Kolmogorov-Smirnov 

(KS) test with Bonferroni correction to check for differences between the empirical 

distributions related to cortical and hippocampal EEG phase differences of control 

and Ts65Dn mice. Comparisons of mean levels of TBS-induced LTP in slices from a 

given genotype (control or Ts65Dn mice), subjected to 200 μM GABA, 1 μM 

diazepam, 10 μM diazepam, or aCSF only, were done by a one-way ANOVA. 

Comparisons of mean normalized levels of TBS-induced LTP between genotypes 

(control versus Ts65Dn mice), subjected to 200 μM GABA, 1 μM diazepam, 10 μM 

diazepam, or aCSF only, were performed by two-way ANOVA. Mean values of 

seizure severity score and latency were compared using two-way ANOVA, with 

genotype and treatment as categorical factors. Log-rank (Mantel-Cox) test was used 
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to compare survival between groups. Mean values of spatiotemporal and ethological 

parameters were analyzed by two-way ANOVA, with genotype and treatment as 

categorical factors. Fisher’s least significant difference (LSD) post hoc analysis was 

performed when a genotype or treatment-dependence was detected by RM, one-, or 

two-way ANOVA. Values of P < 0.05 were considered statistically significant. P-

values of < 0.05, 0.01, and 0.001 were represented in the figures by the symbols *, 

**, and ***, respectively. For sake of clarity and brevity, only P values were reported 

in the results section for ANOVA; F-statistics and their associated degrees of 

freedom can be found in Supplementary data. 
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Fig. 1 Diazepam induces significantly different changes on the cortical activity 

spectral profile of control and Ts65Dn mice. a Freely moving mice implanted with 

EEG electrodes were connected through a cable to the recording unit. The 

experiment consisted of a 30-min baseline recording, followed by a 90-min post-

dosing recording, in which mice were acutely treated with 1, 3, or 10 mg/kg diazepam 

(i.p.). b-d Grouped scatter plots of the first two canonical variables for all mice 

analyzed are shown in b, c, and d for 1-, 3-, and 10-mg/kg doses of diazepam, 

respectively. Colored points represent mice and are labelled by cluster group. e Can1 

discriminated the control mice group from the Ts65Dn mice group at 1-, 3-, and 10-

mg/kg doses. f Can2 differentiated control and Ts65Dn mice groups at 1- and 3-

mg/kg doses. g The centroid of control mice group treated with 10 mg/kg diazepam 
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was at the highest level of the dendrogram’s hierarchical tree, whereas the centroids 

of Ts65Dn mice groups treated with 3- and 10-mg/kg doses had the shortest distance 

among all centroids. h-j PSD obtained from baseline and post-dosing recordings 

were compared for each dose in each genotype (black asterisks in upper and middle 

panels represent frequency bins in which significant differences in EEG spectral 

power were observed between baseline and treatment conditions; relative changes 

are expressed as the log2 of the treatment/baseline ratio). Normalized PSD of control 

and Ts65Dn mice for each experimental condition was also compared (lower panels). 

Number of mice: Ct (N = 6) and Ts (N = 7) for all experimental conditions. In e and f, 

data represent mean ± SEM and statistical significance is expressed as ** and *** for 

P < 0.01 and P < 0.001, respectively. In h-j, solid lines represent means and dashed 

lines represent SEM and black asterisks indicate statistical significance (P < 0.05). 
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Fig. 2 Ts65Dn mice show altered beta-band neuronal activity responses when 

compared to control euploid mice. a Diazepam at 1-mg/kg dose significantly 

increased beta-2 band power in control but not in Ts65Dn mice. b Diazepam-treated 

control mice showed an increase in the power of the beta-2 mean frequency 

compared to its baseline condition and diazepam-treated Ts65Dn mice. c Diazepam-

treated control mice also showed a lower beta-1 band power than its baseline 

condition and diazepam-treated Ts65Dn mice. Number of mice: Ct baseline (N = 6), 

Ct 1 mg/kg diazepam (N = 6), Ts baseline (N = 7), and Ts 1 mg/kg diazepam (N = 7). 

Data represent mean ± SEM. Statistical significance is expressed as * and ** for P < 

0.05 and P < 0.01, respectively. 
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Fig. 3 Diazepam-treated Ts65Dn mice show genotype-dependent differences in 

neural synchrony. a, b Histograms of phase differences between cortical and 

hippocampal EEG recordings, which were computed by dividing the phase-spectrum 

(0–360°) into equal-sized 100 bins (3.6°/bin). a Control and Ts65Dn mice showed 

similar phase-lag distributions during baseline recordings. b Diazepam at 1-mg/kg 

dose narrowed the peak of phase-difference distribution in control mice as the 

number of phase-lag estimates close to zero increased, whereas phase lag 

distribution of diazepam-treated Ts65Dn mice exhibited an almost uniform 

distribution. c Diazepam-treated control mice showed an increase in the pairwise 

coherence in the beta-2 frequency range (19.40-23.20 Hz; grey asterisks) compared 

to their pre-injection baseline. d Diazepam-treated Ts65Dn mice showed no 

significant changes in coherent activity compared to their pre-injection baseline. 

Significant differences in pairwise coherence at 20.60-23.40 Hz and 43.20-44.60 Hz 

frequency ranges were detected between diazepam-treated control and Ts65Dn 

mice (black asterisks in c). Number of mice: Ct baseline (N = 6), Ct 1 mg/kg 

diazepam (N = 6), Ts baseline (N = 7), and Ts 1 mg/kg diazepam (N = 7). 
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Fig. 4 Ts65Dn and control mice display a similar dose-dependent susceptibility 

to picrotoxin-induced seizures, which can be effectively prevented by 

diazepam. a Video-EEG was recorded from control and Ts65Dn mice that were i.p. 

injected with picrotoxin at 2- (control, N = 14; Ts65Dn, N = 15) and 4-mg/kg doses 

(control, N = 11; Ts65Dn, N = 14). The experiment consisted of a 30-min baseline 

recording, followed by a 90-min post-dosing recording. b The administration of 2 

mg/kg picrotoxin evoked convulsive seizures (CS) in approximately 64% and 47% of 

control and Ts65Dn mice, respectively. All mice of both genotypes exhibited CS 

when treated with 4 mg/kg picrotoxin. c, d Picrotoxin produced a dose-dependent 

effect on seizure severity score (c) and latency for CS onset (d) in both control and 

Ts65Dn mice, the highest dosage of picrotoxin (4 mg/kg) induced more severe 

seizures within a shorter period of time. e Survival curves for control and Ts65Dn 

mice treated with 4 mg/kg picrotoxin were not significantly different. f We then acutely 

pretreated control and Ts65Dn mice with 3 mg/kg diazepam (i.p.) before seizure-

induction by 2 mg/kg picrotoxin. The experiment consisted of a 30-min baseline 

recording, followed by a 30-min post-dosing recording immediately after mice 

received an i.p. injection of 3 mg/kg diazepam. Mice were then injected with 2 mg/kg 
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picrotoxin (i.p.) and recordings continued for an additional 60 min. g Both control and 

Ts65Dn pretreated with 3 mg/kg diazepam (PT) showed a decrease in the severity of 

picrotoxin-induced seizures compared with their respective non-pretreated peers 

(NPT). h Diazepam at 3-mg/kg dose almost completely prevented the occurrence of 

CS in both control and Ts65Dn mice (only one PT mice of each genotype developed 

CS). Number of mice: Ct 2 mg/kg PTX (N = 14), Ct 4 mg/kg PTX (N = 11), Ct non-

pretreated with 3 mg/kg diazepam (NPT; N = 14), Ct pretreated with 3 mg/kg 

diazepam (PT; N = 12), Ts 2 mg/kg PTX (N = 15), Ts 4 mg/kg PTX (N = 14), Ts non-

pretreated with 3 mg/kg diazepam (NPT; N = 15), and Ts pretreated with 3 mg/kg 

diazepam (PT; N = 15). Data represent mean ± SEM. Statistical significance is 

expressed as *, ** and *** for P < 0.05, P < 0.01, and P < 0.001, respectively. 
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Fig. 5 The magnitude of CA1 TBS-induced LTP is depressed by GABA and 

diazepam in control- but not in Ts65Dn-derived slices. a, b The calculated mean 

fEPSP slopes of TBS-induced LTP for control- (a) and Ts65Dn- (b) derived slices. 

Arrow indicates LTP induction, and representative traces show synaptic response 

during baseline (time 1) and at end of recording (time 2). The magnification of the last 

10 min of recording is also shown. Scale bars represent 1 mV (horizontal) and 10 ms 

(vertical). c, d Summary graph of the LTP data from control- (c) and Ts65D- (d) 

derived slices (mean fEPSP slope during the last 10 min of recording). Both GABA 

and diazepam reduced the mean level of TBS-induced LTP in control-derived slices, 

whereas neither GABA nor diazepam affected the mean level of TBS-induced LTP in 

Ts65Dn-derived slices. e Normalized data show a greater effect of inhibition on LTP 

in control slices at 200 μM GABA and 10 μM diazepam than in those derived from 

Ts65Dn mice. Number of slices (one slice per mouse for each condition): Ct aCSF (N 

= 12), Ct 200 μM GABA (N = 12), Ct 1 μM diazepam (N = 12), Ct 10 μM diazepam (N 

= 12), Ts aCSF (N = 12), Ts 200 μM GABA (N = 12), Ts 1 μM diazepam (N = 12), 
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and Ts 10 μM diazepam (N = 12). Data represent mean ± SEM. Statistical 

significance is expressed as * and ** for P < 0.05 and P < 0.01, respectively. 
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Fig. 6 Ts65Dn mice show altered sensitivity to diazepam modulation of anxiety-

like behavioral responses compared to control euploid mice. a Control and 

Ts65Dn mice were i.p. injected with either diazepam at 1-mg/kg dose (control, N = 

16; Ts65Dn, N = 14) or saline (control, N = 16; Ts65Dn, N = 14) 30 min before testing 

in the EPM. b Representative trial trajectories of saline- and diazepam-treated mice 

exposed to EPM task. c, d Diazepam-treated control mice showed an increase in 

both the number of open arms entries (c) and the percentage of time spent in open 

arms (d) than vehicle-treated control mice. e Diazepam-treated control mice also 

showed an increase in total arms entries than vehicle-treated control mice. 

Regarding ethological parameters, (f) diazepam at 1-mg/kg dose decreased the 

percentage of stretched attend posture (SAP) in control mice compared with vehicle-

treated control mice. Vehicle-treated Ts65Dn mice had significantly less protected 

SAP than vehicle-treated control mice. g Diazepam-treated control mice showed an 

increase in the percentage of unprotected SAP in control mice than vehicle-treated 

control mice. h Diazepam at 1-mg/kg dose also decreased the percentage of head-

dipping (HD) in both control and Ts65Dn mice compared with their respective 

vehicle-treated peers. Vehicle-treated Ts65Dn mice had lesser protected HD than 

vehicle-treated control mice. i Both control and Ts65Dn mice treated with 1 mg/kg 

diazepam showed an increase in the percentage of unprotected HD compared with 
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their respective vehicle-treated peers. Number of mice: Ct baseline (N = 16), Ct 1 

mg/kg diazepam (N = 16), Ts baseline (N = 14), and Ts 1 mg/kg diazepam (N = 14). 

Data represent mean ± SEM. Statistical significance is expressed as *, ** and *** for 

P < 0.05, P < 0.01, and P < 0.001, respectively. 
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Abstract 

Cross-frequency coupling (CFC) mechanisms, such as phase–amplitude 

coupling (PAC), play a central role in brain activity. Pathophysiological mechanisms 

leading to many brain disorders, such as Alzheimer’s disease (AD), may produce 

unique patterns of brain activity that can be readily detected by 

electroencephalography (EEG). Identifying biomarkers for AD diagnosis is an 

ambition among research teams in Down syndrome (DS) given the increased 

susceptibility of DS people to develop early-onset AD (DS-AD). Here, we review 

accumulating evidence that altered theta-gamma PAC may be one of the earliest 

EEG signatures of AD, and therefore may represent a potential biomarker of 

cognitive decline. We also provide evidence of impaired theta-gamma PAC in the 

Ts65Dn mouse model of DS, and outline that this research field could provide 

opportunities for identifying EEG-based biomarkers with diagnostic and prognostic 

utility in DS-AD. 
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Introduction 

Brain function and cognition rely on the precise coordination of neural activity 

within and across brain areas. The spatiotemporal pattern of neural activity is 

dynamically modulated according to cognitive demands. Yet, how neural networks 

achieve this precise coordination is part of a long-standing debate in neuroscience, 

and indeed much remains to be understood about how brain function emerges from 

different patterns of neuronal communication in both health and disease.  

Cross-frequency coupling (CFC) mechanisms support the dynamic modulation 

of neural activity by allowing rhythms in different frequency bands to interact [1,2]. 

Gamma amplitude modulation by theta phase, which is the most-studied type of 

phase-amplitude cross-frequency coupling (PAC) mechanism, has been consistently 

associated with multiple cognitive processes [2–6], and functional changes in this 

mechanism have been implicated in the pathophysiology of many brain disorders [7–

9]. For example, it has been suggested that cross-frequency interactions between 

neural oscillations may be impaired in early stages of Alzheimer’s disease (AD) [10–

12], and such changes have also been associated with the progression from mild 

cognitive impairment (MCI) to AD and dementia [13,14]. 

 Individuals with Down syndrome (DS) are at a greater risk of developing early-

onset dementia, which is driven by the near-universal presence of AD-type pathology 

in DS brains by 40 years of age [15,16]. Establishing the natural sequence of 

cognitive decline due to AD has proven challenging in the DS population, especially 

because the extent of premorbid intellectual disability is generally unknown and 

varies substantially among individuals with DS [17,18]. Despite cerebrospinal fluid 

(CSF), plasma, and neuroimaging biomarkers have proven useful in the diagnosis of 

early-onset AD in DS (DS-AD), the potential role of non-invasive 

electroencephalography (EEG)-based biomarkers for detecting DS-AD is 

underexplored. 

Here, we briefly review some of the basic physiological mechanisms 

underlying neural oscillations, and how brain rhythms may dynamically interact with 

each other by CFC mechanisms. We then highlight preclinical and clinical studies 

aimed at investigating the potential use of theta-gamma PAC as a biomarker of 

cognitive decline in AD. By using CFC analysis, we provide evidence that theta-

gamma PAC is impaired in the Ts65Dn mouse model of DS, which mirrors those 
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observed in both animal models and subjects with AD [19–25]. On the basis of these 

findings, we argue that PAC analysis should be considered when evaluating changes 

in brain network dynamics associated with early stages of AD in the DS population. 

Finally, we close by outlining that this line of investigation could potentially provide an 

opportunity for the identification of non-invasive, EEG-based biomarkers with 

diagnostic and prognostic utility in DS-AD. 

 

Network dynamics underlying brain oscillations 

Brain oscillations result from rhythmic fluctuations in the electrophysiological 

activity of single neurons, local assemblies of neurons, and/or several spatially 

distributed neuronal assemblies [26]. One of the major mechanisms underlying the 

generation of oscillatory activity is movements of ionic species across cell 

membranes. These ionic flux dynamics produce voltage fluctuations in membrane 

potential (Vm) between two main states: the hyperpolarized (‘down’) state, wherein 

membrane potentials are typically far from action potential threshold, and the 

depolarized (‘up’) state, wherein the arrival of postsynaptic potentials interrupts 

periods of quiescence [27]. The superposition of ionic currents from all active 

membranes gives rise to field potentials, which can be extracellularly recorded by 

many measurement modalities, such as local field potentials (LFP), 

electrocorticography (ECoG), scalp EEG, and magnetoencephalography (MEG) [28]. 

Field potentials are measured noninvasively by EEG and MEG recordings, whereby 

electrodes and sensors are placed at the scalp and outside the head, respectively. 

On the other hand, ECoG and LFP signals are recorded invasively, and while ECoG 

involves placing electrodes either outside (epidural) or under (subdural) the dura 

mater, LFP involves inserting electrodes into the brain [28]. 

Synchronous activity of neural networks generates rhythmic voltage 

oscillations at multiple frequencies, which are conventionally classified as ultraslow 

(<1 Hz), delta (1-4 Hz), theta (4-8 Hz), alpha (8-12 Hz), beta (12-30 Hz), slow gamma 

(30-80 Hz), fast gamma (80-200 Hz), and ultra-fast gamma (200-600 Hz) oscillations 

[26]. Switches between brain states are underlined by changes in the global pattern 

of neural activity, and these state-dependent changes can be well distinguished by 

electrophysiological recordings [29]. For example, EEG shows low-voltage fast 

activity during awake states, and as an individual falls asleep, the EEG progressively 
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changes into a slow, high-amplitude wave pattern [29]. Dynamic changes in the 

pattern of EEG can also occur in a task-dependent manner. For example, while theta 

oscillations have been associated with spatial navigation and memory [30,31], 

oscillatory activity at gamma frequencies has been found to underlie selective 

attention and information transmission [32,33].  

Timing in neural networks is mainly determined by the activity of gamma-

aminobutyric acid (GABA) inhibitory interneurons [34]. The time-dependent manner 

by which inhibitory activity silences principal neurons allows for a ‘window of 

opportunity’, in which excitatory inputs can sum and reach the threshold for an action 

potential generation. In fact, cyclical variations in neuronal excitability not only affect 

the likelihood of spike output, but also the sensitivity to synaptic inputs [35]. Synaptic 

inputs consistently arriving at the phase of maximum excitability may benefit from 

effective connectivity [35,36]. The mechanism of “communication through coherence” 

suggests that neuronal communication is optimized when activated neuronal groups 

communicate in temporal windows of coherence, i.e., information transmission 

between neuronal groups is facilitate if there is phase synchronization between their 

oscillatory activity [35,36].  

Coherence may reflect coupling between spikes in one region and the LFP 

within either the same or a different region (i.e., spike–field coherence), as well as 

phase relationship between neural oscillations at two different brain regions [35,36]. 

For example, hippocampal gamma-band coherence was found to be increased 

during the encoding of subsequently well recognized stimuli in adult rhesus monkeys 

[37]. Similarly, gamma-band coherence between hippocampal CA3 and CA1 regions 

was found in mice during a delayed spatial alternation task, wherein peak increases 

in coherence were observed when mice approach the maze segment associated with 

memory retrieval [32]. In addition, compelling evidence has shown that changes in 

synchronization of oscillatory activity between neural groups can support flexible 

communication between them (i.e., selective communication through selective 

coherence), wherein synaptic inputs compete with each other for target 

entertainment [36]. These findings suggest dynamic changes in coherence as an 

important mechanism by which neural networks adapt to both internal and external 

environment, as well as to cognitive demands [35,36].  
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While “communication through coherence” contemplates coupling between 

oscillatory activity at the same frequency, more complex patterns of network 

organization can arise from mechanisms by which oscillators across different 

frequency bands can be nested within each other [1,2].  

 

Communication dynamics in brain networks: the role of cross-frequency 

coupling  

Neural oscillations may be hierarchically organized in such a way that the 

phase or amplitude of a slower oscillation can modulate the phase or amplitude of a 

faster oscillation (i.e., brain oscillations may have phase–phase, amplitude–

amplitude, or phase-amplitude interactions) [4,5,38]. These CFC properties allow 

oscillators at different frequencies to interact with each other both locally and across 

brain networks [1,2,30]. 

Cross-frequency coupling has been associated with multiple brain and 

behavioral states. For example, it was found that the amplitude of high frequency 

oscillations was modulated by the phase of ongoing theta rhythm, both within and 

across striatal–hippocampal circuits, and the strength of such CFC interactions 

dynamically changed according to rodent behavioral performance [38]. In addition, 

CFC has also been used to infer direction of communication between brain 

structures, wherein inter-regional CFC is calculated from a pair of brain networks 

forming a driver-receiver relationship [39,40]. More recently, a functional link has 

been suggested between CFC and “communication through coherence” as it was 

found that long-range synchronization at faster frequencies was modulated as a 

function of the phase of slower oscillations, which support a role for CFC in long-

range information transfer by facilitating inter-regional synchronization of faster 

rhythms [41]. 

Coupling between theta phase and gamma amplitude is the best-studied 

mechanism of CFC [2,4]. This mechanism describes the functional (or statistical) 

dependence of the amplitude (or power) of gamma oscillations on the phase of theta 

rhythm (theta-gamma PAC) [2,4,5,42,43]. Theta-gamma PAC was found to be 

associated with memory reprocessing and consolidation during REM sleep [44], as 

well as with working memory [5,45–47] and long-term memory processes [3,48]. The 

initial idea of a phase-dependent mechanism supporting memory performance 
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stemmed from studies showing theta phase-dependent modulation of synaptic 

strength and efficacy by using hippocampal long-term potentiation (LTP) and 

depression (LTD) recordings [49,50]. This notion was further supported by in vitro 

studies showing that high-frequency stimulation (HFS), which consists of multiple 

pulses at 100 Hz repeated in 5 to 7 Hz inter-burst-intervals (i.e., gamma frequency 

stimulation bursts repeated at frequencies in the theta range), effectively induces 

LTP [51,52], as well as by in vivo studies showing that phase-locked high-frequency 

bursts of transcranial magnetic stimulation (TMS) caused a LTP-like increase in 

motorcortical excitability [53,54], 

The strength of phase-to-power interaction between theta and gamma 

oscillations may change upon task demand, and it may also predict behavioral 

performance [55]. For example, the amplitude of low-gamma band became more 

strongly modulated by the theta phase as rodent performance in a learning task 

improves, and the magnitude of theta-gamma coupling was found to predict correct 

choice probability [3]. Scalp-recorded EEG in healthy subjects demonstrated that 

PAC between frontal theta and posterior gamma oscillations was enhanced during 

the encoding of visual stimuli that were subsequently remembered as compared with 

those that were subsequently forgotten [56]. Task-related changes in theta-gamma 

PAC have also been observed in subjects performing a working memory task [5,45–

47], wherein the magnitude of this interaction predicted individuals’ working memory 

performance [46]. 

Given the functional role of theta–gamma PAC in brain activity, a particular 

focus has been given to studying the potential network substrates that give rise to 

oscillatory activity at these frequencies [55]. Mounting evidence underscores the 

importance of GABA-mediated inhibition in the generation of gamma activity [57,58]. 

In the hippocampus, gamma oscillations are generated by two main mechanisms: 

reciprocal interactions within the highly interconnected GABAergic interneuron 

network (interneuron network gamma or ING) and feedback loop between excitatory 

principal neurons and local interneuron networks (pyramidal–interneuron network 

gamma or PING) [59,60]. Among multiple GABA-containing interneuron subtypes, 

fast-spiking, parvalbumin (PV)-expressing basket cells have been considered as an 

important source of gamma oscillations [57,58]. Inhibitory synapses between PV 

basket cells have been found to synchronize electrical activity within this network, 
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whereas PV basket cells establishing perisomatic synapses with principal neurons 

have been found to distribute the synchronized activity within interneuron network to 

principal neuron population [61]. In addition, neuronal firing activity of PV basket cells 

has a high propensity to be phase-locked to theta oscillations in both hippocampus 

[62] and cortex [63]. Importantly, findings from studies using genetically modified 

mice suggest that synaptic inhibition onto PV basket cells plays a role in regulating 

theta–gamma PAC interactions [64]. 

Both cholinergic and GABAergic inputs from the medial septal nucleus (MS) 

contribute to hippocampal theta rhythm generation [48,65–67]. In fact, temporal 

control by fast synaptic GABAergic inhibition has been shown to play a role in the 

regulation of hippocampal theta rhythm, as well as in theta-gamma PAC 

[31,57,59,68]. Optogenetic silencing of PV basket cells affected spike theta-phase 

preference of pyramidal cell firing in hippocampal CA1 area [69]. Infusions of 

muscimol (a potent GABAA receptor agonist) into MS also affected theta-gamma 

PAC and reduced the probability of successful memory retrieval [48]. In addition, 

theta-band oscillatory activity in the hippocampus can also be generated by intrinsic 

mechanisms as previously showed by studies involving hippocampal slices and 

isolated rat hippocampus [70,71].  

In summary, growing evidence suggests that theta-gamma PAC supports the 

modulation of brain networks involved in a variety of cognitive processes, and thus 

may be considered as a neurophysiological marker in humans. In fact, there has 

been an increasing interest in the study of theta-gamma PAC as a potential index in 

neurological and psychiatric disorders [7–9]. Accordingly, oscillatory activity in both 

theta and gamma ranges have been found to be altered in persons with AD, and 

such alterations have been considered as possible predictors of AD [9]. 

 

Altered neural dynamics in AD 

AD is an age-related neurodegenerative disease associated with memory 

impairment and cognitive decline [72]. The major neuropathologic features of AD are 

the aggregation of the amyloid-β (Aβ) peptide into plaques (and their progressive 

deposition in brain parenchyma) and the intracellular accumulation of neurofibrillary 

tangles (NFTs) of tau protein. These processes result in synaptic loss and neuronal 

death, which eventually translate into the manifestation of AD-related signs and 
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symptoms [72]. AD is also the most common cause of dementia, which is a 

neurocognitive disorder characterized by decline in memory, language, speech, 

reasoning, and other cognitive abilities [73]. Dementia ultimately affects people's 

ability to perform everyday activities, thereby placing a large social and economic 

burden on the community and health care system [73]. 

Given that definitive diagnosis of AD requires post-mortem examination of 

brain tissue, much of the current research has been directed towards identifying in 

vivo biomarkers that could enable diagnosis of AD during life, and preferentially at its 

presymptomatic stages, wherein underlying pathophysiological changes are 

occurring but the disorder is not yet clinically manifested [74–76]. Biomarkers 

currently used in both research and care settings of AD include those for Aβ and tau 

pathology (e.g., CSF and plasma Aβ42/Aβ40 ratio and phosphorylated-tau, as well 

as amyloid and tau positron emission tomography (PET)), synaptic loss (e.g., CSF 

neurogranin and fluorodeoxyglucose (FDG) PET), neurodegeneration (e.g., 

volumetric magnetic resonance imaging (MRI)), and inflammation (e.g., CSF YKL-40 

and CSF soluble triggering receptor expressed on myeloid cells 2 (sTREM2) and 

translocator protein (TSPO) PET) [77]. Although CSF sampling and brain imaging are 

valuable tools for diagnosing and monitoring AD pathology, these procedures are 

either invasive, expensive, or rarely available in healthcare facilities.  

A particularly promising novel approach in the field of AD biomarkers focuses 

on monitoring electrophysiological brain activity as it has received growing 

acceptance as a validated surrogate marker for cognition in the past several years 

[74,78]. This concept was supported by findings showing that synaptic dysfunction is 

likely to be an early event in AD pathogenesis [78].  

A wide range of brain rhythms has been found to be altered in EEG recordings 

from subjects with AD. For example, spontaneous EEG recordings from individuals 

with AD have showed increased power in delta and theta frequency bands and 

decreases in power of alpha and beta oscillatory activities, which suggest a shift of 

the power spectrum from faster to slower frequencies [74,79–81]. Changes in power 

of gamma oscillations have also been reported in both animal models and subjects 

with AD [82,83]. Of note, such EEG markers were associated with cortical and 

hippocampal neurodegeneration as revealed by MRI-based measurements of brain 

atrophy [12,84], CSF biomarkers [78,85], and decline of cognitive performance 
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scores [81,86]. In addition, alterations in EEG rhythms are also emerging as an 

objective biomarker for predicting conversion from MCI to AD [80,87–90].  

A growing body of evidence suggests that decreased functional connectivity 

between brain areas may be one of the earliest signatures of AD [21,25]. Data from 

AD animal models show impaired cross-frequency modulation of gamma amplitude 

by the phase of theta oscillations [19,20,22–24,91]. Of note, impairments in theta–

gamma PAC were found to arise before Aβ accumulation [19,24], which suggests 

that disturbed theta-gamma coupling may be an early event in AD pathology. This 

hypothesis is supported by clinical evidence showing that, although both MCI and AD 

subjects had decreased levels of theta-gamma PAC compared to healthy controls, 

individuals with AD had lower levels of this parameter than those with MCI [13]. 

Together, these findings suggest that the pattern of oscillatory activity as measured 

by EEG and theta-gamma PAC analysis may serve as a sensitive biomarker for 

identifying network dysfunction prior to the development of significant cognitive 

impairment in AD [13,92]. 

 

Altered neural dynamics in DS 

DS results from the trisomy of chromosome 21 (HSA21) and is associated with 

a variety of cognitive comorbidities, such as intellectual disability and AD [93]. The 

vast majority of individuals with DS develop extracellular deposits of Aβ and 

intracellular accumulation of tau-containing NFTs by their mid-thirties to 40 years of 

age, which put this population at greater risk of early-onset AD [15,94]. In fact, DS 

has been acknowledged as a genetic form of AD [95,96]. The cause of DS-AD is not 

clear, and the extra copy of the gene encoding for amyloid precursor protein (APP) 

on HSA21 has been associated with increased susceptibility to AD [97–99]. Yet, 

recent preclinical findings showed that the triplication of chromosome 21 genes other 

than APP may also increase Aβ aggregation, deposition of plaques, and worsen AD-

related cognitive impairments [100].  

Most individuals with DS will also develop early-onset dementia due to DS-AD 

[101–103]. The mean age of dementia diagnosis is around 55 years in DS [104], 

although some individuals living past the age of 60 years showed no clear signs of 

cognition decline [104,105]. The prevalence of dementia roughly doubles with every 

5 years of age: from about 9% in DS individuals aged 45 to 49 years to up to 32% in 
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those aged 55 to 59 years [102], totaling nearly 90% of DS individuals older than 65 

years [103]. In fact, dementia was found to be the cause of death for 70% of 

individuals with DS [16], which is strikingly higher compared to the general 

population, wherein all-cause dementia accounted for about 30% of death cases in 

death certificates for those older than 65 years [73,106]. These findings emphasize 

the urgent need for objective measures for the identification of prodromal stages of 

AD in subjects with DS. 

Current evidence shows that similar changes in AD-related biomarkers are 

found in individuals with DS-AD and those with sporadic and autosomal dominant 

forms of AD [95,101,107]. For instance, the likelihood of developing AD was up to 5 

times higher for DS individuals with decreased Aβ42 plasma levels and Aβ42/Aβ40 

ratio when compared to those with increased levels of such biomarkers [108]. 

Greater PET measurements of fibrillar Aβ were found in DS individuals with dementia 

than in those without dementia [109]. Importantly, it was recently reported that the 

natural history of AD-related biomarker changes in adults with DS was similar to that 

described for autosomal dominant AD [95], which suggests that DS-AD may share 

similar pathophysiology of AD in the general population [15]. 

Electrophysiological findings from persons with DS are also consistent with 

those from individuals with AD [110]. A cross-sectional study showed earlier age-

related slowing of the alpha rhythm by up to a decade in DS subjects compared to 

cognitively healthy individuals [111]. Further findings corroborate the association 

between an atypical EEG and lower scores for cognitive functioning in individuals 

with DS [112–115]. Given that alpha activity changes were also reported in 

prodromal stages of AD [81,90,116,117], it has been hypothesized that these 

changes may indeed be considered as an early sign of AD-associated synaptic 

degeneration in adults with DS [111–113].  

Individuals with DS and with no sign of cognitive decline showed increased 

theta power when compared to subjects without DS [118,119]. Importantly, as 

disease progressed from MCI to AD in subjects with DS, the previous increased theta 

activity was replaced by an increase in the delta power [118]. This observation is 

particularly important since increased theta activity is widely accepted as an EEG 

marker of early-stage AD [81,116,117], whereas increased delta power seems to 

appear at later stages of the disease [81,120].  
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Electrophysiological findings in DS corroborate evidence from studies 

supporting the well-accepted notion in the AD research community that slowing of 

brain rhythm may be associated with the level of cognitive deterioration, and hence 

may serve as a biomarker to predict the onset of dementia [118,121]. Yet, few 

studies in DS have focused on investigating cross-frequency interaction among brain 

rhythms, and much of the existing evidence arises from preclinical findings [122–

124].  

 

Electrophysiological AD-related phenotypes in animal models of AD and 

DS 

Many AD‐relevant phenotypes can be observed in mice overexpressing APP, 

such as the Ts65Dn mouse model of DS [125]. The Ts65Dn mouse, which is the 

most widely studied mouse model of DS, is segmentally trisomic for approximately 

two thirds of the HSA21 syntenic region on mouse chromosome 16 [126]. The 

trisomic region contains about 100 mouse orthologues to HSA21 genes, including the 

murine gene encoding for APP. Although Ts65Dn mice do not develop Aβ plaques 

and NFTs [127,128], they do show increased levels of APP and its proteolytic 

products, such as Aβ40 and Aβ42 monomers and soluble Aβ oligomers [129–131]. 

Soluble oligomers of Aβ have been considered more toxic and pathogenic than 

plaques since they may affect synaptic structure and function at early stages of AD 

[132–134]. These oligomers have been found to inhibit LTP [135–138], enhance 

LTD, and reduce dendritic spine density in rodents [136]. Importantly, all of these 

synaptic changes have been described in Ts65Dn mice [139–143]. 

The Ts65Dn mouse also shows a progressive, age-related degeneration of 

basal forebrain cholinergic neurons [127,144]. Of note, cholinergic 

neurodegeneration seems to contribute to a poor performance of Ts65Dn mice in 

hippocampal-dependent memory tasks [145–148], as well as to correlate with 

increased APP gene dosage and reduced retrograde axonal transport of nerve 

growth factor [144,149,150]. In fact, axonopathy and transport deficits have been 

claimed to be early involved in AD pathogenesis [151,152] as cholinergic neurons 

undergo extensive degeneration in very mild AD patients compared to healthy 

controls [153–155]. In addition, decline in cholinergic signaling may contribute to AD-

related brain activity changes [67,156] as pharmacological enhancement of 
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cholinergic transmission has been found to upregulate hippocampal theta activity in 

AD animal models [20,91,157]. Indeed, impairments in theta oscillations have been 

consistently reported in several animal models of AD [20,91,157–159], and this 

feature may anticipate deficits in hippocampal-dependent cognitive function 

[20,159,160]. Interestingly, Aβ deposition mostly occurs along neural networks with 

abnormal activity in both cognitively intact and AD subjects [161,162], suggesting 

network abnormalities as an early event in AD pathogenesis [161]. 

There is growing evidence that the activity of interneurons, as well as 

oscillatory network activities they regulate, are impaired in AD [82,83,163]. Findings 

from preclinical studies showed that Aβ-induced dysfunction of inhibitory interneurons 

may shift the activity of pyramidal neurons from normal to aberrantly synchronized 

[157,164–166]. A decrease in rhythmic bursting activity of septohippocampal PV 

interneurons was observed following hippocampal Aβ injections, which correlated 

with decreased theta power and impaired recognition memory performance in rats 

[167]. Overexpression of APP and Aβ have also been found to impair gamma 

oscillations in both in vitro and in vivo preclinical studies [33,91,168,169], and such 

impairments have been associated with dysfunctional PV basket cell signaling and 

learning/memory deficits in AD animal models [82,83,170,171]. This evidence is 

further supported by studies showing that enhancement of PV basket cell–dependent 

gamma activity restored neural and behavioral deficits in these animals [83,171–

174]. As a consequence, hippocampal theta-gamma PAC have also been described 

to be impaired in preclinical models of AD [19,20,22,23,91]. Of note, this impairment 

may arise before or at an early stage of tau and Aβ pathologies [19,22–24]. 

Inhibitory circuit dysfunction has been implicated as a contributing mechanism 

to DS pathophysiology [175]. Findings from preclinical studies suggest that an early 

excitation/inhibition imbalance leads to over-inhibition in neural circuits, which may 

contribute to changes in network activity of DS mouse models [122–124,176]. For 

example, Dp1Tyb mice showed a general slowing of theta-band oscillations across 

the hippocampus and mPFC, which was associated with slower decision-making in a 

spontaneous alternation task [122]. An increased hippocampal-mPFC theta 

coherence was also observed in these animals, which corroborates clinical findings 

showing increased synchrony between neural networks in persons with DS 

[177,178]. Mouse models of DS also showed altered hippocampal theta-phase 
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modulation of low and high gamma amplitude during rest and behavioral 

performance [122,123]. Recently, it was reported that PV basket cells lost their 

classical fast-spiking phenotype and showed increased excitability in mPFC slices 

from Ts65Dn mice [124]. Conversely, an enhancement in the dendritic inhibitory loop 

involving somatostatin-positive (SST) Martinotti cells and pyramidal neurons was also 

observed in mPFC slices from these animals. Such alterations likely contributed to 

reduce spiking activity in pyramidal neurons, which were also more strongly phase-

locked to fast oscillations [124].  Although few preclinical studies have shed some 

light on the potential links between PAC and brain phenotypic alterations associated 

with cognitive deficits in DS, their underlying mechanisms remain to be further 

elucidated.  

  

Hippocampal theta-gamma phase-amplitude coupling is impaired in the 

Ts65Dn mouse model of DS  

Given that alterations in theta-gamma PAC have been suggested as a 

potential biomarker of pathologic brain functioning, we have revisited EEG data 

collected in a previous study by our group [176] with the aim of investigating how 

theta-gamma PAC is modulated in hippocampal networks of Ts65Dn mice as 

compared to controls (see method details in supplemental information). Adult male 

Ts65Dn and control mice aging from 13 to 20 weeks, which correspond to 20-30 

years of age in humans (https://www.jax.org/research-and-faculty/research-labs/the-

harrison-lab/gerontology/life-span-as-a-biomarker), were used in this analysis. 

To establish whether hippocampal theta-gamma PAC is present and how it is 

modulated in control and Ts65Dn mice, we first used envelope-to-signal correlation 

(ESC) [42]. This method compares how the amplitude envelope of gamma frequency 

oscillations (30-100 Hz) varies in comparison to changes in oscillatory activity of 4- to 

12-Hz theta-frequency range. Figure 1A and B show comodulation maps of ESC in 

hippocampal LFP activity during spontaneous behavior of control and Ts65Dn mice, 

respectively. These comodulograms show genotype-dependent differences in the 

distribution pattern of correlation coefficients. We found that positive values of 

correlation coefficient between gamma and theta frequencies (warm-color zones) 

were more broadly distributed in the comodulation map of controls, whereas negative 

correlations (blue and greenish colors) prevail in the map of Ts65Dn mice. Significant 
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difference in comparisons of the mean correlation coefficient values between groups 

supports these observations (Fig. 1C).  

A caveat of ESC is that this measure may not be appropriate to assess CFC 

strength [43]. Therefore, we estimated the intensity of theta-gamma PAC by the 

mean vector length (MVL), which estimates PAC strength by mapping phase time 

series and amplitude time series to a complex-valued vector at each time point. The 

length of the mean vector of the analytic signal provides a direct measure of the 

coupling strength [5]. Figure 1D and E show phase-amplitude comodulograms for 

control and Ts65Dn mice, respectively. Comodulogram analyses showed that, 

although theta-gamma PAC was present in both control and Ts65Dn mice, we found 

that the strength by which phase of theta modulates the amplitude of gamma 

oscillations was higher in Ts65Dn mice than controls (Fig. 1F). In addition, mean LFP 

power spectral density for theta (4-12 Hz) and gamma (30-100 Hz) frequencies were 

similar between control and Ts65Dn groups (Fig. 1G and H, respectively), which 

suggest that the increased hippocampal theta-gamma PAC observed in Ts65Dn 

mice cannot be explained by changes in power of theta or gamma band.  

Our findings corroborate previous evidence of increased PAC in prefrontal 

delta (3-5 Hz) to high gamma (80-120 Hz) and hippocampal theta (6-12 Hz) to high 

frequency oscillations (100-200 Hz) in Ts65Dn mice [123], as well as altered neural 

network dynamics in mouse models of DS [122,124,176]. 

 

Looking forward: the utility of cross-frequency phase–amplitude 

coupling as a potential biomarker for AD in DS 

Despite increasing efforts to identify biomarkers for AD in DS, the field has not 

yet progressed to the point where EEG-based biomarkers are considered as 

additional tools. To cite an example, the protocol of the most ambitious AD biomarker 

initiative in adults with DS, the Alzheimer’s Biomarker Consortium-Down Syndrome 

(ABC-DS), does not include EEG as a measure of network connectivity [179]. Given 

our findings of impaired theta-gamma PAC in the Ts65Dn mouse model of DS mirror 

those observed in both animal models and subjects with AD [19–25], and considering 

the association between altered theta-gamma PAC and higher incidence of cognitive 

decline that later converts to AD and dementia [13,14,92], we consider there is 

convincing evidence to support future research efforts towards the validation of 
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network-based biomarkers such as PAC for diagnosing DS-AD. In particular, we 

speculate that changes in network interactions may occur at the very early stages of 

DS-AD and thus may constitute a potential biomarker for this condition. 

Electrophysiological technology has great appeal as a biomarker for several 

reasons. This technique is generally non-invasive, low-cost, widely available, and 

ease to deploy (including training requirements for staff) in both clinical settings and 

trials. Another approaches such as CSF and neuroimaging biomarkers demand 

technical expertise and have operational limitations (i.e., they are not broadly 

available), besides being considered “more than minimal risk” by regulatory 

agencies (e.g., lumbar puncture for obtaining CSF and the use of radiolabeled 

ligands for PET scan). Additionally, EEG recordings may also be better tolerated by 

persons with intellectual disability than other investigative modalities [18,180]. 

Compared to other technologies that also measure brain function, such as functional 

MRI (fMRI), EEG is less sensitive to motion and it is far less expensive. In addition, 

while fMRI records blood oxygen level-dependent (BOLD) responses, and thus 

provides an indirect measure of neuronal activity, EEG captures neuronal activity at 

its natural high-temporal resolution, and thus may provide better accuracy than fMRI 

in detecting early changes in brain dynamics associated with AD-related cognitive 

decline.  

EEG-based biomarkers may also have the potential to aid in advancing the 

development, clinical implementation and monitoring of novel drug candidates 

against AD. For example, the utility of EEG recordings as a potential measure of 

treatment efficacy was recently explored by a double-blind, placebo-controlled trial 

evaluating the safety, tolerability, and efficacy of the glutaminyl cyclase inhibitor 

PQ912 in patients with MCI or mild dementia due to AD (Scheltens et al., 2018). 

According to this study, significant PQ912-induced changes in theta power suggest 

that EEG may be considered a suitable biomarker for proof-of-concept studies 

(Scheltens et al., 2018). In addition, at the preclinical level, the acute administration 

of donepezil, which is a clinically approved cholinesterase inhibitor for AD treatment, 

has been found to modulate the strength of theta-gamma PAC. This finding supports 

the application of network-level biomarkers as a potential approach for predicting 

treatment outcomes, as well as for assessing effectiveness of therapeutic strategies 

with disease-modifying potential in AD. 



72 

 

 

 

There are many issues that still need to be addressed before considering the 

general application of EEG-based biomarkers such as PAC in DS-AD. First, further 

biological and clinical validation, along with longitudinal evaluation of biomarker 

behavior, will be needed. Correlations of EEG findings with well-established AD 

biomarkers (such as CSF, plasma and neuroimaging biomarkers), as well as with 

markers of cognitive function, should also be considered in future studies. The 

longitudinal investigation of changes in EEG-based biomarkers and cognitive 

outcome measures may provide key information on time sequence of transition from 

cognitive health to cognitive impairment and decline. Second, standardization of 

operating procedures and data analysis will be needed to enable valid comparisons 

among research and/or clinical centers. Adherence to standardized procedures for 

EEG data recording, processing, and analysis may speed the implementation of this 

technique as a biomarker for DS-AD. Third, because of the high phenotypic variability 

in DS-related cognitive traits and the presence of potential confounding factors (such 

as DS-related comorbidities), it is likely that a combination of biomarker modalities 

may represent a more effective way to diagnose DS-AD. While pathophysiological 

markers (such as amyloid PET and CSF Aβ42 and phosphorylated-tau) have been 

suggested to directly provide in vivo evidence of AD pathology, topographical 

markers (such as hippocampal atrophy assessed by MRI and cortical 

hypometabolism measured by FDG PET) characterize downstream brain changes 

generally induced by AD pathology [181]. EEG-based markers may thus serve as 

part of the topographical evidence by detecting AD-related synaptic and neural 

dysfunction. In addition, studies involving multiple biomarker modalities may also 

encourage the use of EEG-based biomarkers as they may improve the predictive 

power of other well-known AD biomarkers [182–184]. 

 

Conclusions 

In this Perspective, we have provided the rationale for pursuing PAC as a 

potential biomarker in DS-AD. Developing non-invasive, low-cost, and easily 

obtainable biomarkers (such as those based on EEG) for the diagnosis of AD is an 

important step towards identification of individuals at the preclinical or prodromal 

stage of the disease, especially in the most susceptible populations as the case of 

DS. Identifying individuals with DS at the very earliest stages of AD is vital for 
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maximizing the efficacy of therapeutic interventions to mitigate cognitive decline due 

to AD. In addition, early identification of individuals with DS at risk of developing AD 

would allow them to be recruited in clinical trials aimed at testing disease-modifying 

drugs whose therapeutic goals are to prevent or slow AD-related cognitive decline. It 

remains to be determined how EEG-based biomarkers are associated with other 

biomarkers of DS-AD, as well as with the onset of AD-related signs and symptoms. 
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Fig. 1: Hippocampal theta-gamma phase-amplitude coupling (PAC) is 

impaired in the Ts65Dn mouse model of Down syndrome. Comodulation maps of 

envelope-to-signal (ESC) correlation in hippocampal local field potential activity 

during spontaneous behavior of control (A) and Ts65Dn (B) mice. Panels illustrate 

genotype-dependent differences in the pattern of distribution of correlation coefficient 

values between amplitude and phase frequencies. (C) Significant difference was 

found between mean correlation coefficient values of control (0.0014 ± 0.0004) and 

Ts65Dn mice (-0.0119 ± 0.0006; t = 16.49; df = 609; P < 0.0001). Phase-amplitude 

coupling comodulogram between the phase of theta and the amplitude of gamma 

oscillations for control (D) and Ts65Dn (E) mice. Panels illustrate genotype-

dependent differences in the intensity of hippocampal theta-gamma PAC. (F) 

Significant difference was found between mean values of mean vector length of 

control (0.0007 ± 0.00004) and Ts65Dn mice (0.0011 ± 0.00004; t = 7.743; df = 644; P 

< 0.0001), which showed increased PAC between hippocampal theta and gamma 
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oscillations. Mean LFP power spectral density for theta (G) and gamma (H) 

frequencies were similar between genotypes (P = 0.4440 and 0.9603, respectively). 

Number of mice: Control (N = 6) and Ts65Dn (N = 7). Values are means ± SEM. For 

(C), (F), (G), and (H), data were assessed by a two-tailed, unpaired Student’s t test 

with Welch's correction. P-values of < 0.001 were represented in the figure by the 

symbol ***.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

5 CONCLUSION 

 

Ts65Dn mice are seemingly less sensitive to the effects of diazepam, as 

assessed by EEG, LTP, and EPM. Still, diazepam pre-treatment displayed typical 

effectiveness in reducing susceptibility and severity to picrotoxin-induced seizures in 

Ts65Dn mice. Our findings support that dysfunctional GABAAR–mediated 

neurotransmission is a core feature of the Ts65Dn mouse model of DS, and thus 

may play an important role in the pathophysiology of DS. In addition, our results do 

not support a global reversal of GABAAR responses from inhibitory to excitatory in 

these mice. Together, These findings should prove useful in enhancing our 

understanding of some of the neural substrates for the cognitive deficits observed in 

persons with DS. In addition, they should also inspire future preclinical and clinical 

studies in DS and many other neurological disorders in which an alteration in Cl− 

homeostasis is suspected.  

This study also provide evidence of altered pattern and intensity of 

hippocampal theta-gamma PAC in Ts65Dn mice, which suggests altered dynamics in 

neural networks of this mouse model. These findings may add to the increasing 

evidence that furthering our understanding of the mechanisms underlying network 

dynamics of brain oscillations is a crucial step towards the development of brain-

based biomarkers with potential clinical application. 
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Appendix 1 

 

Supplementary data for “Atypical electrophysiological and behavioral 

responses to diazepam in a leading mouse model of Down syndrome” 

 

Daniella B. Victorino, Daniel J. L. L. Pinheiro, Jonah J. Scott-McKean, Sarah 

Barker, Melissa R. Stasko, Jean Faber, Carla A. Scorza & Alberto C. S. Costa 

  

Supplementary results  

Diazepam induces significantly different changes on the neuronal 

activity spectral profile of control and Ts65Dn mice as recorded from a 

hippocampally-placed electrode. Similar to EEG analysis dataset from the cortical 

derivation, one-way MANOVA followed up with canonical discriminant analysis was 

employed to test whether diazapem-induced changes in EEG spectral power across 

multiple 2-Hz bands (0.5 to 50 Hz) in the hippocampal derivation could be used to 

differentiate control from Ts65Dn mice (Fig. S1b, c and d). Visual inspection of the 

grouped scatter plots of the first two canonical variables showed that Can1 

discriminated the control mice group from the Ts65Dn mice group at 3- and 10-mg/kg 

doses (Fig. S1c and d respectively). One-way ANOVA (F(5, 33) = 18.540, P < 0.0001), 

followed by Fisher’s LSD post hoc test (P = 0.0031 and P < 0.0001 at 3- and 10-

mg/kg doses, respectively), confirmed these findings (Fig. S1e; Supplementary 

Tables S1 and S2). In contrast, Can2 only differentiated control and Ts65Dn mice 

groups (F(5, 33) = 5.868, P = 0.0006) at the 3-mg/kg dose (P = 0.0001; Fig. S1f; 

Supplementary Tables S1 and S2). A dendrogram representation of the Euclidian 

distances between group centroids (i.e., the group's mean) showed that the centroid 

of control mice group treated with 10 mg/kg diazepam was at the highest level of the 

hierarchical tree (Fig. S1g). In addition, the centroids for Ts65Dn mice groups treated 

with 1- and 10-mg/kg doses had the shortest distance among all centroids, followed 

by Ts65Dn mice group treated with 3-mg/kg dose (Fig. S1g), which means that 

Ts65Dn mice group clusters display a high between-cluster similarity. In contrast, the 

centroids for control mice groups treated with 1 and 3 mg/kg diazepam (as well as 10 

mg/kg) are well separated, which reflects a low between-cluster similarity in such 

groups (Fig. S1g). 
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We then compared the normalized PSDs obtained from baseline and post-

dosing recordings for each dose in each genotype (Fig. S1h-j, upper and middle 

portions) to determine the differences in diazepam effects between control and 

Ts65Dn mice for each experimental condition (Fig. S1h-j, lower portions). We found 

that all doses of diazepam decreased EEG spectral power of slower brain rhythms in 

both control and Ts65Dn mice (Fig. S1h-j). A spectral power decrease in the 0.50-

2.80 Hz was induced by 1 mg/kg diazepam in control mice (Fig. S1h, upper portion), 

whereas activity in the 0.60-2.20 Hz range was decreased in Ts65Dn mice (Fig. S1h, 

middle portion). At 3-mg/kg dose, diazepam decreased spectral power in the 

frequency range of 0.60 to 2.92 Hz and 0.73 to 2.92 Hz in control and Ts65Dn mice, 

respectively (Fig. S1i, upper and middle portions). Finally, diazepam at 10-mg/kg 

dose produced a significant power decrease in frequencies within the delta range in 

both control (0.50-3.29 Hz; Fig. S1j, upper portion) and Ts65Dn mice (0.50-2.80 Hz; 

Fig S1j, middle portion). We found a significant power decrease in frequencies within 

the delta range (2.31-3.66 Hz) in controls compared to Ts65Dn mice at 10-mg/kg 

dose (Fig. S1j, lower portion). Similarly, a significant difference in EEG spectral 

power within the theta frequency range of 6.46-7.20 Hz was also found between 

control and Ts65Dn mice at 10-mg/kg dose (Fig. S1j, lower portion).  

Diazepam also affected EEG activity in frequency bins within alpha and beta 

ranges (Fig. S1h-j). A spectral power decrease in the 11.47 to 15.74 Hz, along with a 

spectral power increase in the 20.38-20.87 Hz, was induced by 1 mg/kg diazepam in 

control mice (Fig. S1h, upper portion). A significant difference in EEG spectral power 

within the alfa and beta frequency ranges (11.59 to 15.74 Hz and 20.50 to 21.97 Hz) 

was found between control and Ts65Dn mice at 1-mg/kg dose (Fig. S1h, lower 

portion). At 10-mg/kg dose, diazepam decreased spectral power in the frequency 

range of 9.52 to 12.57 Hz in Ts65Dn mice (Fig. S1j, middle portion).  

Finally, fast activities in control and Ts65Dn mice were also differently affected 

by diazepam. At 1-mg/kg dose, diazepam increased spectral power in the frequency 

range of 44.92-47.48 Hz in Ts65Dn mice (Fig. S1h, middle portion). We also found 

that 3 mg/kg diazepam decreased spectral power in the frequency range of 28.68-

35.27 Hz in Ts65Dn mice (Fig. S1i, middle portion). Diazepam at 10-mg/kg dose 

produced a significant spectral power decrease within the 33.32-36.01 Hz frequency 

range in Ts65Dn mice (Fig. S1j, middle portion). A significant difference in EEG 
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spectral power in the 30.27-31.25 Hz was found between control and Ts65Dn mice at 

10-mg/kg dose (Fig. S1j, lower portion). 

 

Diazepam-induced changes in the pattern of spectral power distribution 

between control and Ts65Dn mice showed subtle, but significant differences. 

We found that the effects of diazepam on the pattern of spectral power distribution 

were limited to delta and theta frequency bands (Fig. S3a-d). At 1-mg/kg, diazepam 

(F(1, 11) = 20.739, P = 0.0008; Supplementary Table S3) significantly increased the 

skewness of the data distribution within the delta band in both control and Ts65Dn 

mice. Post hoc tests identified significant differences between the mean skewness 

values for both control and Ts65Dn mice compared with their respective baseline 

conditions (P = 0.0026 and P = 0.0288; respectively; Fig. S3e; Supplementary Table 

S5). The observed diazepam-induced increase (F(1, 11) = 11.952, P = 0.0054; 

Supplementary Table S3) in the mean frequency within the delta band (i.e., the mean 

of the distribution increases as skewness becomes more positive) corroborates with 

such a finding. The observed increase in the mean frequency within the delta band 

was significant for both control and Ts65Dn mice compared with their respective 

baseline condition (P = 0.0482 and P = 0.0211; respectively; Fig. S3f; Supplementary 

Table S5). Our findings suggest that the pattern of neuronal activity induced by 1 

mg/kg diazepam within the delta band followed a positively skewed distribution, 

wherein the mass of the data was concentrated on the left side of the mean point. 

Such observation could be interpreted as a diazepam-induced shift of the PSD curve 

toward lower frequency values, which might suggest a slowing effect of diazepam on 

EEG frequencies1, 2, 3, 4. Consistently, we also observed that 1 mg/kg diazepam 

increased the mean values of kurtosis within the delta band (F(1, 11) = 10.852, P = 

0.0072; Supplementary Table S3). Fisher’s post hoc tests confirmed only treatment-

dependent differences between diazepam-treated control mice and their baseline 

condition (P = 0.0069; Fig. S3g; Supplementary Table S5). This observation indicates 

an increase in the tail heaviness of the data distribution, which parallels the findings 

of an increased skewness.  

Finally, diazepam at 1-mg/kg (F(1, 11) = 11.528, P = 0.0060; Supplementary 

Table S3) significantly increased the skewness of the data distribution within the 

theta band in control mice, but this effect of diazepam was not detected in Ts65Dn 
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mice. A significant interaction between treatment and genotype was also found (F(1, 

11) = 12.663, P = 0.0045). Diazepam-treated control mice showed a significant 

increase in the skewness of the data distribution within the theta band compared to 

both its baseline condition (P = 0.0006) and diazepam-treated Ts65Dn mice (P = 

0.0056; Fig. S3h; Supplementary Table S5). Such diazepam-induced left side shift of 

data distribution was accompanied by a decrease in the power of the mean 

frequency (F(1, 11) = 5.942, P = 0.0330; Supplementary Table S3). Fisher’s post hoc 

tests confirmed that the observed decrease in the mean frequency power of the theta 

band was significant for diazepam-treated control mice when compared with its 

baseline condition (P = 0.0230; Fig. S3i; Supplementary Table S5). Finally, we found 

that diazepam at 1-mg/kg (F(1, 11) = 5.540, P = 0.0382; Supplementary Table S3) 

significantly increased the mean values of kurtosis within the theta band. A significant 

interaction was also detected between treatment and genotype (F(1, 11) = 7.662, P = 

0.0183). Post hoc tests confirmed that diazepam-treated control mice showed a 

significant increase in the mean kurtosis values compared to both its baseline 

condition (P = 0.0051) and diazepam-treated Ts65Dn mice (P = 0.0067; Fig. S3j; 

Supplementary Table S5). Together, these findings suggest that a slowing effect of 1 

mg/kg diazepam on EEG frequencies within delta and theta frequency ranges. While 

this effect was similar between control and Ts65Dn mice in the delta band, it 

occurred in a genotype-dependent manner within the theta band. In addition, the 

effects on the kurtosis within both delta and theta bands were only found for the 

control mice. Therefore, we speculate that the slowing effect of diazepam on EEG 

frequencies is diminished in Ts65Dn mice.  

 

Neither GABA nor diazepam affected input/output (I/O) curves and 

paired-pulse facilitation (PPF) in both Ts65Dn and control mice. To investigate 

the effects of GABA (200 μM) and diazepam (1 and 10 μM) on basic synaptic 

function of both control and Ts65Dn mice, we assessed I/O function for hippocampal 

slices treated either with aCSF, 200 μM of GABA, 1 μM or 10 μM of diazepam. For 

control mice (Fig. S4a), analysis of treatment effect on I/O function by RM ANOVA 

showed no significant differences (F(3, 44) = 0.113, P = 0.9523). In addition, no 

significant interaction was found between treatment and stimulus intensity (F(27, 396) = 

0.238, P = 0.9999). On the other hand, RM ANOVA revealed a significant stimulus 
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intensity effect on I/O function (F(9, 396) = 147.788, P < 0.001; Supplementary Table 

S10). For Ts65Dn mice (Fig. S4b), analysis of the I/O function by RM ANOVA 

showed neither significant treatment effect (F(3, 44) = 0.416, P = 0.7425) nor 

interaction between treatment and stimulus intensity (F(27, 396) = 0.258, P = 0.9999). In 

contrast, there was also a significant stimulus intensity effect on I/O function (F(9, 396) 

= 228.287, P < 0.001; Supplementary Table S10). 

We also assessed the effects of GABA (200 μM) and diazepam (1 and 10 μM) 

on PPF, which is a type of short-lived plasticity sensitive to presynaptic changes. To 

evaluate the integrity of presynaptic mechanisms, we induced PPF in control- and 

Ts65Dn-derived hippocampal slices by delivering two stimuli of identical strength at 

different interpulse intervals. The slope ratio between the second and first stimuli was 

then used to calculate the PPF. For control mice (Fig. S4c), RM ANOVA showed no 

significant treatment effect (F(3, 44) = 0.838, P = 0.4802) or interaction between 

treatment and interpulse interval (F(21, 308) = 1.265, P = 0.1967). In contrast, a 

significant interpulse interval effect was found (F(7, 308) = 365.632, P < 0.001; 

Supplementary Table S10). As with control mice, analysis of the data for Ts65Dn 

mice (Fig. S4d) showed no significant treatment effect (F(3, 44) = 0.360, P = 0.7824) or 

interaction between treatment and interpulse interval (F(21, 308) = 0.950, P = 0.5261). 

We also found a significant interpulse interval effect (F(7, 308) = 336.410, P < 0.001; 

Supplementary Table S10). 

 

Ts65Dn and control mice show differential sensitivity to diazepam 

modulation of anxiety-like behavioral responses. Two-way ANOVA indicated that 

neither genotype (F(1, 56) = 0.077, P = 0.7818) nor treatment (F(1, 56) = 3.831, P = 

0.0553; Fig. S5a; Supplementary Table S13) had any significant effect on the mean 

values of closed arm entries. Also, no significant interaction was found between 

genotype and treatment (F(1, 56) = 0.127, P = 0.7227). Similarly, analysis of 

percentage of time spent in closed arms by mice revealed no significant genotype 

(F(1, 56) = 0.980, P = 0.3264) and treatment-dependent differences (F(1, 56) = 1.041, P 

= 0.3119; Fig. S5b; Supplementary Table S13). No significant interaction between 

genotype and treatment (F(1, 56) = 0.004, P = 0.9525) was found. Finally, two-way 

ANOVA showed that the percentage of time spent in the center of the platform was 

not significantly affected by either genotype (F(1, 56) = 0.111, P = 0.7404) or treatment 
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(F(1, 56) = 3.920, P = 0.0526), and a significant interaction between genotype and 

treatment (F(1, 56) = 0.501, P = 0.4822) was not detected (Fig. S5c; Supplementary 

Table S13). 

We also evaluated the frequency of closed arm returns, which is characterized 

by the animal exiting a closed arm with both forepaws and immediately returning into 

the closed arm. Two-way ANOVA showed that genotype (F(1, 56) = 5.833, P = 0.0190), 

but not treatment (F(1, 56) = 1.529, P = 0.2214; Supplementary Table S13) had 

significant effects on the mean values of this parameter. Also, no significant 

interaction was found between genotype and treatment (F(1, 56) = 0.860, P = 0.3577). 

Fisher’s LSD post hoc test confirmed that vehicle-treated control mice were more 

reluctant to leave the closed arm than vehicle-treated Ts65Dn mice (P = 0.0216; Fig. 

S5d; Supplementary Table S14).  

Finally, we  found that genotype (F(1, 56) = 6.359, P = 0.0145), but not treatment 

(F(1, 56) = 2.224, P = 0.1415; Supplementary Table S13) had significant effects on the 

mean values of time of grooming. No significant interaction was found between 

genotype and treatment (F(1, 56) = 0.025, P = 0.8748). Post hoc tests failed to detect 

any significant differences in the time of grooming between control and Ts65Dn mice 

treated with vehicle (P = 0.1003) as well as between diazepam-treated control and 

Ts65Dn mice (P = 0.0633; Fig. S4e; Supplementary Table S14). 
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Supplementary Figures  

 

Figure S1 

 

Fig. S1: Diazepam induces significantly different changes on the neuronal activity spectral 

profile of control and Ts65Dn mice as recorded from a hippocampally-placed electrode. a 

Freely moving mice implanted with EEG electrodes were connected through a cable to the 

recording unit. The experiment consisted of a 30-min baseline recording, followed by a 90-min 

post-dosing recording, in which mice were acutely treated with 1, 3, or 10 mg/kg diazepam. b-d 

Grouped scatter plots of the first two canonical variables for all mice analyzed are shown in b, c, 
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and d for 1-, 3-, and 10-mg/kg doses of diazepam, respectively. Colored points represent mice 

and are labelled by cluster group. e Can1 discriminated the control mice group from the Ts65Dn 

mice group at 3- and 10-mg/kg doses. f Can2 only differentiated control and Ts65Dn mice groups 

at the 3-mg/kg dose. g Dendrogram revealed that the centroid of control mice group treated with 

10 mg/kg diazepam was at the highest level of the hierarchical tree, whereas the centroids of 

Ts65Dn mice groups treated with 1- and 10-mg/kg doses had the shortest distance among all 

centroids (the height of each pair of branches represents the Euclidian distances between group 

centroids). h-j PSD obtained from baseline and post-dosing recordings were compared for each 

dose in each genotype (black asterisks in upper and middle panels represent frequency bins in 

which significant differences in EEG spectral power were observed between baseline and 

treatment conditions; relative changes are expressed as the log2 of the treatment/baseline ratio). 

Normalized PSD of control and Ts65Dn mice for each experimental condition was also compared 

(lower panels). Number of mice: Ct (N = 6) and Ts (N = 7) for all experimental conditions. In e and 

f, data represent mean ± SEM and statistical significance is expressed as ** and *** for P < 0.01 

and P < 0.001, respectively. In h-j, solid lines represent means and dashed lines represent SEM 

and black asterisks indicate statistical significance (P < 0.05). 
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Figure S2  
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Fig. S2: Relative Sizes of the Canonical Variables. a and b are bar graph representations of the 

relative sizes of the different Can components of the cortical and hippocampal EEGs. These 

relative sizes summarize between-class variation in much the same way that principal components 

summarize total variation. As should be expected for this type of analysis, the relative size of Can1 

(58.14%, and 53.24%, for cortex and hippocampus respectively) is much larger than Can2 

(18.96%, and 16.85%, for cortex and hippocampus respectively) or of any calculated higher order 

canonical variables. 
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Figure S3  

 

Fig. S3: Diazepam induces a shift of the PSD curve toward lower frequency values in both 

control and Ts65Dn mice, with a relatively smaller effect seen in Ts65Dn vs control euploid 

mice. To verify whether diazepam induces a slowing effect on neuronal oscillations, frequency 

histograms associated with each rhythm were calculated and compared with respect to their third 

and fourth statistical moments (i.e., skewness and kurtosis). Fig. S2 illustrates how skewness and 

kurtosis of frequency distribution within delta and theta bands vary between baseline and post-

dosing recordings. a-d The effects of 1 mg/kg diazepam on the pattern of spectral power 

distribution were limited to delta (a for control and b for Ts65Dn mice) and theta (c for control and 

d for Ts65Dn mice) frequency bands. The height of each bar in the histograms represents PSD. 

Each 0.4 Hz-size class of the histogram represents EEG frequencies (Hz). Solid circles at the top 

of each 2D histogram represent mean frequency and solid lines represent SEM. e Diazepam at 1-

mg/kg dose significantly increased mean skewness values within the delta band in both control 

and Ts65Dn mice compared with their respective baseline conditions. f A significant increase in 

the mean frequency within the delta band was also observed for both diazepam-treated control 

and Ts65Dn mice compared with their respective baseline condition. g Diazepam at 1-mg/kg dose 

also significantly increased mean kurtosis values within the delta band, h as well as mean 

skewness values within the theta band in control mice compared with its respective baseline 

condition. Diazepam-treated control mice showed significantly increased mean skewness values 

within the theta band compared to diazepam-treated Ts65Dn mice. i A significant decrease in the 
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mean frequency power of the theta band was observed for diazepam-treated control mice 

compared with its baseline condition. j Diazepam at 1-mg/kg dose also significantly increased the 

mean kurtosis values within the theta band in control mice compared with its respective baseline 

condition, as well as with diazepam-treated Ts65Dn mice. Number of mice: Ct baseline (N = 6), Ct 

1 mg/kg diazepam (N = 6), Ts baseline (N = 7), and Ts 1 mg/kg diazepam (N = 7). Data represent 

mean ± SEM. Statistical significance is expressed as *, ** and *** for P < 0.05, P < 0.01, and P < 

0.001, respectively. 
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Figure S4 

 

Fig. S4: Neither GABA nor diazepam had an effect on either basal synaptic transmission or 

presynaptic mechanism integrity in both control and Ts65Dn mice. I/O function at the CA3–

CA1 hippocampal synapse was assessed for control- (a) and Ts65Dn- (b) derived hippocampal 

slices treated with either aCSF, GABA (200 μM) or diazepam (1 and 10 μM). Input intensities were 

set at 10, 20, 30, 40, 50, 60, 70, 80, 90, and 100 μA. I/O curves were not affected by either GABA 

(200 μM) or diazepam (1 and 10 μM) in both control (a) and Ts65Dn mice (b). PPF was also 

assessed for control- (c) and Ts65Dn- (d) derived hippocampal slices treated with either aCSF, 

GABA (200 μM) or diazepam (1 and 10 μM). PPF was evaluated at eight different interpulse 

intervals: 25, 50, 75, 100, 200, 300, 400, and 500 msec. As with I/O function, PPF was not 

affected by either GABA (200 μM) or diazepam (1 and 10 μM) in both control (c) and Ts65Dn mice 

(d). Number of slices/mice: Ct aCSF (N = 12), Ct 200 μM GABA (N = 12), Ct 1 μM diazepam (N = 

12), Ct 10 μM diazepam (N = 12), Ts aCSF (N = 12), Ts 200 μM GABA (N = 12), Ts 1 μM 

diazepam (N = 12), and Ts 10 μM diazepam (N = 12). Data represent mean ± SEM.
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Figure S5  
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Fig. S5: Ts65Dn and control mice exhibit a similar pattern of exploratory behavior, but 

vehicle-treated Ts65Dn mice appear less distressed than vehicle-treated control mice. a 

Diazepam at 1-mg/kg dose did not affect the number of closed arms entries, b as well as the 

percentage of time spent in closed arms in both control and Ts65Dn mice. c The percentage of 

time spent in the center of the platform by diazepam-treated control and Ts65Dn mice was also 

not affected. d Vehicle treated-Ts65Dn mice showed significantly less closed arm returns 

compared with vehicle-treated control mice. e Time of grooming in either control or Ts65Dn mice 

was not affected by 1 mg/kg diazepam. Number of mice: Ct baseline (N = 16), Ct 1 mg/kg 

diazepam (N = 16), Ts baseline (N = 14), and Ts 1 mg/kg diazepam (N = 14). Data represent 

mean ± SEM. Statistical significance is expressed as * for P < 0.05. 
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Supplementary Tables 

Table S1. Canonical discriminant analysis (cortical and hippocampal derivations) 

Canonical discriminant analysis (Can) 

One-way Analysis of Variance  

Canonical 

variables  
Brain area  Effect 

Degr. of 

(Freedom) 
F P value 

Can1 

Cortex  

Intercept 1 0.376 0.5440 

Group 5 25.590 0.0000 

Error 33     

Hippocampus 

Intercept 1 0.224 0.6393 

Group 5 18.540 0.0000 

Error 33 
  

Can2 

Cortex  

Intercept 1 0.067 0.7975 

Group 5 8.346 0.0000 

Error 33 
  

Hippocampus 

Intercept 1 0.045 0.8338 

Group 5 5.868 0.0006 

Error 33     
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Table S2. Fisher’s least significant difference (LSD) post hoc analysis - Canonical variables (cortical and hippocampal 

derivations) 

Canonical discriminant analysis (Can) 

Fisher’s LSD post hoc analysis 

Group/Treatment Brain area 
Canonical 

variables 
P value 

Control (1 mg/kg DZP) vs 

Ts65Dn (1 mg/kg DZP)  

Cortex  
Can1 0.0009 

Can2 0.0003 

Hippocampus 
Can1 0.5836 

Can2 0.6363 

Control (3 mg/kg DZP) vs 

Ts65Dn (3 mg/kg DZP)  

Cortex  
Can1 0.0055 

Can2 0.0019 

Hippocampus 
Can1 0.0031 

Can2 0.0001 

Control (10 mg/kg DZP) vs 

Ts65Dn (10 mg/kg DZP) 

Cortex  
Can1 0.0000 

Can2 0.1147 

Hippocampus 
Can1 0.0000 

Can2 0.7611 
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Table S3. Analysis of spectral parameters - cortical derivation 

Spectral parameters - cortical derivation  

Repeated Measures Analysis of Variance  

Waveband Spectral parameter  Effect 
Degr. of 

(Freedom) 

Dose (mg/kg)  

1 3 10 

F P value F P value F P value 

Delta 

Band power 

Intercept 1 187.256 0.0000 32.222 0.0001 46.640 0.0000 

Genotype 1 0.127 0.7281 2.023 0.1827 0.094 0.7650 

Error 11             

Treatment 1 0.389 0.5458 1.190 0.2986 0.259 0.6208 

Treatment*Genotype 1 0.040 0.8457 0.147 0.7089 1.383 0.2645 

Error 11         0.002   

Mean frequency 

Intercept 1 6420.763 0.0000 18087.465 0.0000 7802.176 0.0000 

Genotype 1 0.424 0.5282 1.164 0.3038 0.656 0.4351 

Error 11             

Treatment 1 11.952 0.0054 19.736 0.0010 24.195 0.0005 

Treatment*Genotype 1 0.039 0.8476 0.177 0.6819 0.483 0.5013 

Error 11             

Power mean 

frequency 

Intercept 1 43.819 0.0000 13.585 0.0036 19.213 0.0011 

Genotype 1 0.463 0.5103 1.437 0.2559 0.221 0.6477 

Error 11             

Treatment 1 0.550 0.4737 2.805 0.1221 4.804 0.0508 

Treatment*Genotype 1 0.021 0.8887 0.211 0.6552 1.059 0.3256 

Error 11             

Skewness 

Intercept 1 78.127 0.0000 138.783 0.0000 243.118 0.0000 

Genotype 1 0.083 0.7788 2.475 0.1440 0.018 0.8943 

Error 11             

Treatment 1 20.739 0.0008 11.300 0.0063 38.340 0.0001 

Treatment*Genotype 1 1.294 0.2795 1.917 0.1937 0.110 0.7464 
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Error 11             

Kurtosis 

Intercept 1 59.763 0.0000 56.640 0.0000 106.850 0.0000 

Genotype 1 0.292 0.6000 2.376 0.1515 0.019 0.8926 

Error 11             

Treatment 1 10.852 0.0072 6.347 0.0285 19.902 0.0010 

Treatment*Genotype 1 2.454 0.1455 2.460 0.1451 0.175 0.6837 

Error 11             

Theta 

Band power 

Intercept 1 80.156 0.0000 102.589 0.0000 139.958 0.0000 

Genotype 1 0.335 0.5745 0.593 0.4576 0.009 0.9264 

Error 11             

Treatment 1 1.914 0.1940 0.069 0.7981 2.452 0.1457 

Treatment*Genotype 1 1.750 0.2127 0.167 0.6905 0.074 0.7910 

Error 11             

Mean frequency 

Intercept 1 5759.644 0.0000 4970.124 0.0000 2714.877 0.0000 

Genotype 1 0.262 0.6190 0.506 0.4918 0.092 0.7673 

Error 11             

Treatment 1 1.917 0.1936 0.000 0.9926 2.701 0.1285 

Treatment*Genotype 1 8.566 0.0138 0.061 0.8095 1.086 0.3198 

Error 11             

Power mean 

frequency 

Intercept 1 17.706 0.0015 10.684 0.0075 14.624 0.0028 

Genotype 1 0.079 0.7842 0.862 0.3732 3.710 0.0803 

Error 11             

Treatment 1 5.942 0.0330 3.562 0.0858 0.946 0.3516 

Treatment*Genotype 1 2.063 0.1787 1.768 0.2106 0.979 0.3437 

Error 11             

Skewness 
Intercept 1 77.053 0.0000 62.303 0.0000 105.180 0.0000 

Genotype 1 0.795 0.3918 1.500 0.2462 1.112 0.3142 
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Error 11             

Treatment 1 11.528 0.0060 3.781 0.0779 4.930 0.0483 

Treatment*Genotype 1 12.663 0.0045 0.092 0.7673 0.001 0.9791 

Error 11             

Kurtosis 

Intercept 1 85.926 0.0000 60.475 0.0000 129.655 0.0000 

Genotype 1 2.200 0.1661 0.525 0.4840 2.358 0.1529 

Error 11             

Treatment 1 5.540 0.0382 5.551 0.0381 4.212 0.0647 

Treatment*Genotype 1 7.662 0.0183 0.101 0.7563 0.125 0.7307 

Error 11             

Alfa 

Band power 

Intercept 1 84.107 0.0000 221.523 0.0000 53.590 0.0000 

Genotype 1 0.163 0.6943 0.230 0.6411 1.759 0.2116 

Error 11             

Treatment 1 0.146 0.7098 1.772 0.2100 2.540 0.1393 

Treatment*Genotype 1 0.048 0.8314 0.047 0.8330 3.411 0.0918 

Error 11             

Mean frequency 

Intercept 1 49895.606 0.0000 19597.536 0.0000 16445.045 0.0000 

Genotype 1 0.910 0.3605 0.607 0.4522 0.555 0.4719 

Error 11             

Treatment 1 0.542 0.4768 1.096 0.3177 0.086 0.7742 

Treatment*Genotype 1 1.056 0.3263 2.927 0.1151 0.004 0.9509 

Error 11             

Power mean 

frequency 

Intercept 1 47.714 0.0000 52.874 0.0000 19.864 0.0010 

Genotype 1 0.095 0.7633 0.578 0.4632 1.784 0.2087 

Error 11             

Treatment 1 0.367 0.5572 0.391 0.5443 3.069 0.1076 
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Treatment*Genotype 1 0.013 0.9107 0.136 0.7190 3.542 0.0865 

Error 11             

Skewness 

Intercept 1 33.236 0.0001 21.551 0.0007 29.348 0.0002 

Genotype 1 3.177 0.1023 4.053 0.0692 0.033 0.8593 

Error 11             

Treatment 1 0.023 0.8820 0.047 0.8320 0.047 0.8319 

Treatment*Genotype 1 0.880 0.3683 0.217 0.6501 0.710 0.4174 

Error 11             

Kurtosis 

Intercept 1 98.199 0.0000 105.255 0.0000 108.094 0.0000 

Genotype 1 2.718 0.1275 0.815 0.3859 0.007 0.9349 

Error 11             

Treatment 1 0.041 0.8424 1.989 0.1861 1.017 0.3348 

Treatment*Genotype 1 0.535 0.4797 1.569 0.2363 5.603 0.0373 

Error 11             

Beta 1 

Band power 

Intercept 1 70.721 0.0000 65.662 0.0000 122.956 0.0000 

Genotype 1 5.350 0.0411 0.001 0.9816 2.221 0.1643 

Error 11             

Treatment 1 5.496 0.0389 0.055 0.8195 0.503 0.4927 

Treatment*Genotype 1 0.927 0.3563 0.057 0.8150 3.014 0.1105 

Error 11             

Mean frequency 

Intercept 1 107048.220 0.0000 193908.874 0.0000 99613.372 0.0000 

Genotype 1 0.138 0.7178 0.694 0.4226 1.522 0.2430 

Error 11             

Treatment 1 0.001 0.9821 6.078 0.0314 0.642 0.4399 

Treatment*Genotype 1 1.541 0.2402 0.006 0.9377 2.550 0.1386 

Error 11             
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Power mean 

frequency 

Intercept 1 45.511 0.0000 37.584 0.0001 94.907 0.0000 

Genotype 1 4.027 0.0700 0.050 0.8271 1.739 0.2140 

Error 11             

Treatment 1 4.835 0.0502 0.952 0.3501 0.446 0.5179 

Treatment*Genotype 1 0.587 0.4598 0.003 0.9586 3.523 0.0873 

Error 11             

Skewness 

Intercept 1 17.797 0.0014 5.607 0.0373 12.601 0.0046 

Genotype 1 0.206 0.6588 0.033 0.8597 0.180 0.6797 

Error 11             

Treatment 1 1.059 0.3255 2.260 0.1609 0.321 0.5827 

Treatment*Genotype 1 2.517 0.1409 0.185 0.6750 5.841 0.0342 

Error 11             

Kurtosis 

Intercept 1 59.515 0.0000 56.195 0.0000 102.960 0.0000 

Genotype 1 0.898 0.3637 0.135 0.7201 1.674 0.2222 

Error 11             

Treatment 1 2.034 0.1816 2.452 0.1457 0.010 0.9216 

Treatment*Genotype 1 0.913 0.3599 1.260 0.2856 2.835 0.1204 

Error 11             

Beta 2 

Band power 

Intercept 1 389.480 0.0000 239.980 0.0000 206.068 0.0000 

Genotype 1 0.766 0.4002 0.008 0.9315 0.013 0.9111 

Error 11             

Treatment 1 9.472 0.0105 0.228 0.6427 0.027 0.8736 

Treatment*Genotype 1 5.307 0.0418 2.718 0.1275 0.655 0.4356 

Error 11             

Mean frequency 
Intercept 1 15192.565 0.0000 11014.450 0.0000 6894.009 0.0000 

Genotype 1 0.203 0.6612 2.274 0.1597 0.003 0.9581 
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Error 11             

Treatment 1 2.263 0.1606 3.708 0.0804 0.037 0.8501 

Treatment*Genotype 1 0.001 0.9773 0.226 0.6437 0.106 0.7513 

Error 11             

Power mean 

frequency 

Intercept 1 175.772 0.0000 44.483 0.0000 74.029 0.0000 

Genotype 1 6.323 0.0288 0.697 0.4214 0.002 0.9689 

Error 11             

Treatment 1 12.268 0.0049 4.977 0.0474 1.909 0.1944 

Treatment*Genotype 1 6.537 0.0267 4.913 0.0487 0.113 0.7433 

Error 11             

Skewness 

Intercept 1 50.901 0.0000 41.174 0.0000 40.302 0.0001 

Genotype 1 7.732 0.0179 0.463 0.5101 1.665 0.2233 

Error 11             

Treatment 1 0.010 0.9235 8.248 0.0152 0.785 0.3947 

Treatment*Genotype 1 0.001 0.9764 0.001 0.9790 0.151 0.7053 

Error 11             

Kurtosis 

Intercept 1 44.799 0.0000 55.136 0.0000 76.668 0.0000 

Genotype 1 5.625 0.0370 0.383 0.5484 2.940 0.1144 

Error 11             

Treatment 1 0.538 0.4787 3.091 0.1065 0.258 0.6212 

Treatment*Genotype 1 0.012 0.9145 0.451 0.5159 0.052 0.8239 

Error 11             

Gamma Band power 

Intercept 1 234.446 0.0000 1351.595 0.0000 220.007 0.0000 

Genotype 1 0.143 0.7128 11.012 0.0069 0.265 0.6171 

Error 11             

Treatment 1 3.307 0.0963 5.397 0.0403 6.832 0.0241 
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Treatment*Genotype 1 2.048 0.1802 0.001 0.9796 0.472 0.5061 

Error 11             

Mean frequency 

Intercept 1 34450.975 0.0000 29628.629 0.0000 37978.722 0.0000 

Genotype 1 0.350 0.5660 0.022 0.8835 0.332 0.5763 

Error 11             

Treatment 1 1.124 0.3118 0.002 0.9641 1.834 0.2028 

Treatment*Genotype 1 0.033 0.8601 1.362 0.2679 4.340 0.0614 

Error 11             

Power mean 

frequency 

Intercept 1 106.462 0.0000 86.875 0.0000 154.719 0.0000 

Genotype 1 0.152 0.7042 0.071 0.7952 0.255 0.6233 

Error 11             

Treatment 1 4.677 0.0535 1.395 0.2625 6.015 0.0321 

Treatment*Genotype 1 1.007 0.3372 0.109 0.7470 0.979 0.3436 

Error 11             

Skewness 

Intercept 1 22.131 0.0006 35.399 0.0001 95.668 0.0000 

Genotype 1 3.587 0.0848 0.548 0.4748 13.787 0.0034 

Error 11             

Treatment 1 0.148 0.7075 0.007 0.9332 3.582 0.0850 

Treatment*Genotype 1 0.148 0.7081 0.077 0.7865 4.172 0.0658 

Error 11             

Kurtosis 

Intercept 1 56.846 0.0000 75.933 0.0000 100.003 0.0000 

Genotype 1 3.419 0.0915 1.187 0.2992 9.381 0.0108 

Error 11             

Treatment 1 0.468 0.5079 0.040 0.8446 1.547 0.2395 

Treatment*Genotype 1 1.959 0.1892 1.626 0.2285 2.335 0.1547 

Error 11             
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High gamma 

Band power 

Intercept 1 206.791 0.0000 258.661 0.0000 251.430 0.0000 

Genotype 1 0.438 0.5218 1.084 0.3201 0.027 0.8732 

Error 11             

Treatment 1 2.681 0.1298 2.210 0.1652 0.819 0.3847 

Treatment*Genotype 1 1.058 0.3258 3.772 0.0781 0.024 0.8801 

Error 11             

Mean frequency 

Intercept 1 24522.546 0.0000 26995.387 0.0000 14025.858 0.0000 

Genotype 1 0.002 0.9680 4.664 0.0537 0.385 0.5474 

Error 11             

Treatment 1 0.399 0.5405 2.909 0.1161 0.987 0.3419 

Treatment*Genotype 1 0.000 0.9957 0.444 0.5191 0.101 0.7569 

Error 11             

Power mean 

frequency 

Intercept 1 124.946 0.0000 155.783 0.0000 119.589 0.0000 

Genotype 1 0.036 0.8535 2.579 0.1366 0.184 0.6761 

Error 11             

Treatment 1 0.250 0.6271 0.092 0.7673 1.428 0.2573 

Treatment*Genotype 1 0.311 0.5885 2.129 0.1725 0.196 0.6664 

Error 11             

Skewness 

Intercept 1 11.192 0.0065 16.590 0.0018 31.710 0.0002 

Genotype 1 4.672 0.0536 0.647 0.4381 1.803 0.2064 

Error 11             

Treatment 1 1.033 0.3313 4.636 0.0543 0.319 0.5836 

Treatment*Genotype 1 0.209 0.6567 0.106 0.7514 0.093 0.7663 

Error 11             

Kurtosis 

Intercept 1 43.631 0.0000 139.219 0.0000 136.312 0.0000 

Genotype 1 2.168 0.1690 0.932 0.3550 0.421 0.5299 

Error 11             

Treatment 1 0.801 0.3900 0.284 0.6045 0.290 0.6011 

Treatment*Genotype 1 0.141 0.7148 0.000 0.9886 0.037 0.8500 

Error 11             
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Table S4. Analysis of spectral parameters - hippocampal derivation 

Spectral parameters - hippocampal derivation  

Repeated Measures Analysis of Variance  

Waveband Spectral parameter  Effect 
Degr. of 

(Freedom) 

Dose (mg/kg)  

1 3 10 

F P value F P value F P value 

Delta 

Band power 

Intercept 1 63.208 0.0000 59.577 0.0000 31.694 0.0002 

Genotype 1 2.525 0.1404 1.032 0.3315 0.013 0.9126 

Error 11             

Treatment 1 0.000 0.9886 0.412 0.5342 0.485 0.5006 

Treatment*Genotype 1 0.498 0.4953 0.013 0.9115 7.556 0.0189 

Error 11             

Mean frequency 

Intercept 1 6044.409 0.0000 6836.831 0.0000 11065.698 0.0000 

Genotype 1 0.306 0.5912 0.140 0.7152 2.162 0.1695 

Error 11             

Treatment 1 11.199 0.0065 29.988 0.0002 45.008 0.0000 

Treatment*Genotype 1 0.065 0.8032 2.688 0.1294 0.089 0.7705 

Error 11             

Power mean 

frequency 

Intercept 1 26.947 0.0003 33.266 0.0001 13.286 0.0039 

Genotype 1 3.422 0.0914 0.877 0.3690 0.427 0.5268 

Error 11             

Treatment 1 1.574 0.2356 3.024 0.1099 3.570 0.0855 

Treatment*Genotype 1 0.049 0.8294 0.042 0.8410 3.551 0.0862 

Error 11             

Skewness 
Intercept 1 98.827 0.0000 97.134 0.0000 202.872 0.0000 

Genotype 1 0.491 0.4981 0.042 0.8411 2.238 0.1628 
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Error 11             

Treatment 1 7.247 0.0210 8.568 0.0138 14.415 0.0030 

Treatment*Genotype 1 3.994 0.0710 11.548 0.0059 2.012 0.1838 

Error 11             

Kurtosis 

Intercept 1 84.540 0.0000 74.242 0.0000 112.861 0.0000 

Genotype 1 0.756 0.4030 0.127 0.7279 0.432 0.5246 

Error 11             

Treatment 1 5.345 0.0412 4.088 0.0682 9.048 0.0119 

Treatment*Genotype 1 5.345 0.0412 8.270 0.0151 1.606 0.2312 

Error 11             

Theta 

Band power 

Intercept 1 87.442 0.0000 49.043 0.0000 63.752 0.0000 

Genotype 1 0.297 0.5966 0.619 0.4481 0.496 0.4959 

Error 11             

Treatment 1 0.403 0.5387 0.003 0.9595 0.118 0.7382 

Treatment*Genotype 1 0.169 0.6885 0.210 0.6554 0.193 0.6687 

Error 11             

Mean frequency 

Intercept 1 2604.848 0.0000 3092.185 0.0000 7848.225 0.0000 

Genotype 1 0.298 0.5961 0.052 0.8241 4.666 0.0537 

Error 11             

Treatment 1 0.616 0.4493 0.140 0.7154 3.221 0.1002 

Treatment*Genotype 1 0.670 0.4304 0.023 0.8825 6.078 0.0314 

Error 11             

Power mean 

frequency 

Intercept 1 50.380 0.0000 23.011 0.0006 21.657 0.0007 

Genotype 1 0.343 0.5700 0.154 0.7021 1.383 0.2644 

Error 11             

Treatment 1 1.603 0.2317 0.069 0.7983 0.073 0.7926 



137 

 

 

 

Treatment*Genotype 1 0.174 0.6849 0.080 0.7822 2.363 0.1525 

Error 11             

Skewness 

Intercept 1 96.296 0.0000 77.922 0.0000 45.053 0.0000 

Genotype 1 1.948 0.1903 0.045 0.8358 0.963 0.3475 

Error 11             

Treatment 1 1.629 0.2282 1.856 0.2003 8.324 0.0148 

Treatment*Genotype 1 0.486 0.5001 0.662 0.4331 0.845 0.3778 

Error 11             

Kurtosis 

Intercept 1 82.335 0.0000 60.360 0.0000 44.714 0.0000 

Genotype 1 1.170 0.3026 0.023 0.8827 0.172 0.6867 

Error 11             

Treatment 1 1.762 0.2113 0.867 0.3718 7.960 0.0166 

Treatment*Genotype 1 0.488 0.4992 0.225 0.6444 0.011 0.9190 

Error 11             

Alfa 

Band power 

Intercept 1 56.765 0.0000 50.126 0.0000 52.908 0.0000 

Genotype 1 2.421 0.1480 0.196 0.6663 0.491 0.4979 

Error 11             

Treatment 1 1.822 0.2042 0.228 0.6424 0.137 0.7186 

Treatment*Genotype 1 0.097 0.7615 0.020 0.8892 0.464 0.5096 

Error 11             

Mean frequency 

Intercept 1 25476.718 0.0000 11721.016 0.0000 18094.382 0.0000 

Genotype 1 1.494 0.2471 0.124 0.7316 0.103 0.7538 

Error 11             

Treatment 1 0.025 0.8768 1.211 0.2946 4.140 0.0667 

Treatment*Genotype 1 0.173 0.6852 2.691 0.1292 0.161 0.6961 

Error 11             
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Power mean 

frequency 

Intercept 1 41.518 0.0000 21.052 0.0008 23.277 0.0005 

Genotype 1 0.676 0.4283 0.076 0.7885 1.560 0.2376 

Error 11             

Treatment 1 1.755 0.2121 0.197 0.6659 0.255 0.6236 

Treatment*Genotype 1 0.166 0.6917 0.020 0.8908 0.793 0.3923 

Error 11             

Skewness 

Intercept 1 21.745 0.0007 73.475 0.0000 38.132 0.0001 

Genotype 1 0.335 0.5743 5.520 0.0385 0.000 0.9982 

Error 11             

Treatment 1 3.316 0.0959 3.485 0.0888 3.144 0.1039 

Treatment*Genotype 1 0.001 0.9823 2.413 0.1486 0.331 0.5765 

Error 11             

Kurtosis 

Intercept 1 50.433 0.0000 133.952 0.0000 146.134 0.0000 

Genotype 1 0.181 0.6783 4.649 0.0541 1.679 0.2215 

Error 11             

Treatment 1 3.709 0.0804 1.570 0.2362 0.996 0.3397 

Treatment*Genotype 1 0.120 0.7355 5.421 0.0400 0.864 0.3726 

Error 11             

Beta 1 

Band power 

Intercept 1 76.781 0.0000 25.973 0.0003 30.875 0.0002 

Genotype 1 3.909 0.0736 1.180 0.3006 0.076 0.7883 

Error 11             

Treatment 1 1.509 0.2449 0.074 0.7908 2.398 0.1497 

Treatment*Genotype 1 5.242 0.0428 2.094 0.1758 1.297 0.2790 

Error 11             

Mean frequency 
Intercept 1 125346.473 0.0000 126196.568 0.0000 274331.544 0.0000 

Genotype 1 0.036 0.8531 0.040 0.8450 0.159 0.6981 
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Error 11             

Treatment 1 4.227 0.0643 9.773 0.0096 1.223 0.2924 

Treatment*Genotype 1 0.087 0.7735 0.599 0.4553 0.635 0.4424 

Error 11             

Power mean 

frequency 

Intercept 1 57.956 0.0000 26.704 0.0003 23.023 0.0006 

Genotype 1 3.351 0.0944 1.475 0.2500 0.041 0.8434 

Error 11             

Treatment 1 0.355 0.5633 0.547 0.4749 1.180 0.3005 

Treatment*Genotype 1 3.394 0.0925 2.246 0.1621 1.725 0.2158 

Error 11             

Skewness 

Intercept 1 5.607 0.0373 0.431 0.5249 4.022 0.0701 

Genotype 1 0.033 0.8597 0.020 0.8909 1.399 0.2619 

Error 11             

Treatment 1 2.260 0.1609 0.279 0.6080 0.036 0.8535 

Treatment*Genotype 1 0.185 0.6750 0.210 0.6555 2.216 0.1647 

Error 11             

Kurtosis 

Intercept 1 119.841 0.0000 148.961 0.0000 52.540 0.0000 

Genotype 1 0.000 0.9994 0.934 0.3546 2.169 0.1688 

Error 11             

Treatment 1 0.212 0.6541 0.939 0.3533 0.185 0.6754 

Treatment*Genotype 1 0.184 0.6760 2.128 0.1726 0.643 0.4398 

Error 11             

Beta 2 Band power 

Intercept 1 171.091 0.0000 149.793 0.0000 111.484 0.0000 

Genotype 1 0.081 0.7813 1.715 0.2170 1.910 0.1943 

Error 11             

Treatment 1 2.524 0.1404 0.126 0.7297 0.782 0.3954 
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Treatment*Genotype 1 2.442 0.1464 0.878 0.3689 0.782 0.3954 

Error 11             

Mean frequency 

Intercept 1 12899.471 0.0000 3779.477 0.0000 6374.073 0.0000 

Genotype 1 2.963 0.1132 0.008 0.9287 0.355 0.5632 

Error 11             

Treatment 1 0.763 0.4010 4.720 0.0525 0.174 0.6850 

Treatment*Genotype 1 0.141 0.7145 0.451 0.5156 0.050 0.8264 

Error 11             

Power mean 

frequency 

Intercept 1 40.109 0.0001 57.017 0.0000 48.520 0.0000 

Genotype 1 0.917 0.3588 4.454 0.0585 0.581 0.4621 

Error 11             

Treatment 1 5.652 0.0367 3.051 0.1085 2.124 0.1729 

Treatment*Genotype 1 5.644 0.0368 2.113 0.1740 1.151 0.3063 

Error 11             

Skewness 

Intercept 1 27.199 0.0003 39.817 0.0001 39.275 0.0001 

Genotype 1 0.401 0.5393 0.453 0.5150 1.185 0.2996 

Error 11             

Treatment 1 0.002 0.9619 2.809 0.1219 0.350 0.5663 

Treatment*Genotype 1 1.834 0.2028 0.018 0.8971 0.546 0.4753 

Error 11             

Kurtosis 

Intercept 1 34.189 0.0001 83.220 0.0000 61.742 0.0000 

Genotype 1 0.001 0.9785 1.037 0.3304 0.386 0.5469 

Error 11             

Treatment 1 1.530 0.2418 1.313 0.2761 3.851 0.0755 

Treatment*Genotype 1 2.450 0.1458 0.010 0.9240 0.014 0.9068 

Error 11             
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Gamma 

Band power 

Intercept 1 271.294 0.0000 79.755 0.0000 127.280 0.0000 

Genotype 1 0.475 0.5050 0.002 0.9622 0.001 0.9753 

Error 11             

Treatment 1 0.033 0.8600 1.495 0.2470 0.012 0.9135 

Treatment*Genotype 1 0.026 0.8746 0.491 0.4980 0.066 0.8019 

Error 11             

Mean frequency 

Intercept 1 43431.365 0.0000 36429.642 0.0000 20392.661 0.0000 

Genotype 1 0.306 0.5909 0.147 0.7083 1.243 0.2887 

Error 11             

Treatment 1 0.641 0.4402 0.226 0.6439 2.457 0.1453 

Treatment*Genotype 1 0.003 0.9541 2.685 0.1296 2.995 0.1114 

Error 11             

Power mean 

frequency 

Intercept 1 71.156 0.0000 44.362 0.0000 67.045 0.0000 

Genotype 1 0.008 0.9300 0.103 0.7540 1.076 0.3218 

Error 11             

Treatment 1 0.038 0.8493 0.276 0.6100 0.050 0.8267 

Treatment*Genotype 1 0.090 0.7695 0.117 0.7383 0.000 0.9895 

Error 11             

Skewness 

Intercept 1 32.456 0.0001 41.686 0.0000 123.532 0.0000 

Genotype 1 0.964 0.3472 0.394 0.5432 1.161 0.3044 

Error 11             

Treatment 1 0.621 0.4475 0.001 0.9778 5.063 0.0459 

Treatment*Genotype 1 2.811 0.1218 0.079 0.7845 0.739 0.4085 

Error 11             

Kurtosis 
Intercept 1 24.343 0.0004 124.565 0.0000 92.622 0.0000 

Genotype 1 0.045 0.8363 0.378 0.5512 0.300 0.5947 
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Error 11             

Treatment 1 0.456 0.5136 0.511 0.4895 2.913 0.1159 

Treatment*Genotype 1 2.579 0.1366 0.000 0.9884 0.461 0.5113 

Error 11             

High gamma 

Band power 

Intercept 1 167.351 0.0000 70.837 0.0000 98.756 0.0000 

Genotype 1 0.000 0.9971 0.044 0.8382 0.677 0.4280 

Error 11             

Treatment 1 1.710 0.2177 0.020 0.8906 0.050 0.8263 

Treatment*Genotype 1 0.131 0.7242 0.076 0.7873 0.043 0.8390 

Error 11             

Mean frequency 

Intercept 1 15217.484 0.0000 12876.227 0.0000 10474.964 0.0000 

Genotype 1 0.000 0.9845 0.082 0.7801 0.172 0.6863 

Error 11             

Treatment 1 1.335 0.2724 3.474 0.0892 3.184 0.1019 

Treatment*Genotype 1 0.366 0.5572 4.429 0.0591 1.612 0.2305 

Error 11             

Power mean 

frequency 

Intercept 1 131.195 0.0000 47.742 0.0000 63.761 0.0000 

Genotype 1 0.155 0.7012 0.253 0.6249 0.285 0.6041 

Error 11             

Treatment 1 0.750 0.4051 0.001 0.9714 1.214 0.2940 

Treatment*Genotype 1 1.249 0.2876 0.172 0.6860 0.794 0.3919 

Error 11             

Skewness 

Intercept 1 4.485 0.0578 26.929 0.0003 33.830 0.0001 

Genotype 1 0.009 0.9258 1.188 0.2991 2.526 0.1403 

Error 11             

Treatment 1 1.437 0.2559 4.209 0.0648 2.540 0.1393 

Treatment*Genotype 1 0.012 0.9134 0.807 0.3881 0.601 0.4545 

Error 11             

Kurtosis 
Intercept 1 10.976 0.0069 103.454 0.0000 83.677 0.0000 

Genotype 1 0.039 0.8472 1.306 0.2774 2.114 0.1739 
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Error 11             

Treatment 1 0.857 0.3745 2.976 0.1125 1.869 0.1989 

Treatment*Genotype 1 0.355 0.5635 1.825 0.2038 2.824 0.1210 

Error 11             
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Table S5. Fisher’s least significant difference (LSD) post hoc analysis - Spectral parameters (cortical and hippocampal 

derivations) 

Spectral parameters 

Fisher’s LSD post hoc analysis 

Group/Treatment Waveband Spectral parameter 

Cortical derivation Hippocampal derivation 

Dose (mg/kg) (P value) Dose (mg/kg) (P value) 

1 3 10 1 3 10 

Control (baseline) vs 

Control (treated)  

Delta 

Band power np np np np np 0.0386 

Mean frequency 0.0482 0.0069 0.0150 0.0320 0.0005 0.0011 

Power mean 

frequency 
np np np np np np 

Skewness 0.0026 0.0080 0.0010 0.0085 0.0012 0.0045 

Kurtosis 0.0069 0.0177 0.0068 0.0092 0.0066 0.0141 

Theta 

Band power np np np np np np 

Mean frequency 0.3159 np np np np 0.0144 

Power mean 

frequency 
0.0230 np np np np np 

Skewness 0.0006 np 0.1631 np np 0.0250 

Kurtosis 0.0051 0.1924 np np np 0.0716 

Alfa 

Band power np np np np np np 

Mean frequency np np np np np np 

Power mean 

frequency 
np np np np np np 

Skewness np np np np 0.0398 np 

Kurtosis np np 0.0420 np 0.0328 np 

Beta 1 
Band power 0.0456 np np 0.0354 np np 

Mean frequency np 0.1324 np np 0.1373 np 
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Power mean 

frequency 
np np np np np np 

Skewness np np 0.0670 np np np 

Kurtosis np np np np np np 

Beta 2 

Band power 0.0037 np np np np np 

Mean frequency np np np np np np 

Power mean 

frequency 
0.0017 0.0114 np 0.0079 np np 

Skewness 0.9639 0.0739 np np np np 

Kurtosis 0.6792 np np np np np 

Gamma 

Band power np 0.1458 0.0459 np np np 

Mean frequency np np np np np np 

Power mean 

frequency 
np np 0.0388 np np np 

Skewness np np 0.0214 np np 0.0577 

Kurtosis np np 0.0856 np np np 

Ts65Dn (baseline) vs 

Ts65Dn (treated)  

Delta 

Band power np np np np np 0.1591 

Mean frequency 0.0211 0.0130 0.0017 0.0439 0.0166 0.0003 

Power mean 

frequency 
np np np np np np 

Skewness 0.0288 0.1736 0.0012 0.6199 0.7353 0.1078 

Kurtosis 0.2298 0.4985 0.0126 0.9999 0.5425 0.2265 

Theta 

Band power np np np np np np 

Mean frequency 0.0089 np np np np 0.6313 

Power mean 

frequency 
0.4766 np np np np np 

Skewness 0.9066 np 0.1264 np np 0.1758 

Kurtosis 0.7661 0.0748 np np np 0.0708 
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Alfa 

Band power np np np np np np 

Mean frequency np np np np np np 

Power mean 

frequency 
np np np np np np 

Skewness np np np np 0.8218 np 

Kurtosis np np 0.3389 np 0.4454 np 

Beta 1 

Band power 0.3311 np np 0.4514 np np 

Mean frequency np 0.0878 np np 0.0152 np 

Power mean 

frequency 
np np np np np np 

Skewness np np 0.2004 np np np 

Kurtosis np np np np np np 

Beta 2 

Band power 0.5804 np np np np np 

Mean frequency np np np np np np 

Power mean 

frequency 
0.5008 0.9917 np 0.9989 np np 

Skewness 0.9264 0.0602 np np np np 

Kurtosis 0.5475 np np np np np 

Gamma 

Band power np 0.1117 0.1839 np np np 

Mean frequency np np np np np np 

Power mean 

frequency 
np np 0.3047 np np np 

Skewness np np 0.9141 np np 0.3280 

Kurtosis np np 0.8381 np np np 

Control (baseline) vs 

Ts65Dn (baseline)  
Delta 

Band power np np np np np 0.1712 

Mean frequency 0.5338 0.6402 0.9986 0.7712 0.6359 0.3799 

Power mean 

frequency 
np np np np np np 

Skewness 0.6727 0.8400 0.7360 0.5024 0.1036 0.0521 

Kurtosis 0.6041 0.8894 0.8366 0.4493 0.1251 0.1817 
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Theta 

Band power np np np np np np 

Mean frequency 0.2734 np np np np 0.6863 

Power mean 

frequency 
0.4173 np np np np np 

Skewness 0.0915 np 0.5886 np np 0.9283 

Kurtosis 0.3975 0.4712 np np np 0.7988 

Alfa 

Band power np np np np np np 

Mean frequency np np np np np np 

Power mean 

frequency 
np np np np np np 

Skewness np np np np 0.8888 np 

Kurtosis np np 0.1750 np 0.7095 np 

Beta 1 

Band power 0.1145 np np 0.6077 np np 

Mean frequency np 0.5127 np np 0.8065 np 

Power mean 

frequency 
np np np np np np 

Skewness np np 0.2484 np np np 

Kurtosis np np np np np np 

Beta 2 

Band power 0.7948 np np np np np 

Mean frequency np np np np np np 

Power mean 

frequency 
0.8043 0.6343 np 0.6046 np np 

Skewness 0.0260 0.5833 np np np np 

Kurtosis 0.0508 np np np np np 

Gamma 

Band power np 0.2171 0.9693 np np np 

Mean frequency np np np np np np 

Power mean 

frequency 
np np 0.9162 np np np 
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Skewness np np 0.4357 np np 0.8351 

Kurtosis np np 0.4761 np np np 

Control (treated) vs 

Ts65Dn (treated)  

Delta 

Band power np np np np np 0.2348 

Mean frequency 0.7019 0.2987 0.3032 0.5572 0.2724 0.2089 

Power mean 

frequency 
np np np np np np 

Skewness 0.3806 0.0480 0.8688 0.0888 0.0542 0.9572 

Kurtosis 0.1815 0.0395 0.6939 0.0455 0.0441 0.6262 

Theta 

Band power np np np np np np 

Mean frequency 0.0610 np np np np 0.0035 

Power mean 

frequency 
0.7533 np np np np np 

Skewness 0.0056 np 0.5588 np np 0.1925 

Kurtosis 0.0067 0.7845 np np np 0.7017 

Alfa 

Band power np np np np np np 

Mean frequency np np np np np np 

Power mean 

frequency 
np np np np np np 

Skewness np np np np 0.0155 np 

Kurtosis np np 0.1398 np 0.0045 np 

Beta 1 

Band power 0.0237 np np 0.0102 np np 

Mean frequency np 0.5833 np np 0.5651 np 

Power mean 

frequency 
np np np np np np 

Skewness np np 0.0788 np np np 

Kurtosis np np np np np np 

Beta 2 
Band power 0.0864 np np np np np 

Mean frequency np np np np np np 
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Power mean 

frequency 
0.0017 0.0739 np 0.0474 np np 

Skewness 0.0276 0.5640 np np np np 

Kurtosis 0.0428 np np np np np 

Gamma 

Band power np 0.2339 0.4267 np np np 

Mean frequency np np np np np np 

Power mean 

frequency 
np np 0.3500 np np np 

Skewness np np 0.0007 np np 0.2170 

Kurtosis np np 0.0053 np np np 
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Table S6. Analysis of theta-burst stimulation (TBS)-induced long-term potentiation (LTP) levels  

TBS-induced LTP levels 

One-way Analysis of Variance  

Group  Effect 
Degr. of 

(Freedom) 
F P value 

Control 

Intercept 1 1254.084 0.0000 

Treatment 3 4.103 0.0119 

Error 44     

Ts65Dn 

Intercept 1 732.178 0.0000 

Treatment 3 0.857 0.8570 

Error 44     
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Table S7. Fisher’s least significant difference (LSD) post hoc analysis - TBS-induced LTP levels 

TBS-induced LTP levels 

Fisher’s LSD post hoc analysis 

Treament P value 

GABA 200 μM 0.0489 

Diazepam 1 μM 0.0458 

Diazepam 10 μM 0.0011 
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Table S8. Analysis of normalized theta-burst stimulation (TBS)-induced long-term potentiation (LTP) levels 

Normalized TBS-induced LTP levels 

Two-way Analysis of Variance  

Parameter  Effect 
Degr. of 

(Freedom) 
F P value 

TBS-induced LTP 

levels  

Intercept 1 1764.961 0.0000 

Genotype 1 10.987 0.0013 

Treatment 3 1.494 0.2217 

Genotype*Treatment 3 1.314 0.2750 

Error 88     
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Table S9. Fisher’s least significant difference (LSD) post hoc analysis - Normalized TBS-induced LTP levels 

Normalized TBS-induced LTP levels 

Fisher’s LSD post hoc analysis 

Group/Treatment P value 

Control (aCSF) vs Ts65Dn (aCSF) 0.9999 

Control (GABA 200 μM) vs Ts65Dn (GABA 200 μM) 0.0211 

Control (Diazepam 1 μM) vs Ts65Dn (Diazepam 1 μM) 0.0775 

Control (Diazepam 10 μM) vs Ts65Dn (Diazepam 10 μM) 0.0145 

 

 

 

 

 

 

 

 

 

 

 



154 

 

 

 

Table S10. Analysis of Input-Output (I/O) and Paired-pulse facilitation (PPF) 

I/O and PPF 

Repeated Measures Analysis of Variance  

Group/Parameter Effect 
Degr. of 

(Freedom) 
F P value 

Control (I/O Curve) 

Intercept 1 156.688 0.0000 

Treatment 3 0.113 0.9523 

Error 44     

Stimulus 9 147.788 0.0000 

Stimulus*Treatment 27 0.238 0.9999 

Error 396     

Ts65Dn (I/O 

Curve) 

Intercept 1 282.667 0.0000 

Treatment 3 0.416 0.7425 

Error 44     

Stimulus 9 228.287 0.0000 

Stimulus*Treatment 27 0. 258 0.9999 

Error 396     

Control (PPF) 

Intercept 1 5377.232 0.0000 

Treatment 3 0.838 0.4802 

Error 44     

Stimulus 7 365.632 0.0000 

Stimulus*Treatment 21 1.265 0.1967 

Error 308     

Ts65Dn (PPF) 

Intercept 1 4962.442 0.0000 

Treatment 3 0.36 0.7824 

Error 44     
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Stimulus 7 336.41 0.0000 

Stimulus*Treatment 21 0.95 0.5261 

Error 308     
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Table S11. Analysis of susceptibility to picrotoxin-induced seizures 

Susceptibility to picrotoxin-induced seizures 

Two-way Analysis of Variance  

Treatment Seizure parameter  Effect 
Degr. of 

(Freedom) 
F P value 

2 mg/kg PTX vs 

4 mg/kg PTX 

Seizure severity  

Intercept 1 432.704 0.0000 

Genotype 1 0.295 0.5892 

Treatment 1 30.002 0.0000 

Genotype*Treatment 1 0.933 0.3389 

Error 50     

Latency 

Intercept 1 298.764 0.0000 

Genotype 1 1.247 0.2713 

Treatment 1 16.275 0.0003 

Genotype*Treatment 1 0.035 0.8537 

Error 37     

3 mg/kg DZP 

pretreatment vs 

no pretreatment 

Seizure severity  

Intercept 1 105.356 0.0000 

Genotype 1 0.393 0.5333 

Treatment 1 16.668 0.0002 

Genotype*Treatment 1 0.617 0.4356 

Error 52     
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Table S12. Fisher’s least significant difference (LSD) post hoc analysis – Seizure parameters  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Susceptibility to picrotoxin-induced seizures 

Fisher’s LSD post hoc analysis 

Group/Treatment Seizure parameter P value 

Control (2 mg/kg PTX) vs 

Control (4 mg/kg PTX)  

Seizure severity  0.0035 

Latency 0.0089 

Ts65Dn (2 mg/kg PTX) vs 

Ts65Dn (4 mg/kg PTX)  

Seizure severity  0.0000 

Latency 0.0056 

Control (2 mg/kg PTX) vs 

Ts65Dn (2 mg/kg PTX)  

Seizure severity  0.2710 

Latency 0.5548 

Control (4 mg/kg PTX) vs 

Ts65Dn (4 mg/kg PTX)  

Seizure severity  0.7752 

Latency 0.3037 

3 mg/kg DZP pretreated 

control vs non-pretreated 

control   

Seizure severity  0.0016 

3 mg/kg DZP pretreated 

Ts65Dn vs non-pretreated 

Ts65Dn   

Seizure severity  0.0189 

Non-pretreated control vs non-

pretreated Ts65Dn   
Seizure severity  0.3123 

3 mg/kg DZP pretreated 

control vs3 mg/kg DZP 

pretreated control 

Seizure severity  0.9130 
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Table S13. Analysis of spatiotemporal and ethological parameters - Elevated plus-maze behavioral test 

Analysis of spatiotemporal and ethological parameters - Elevated plus-maze 

behavioral test 

Two-way Analysis of Variance  

Parameter  Effect 
Degr. of 

(Freedom) 
F P value 

Open arm entries 

Intercept 1 71.156 0.0000 

Genotype 1 3.935 0.0522 

Treatment 1 6.123 0.0164 

Genotype*Treatment 1 1.065 0.3066 

Error 56     

Time spent in open 

arms 

Intercept 1 60.136 0.0000 

Genotype 1 2.337 0.1319 

Treatment 1 10.124 0.0024 

Genotype*Treatment 1 0.290 0.5921 

Error 56     

Closed arm entries 

Intercept 1 131.858 0.0000 

Genotype 1 0.077 0.7818 

Treatment 1 3.831 0.0553 

Genotype*Treatment 1 0.127 0.7227 

Error 56     

Time spent in closed 

arms 

Intercept 1 304.666 0.0000 

Genotype 1 0.980 0.3264 

Treatment 1 1.041 0.3119 

Genotype*Treatment 1 0.004 0.9525 

Error 56     

Total arms entries Intercept 1 124.768 0.0000 
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Genotype 1 1.412 0.2397 

Treatment 1 5.947 0.0179 

Genotype*Treatment 1 0.553 0.4600 

Error 56     

Time spent in the 

center  

Intercept 1 173.652 0.0000 

Genotype 1 0.111 0.7404 

Treatment 1 3.920 0.0526 

Genotype*Treatment 1 0.501 0.4822 

Error 56     

Protected stretched 

attend posture 

frequency 

Intercept 1 248.198 0.0000 

Genotype 1 0.551 0.4611 

Treatment 1 6.955 0.0108 

Genotype*Treatment 1 5.104 0.0278 

Error 56     

Unprotected 

stretched attend 

posture frequency 

Intercept 1 35.981 0.0000 

Genotype 1 0.071 0.7903 

Treatment 1 7.253 0.0093 

Genotype*Treatment 1 1.721 0.1949 

Error 56     

Protected head 

dipping frequency 

Intercept 1 185.143 0.0000 

Genotype 1 4.121 0.0471 

Treatment 1 18.087 0.0001 

Genotype*Treatment 1 1.058 0.3082 

Error 56     

Unprotected head 

dipping frequency 

Intercept 1 125.429 0.0000 

Genotype 1 1.214 0.2752 

Treatment 1 17.866 0.0001 
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Genotype*Treatment 1 1.045 0.3111 

Error 56     

Closed arm return 

frequency 

Intercept 1 7.421 0.0086 

Genotype 1 5.833 0.0190 

Treatment 1 1.529 0.2214 

Genotype*Treatment 1 0.860 0.3577 

Error 56     

Grooming time 

Intercept 1 52.012 0.0000 

Genotype 1 6.359 0.0145 

Treatment 1 2.224 0.1415 

Genotype*Treatment 1 0.025 0.8748 

Error 56     

 

 

 

 

 

 

 

 

 



161 

 

 

 

Table S14. Fisher’s least significant difference (LSD) post hoc analysis - Elevated plus-maze behavioral parameters  

Analysis of spatiotemporal and ethological parameters - Elevated plus-maze 

behavioral test 

Fisher’s LSD post hoc analysis 

Genotype Behavioral parameter P value 

Control (saline) vs 

Control (treated)  

Open arm entries 0.0130 

Time spent in open arms 0.0086 

Total arms entries 0.0235 

Protected stretched attend posture frequency 0.0007 

Unprotected stretched attend posture 

frequency 
0.0049 

Protected head dipping frequency 0.0003 

Unprotected head dipping frequency 0.0003 

Closed arm return frequency 0.1189 

Grooming time 0.3334 

Ts65Dn (saline) vs 

Ts65Dn (treated)  

Open arm entries 0.3275 

Time spent in open arms 0.0757 

Total arms entries 0.2509 

Protected stretched attend posture frequency 0.7967 

Unprotected stretched attend posture 

frequency 
0.3484 

Protected head dipping frequency 0.0314 

Unprotected head dipping frequency 0.0324 

Closed arm return frequency 0.8331 

Grooming time 0.2635 

Control (saline) vs 

Ts65Dn (saline)  

Open arm entries 0.0374 

Time spent in open arms 0.1493 

Total arms entries 0.1773 
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Protected stretched attend posture frequency 0.0383 

Unprotected stretched attend posture 

frequency 
0.2690 

Protected head dipping frequency 0.0349 

Unprotected head dipping frequency 0.1387 

Closed arm return frequency 0.0216 

Grooming time 0.1003 

Control (treated) vs 

Ts65Dn (treated)  

Open arm entries 0.5037 

Time spent in open arms 0.4868 

Total arms entries 0.7546 

Protected stretched attend posture frequency 0.2880 

Unprotected stretched attend posture 

frequency 
0.4632 

Protected head dipping frequency 0.4818 

Unprotected head dipping frequency 0.9552 

Closed arm return frequency 0.2973 

Grooming time 0.0633 
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Supplemental information  

Animals 

Experimental procedures carried out in this study were approved by the 

Institutional Animal Care and Use Committee (IACUC) at Case Western Reserve 

University (CWRU) and met all the requirements of Guide for the Care and Use of 

Laboratory Animals (National Institutes of Health, 2011). Seven Ts65Dn mice and six 

littermates, euploid control mice (13–20 weeks old) were used for hippocampal LFP 

recordings. Ts65Dn mice were generated by in-house repeated backcrossing of 

Ts65Dn females to C57BL/6JEiJ × C3Sn.BLiA-Pde6b+/D F1 hybrid males [185]. 

Mouse strains were purchased from The Jackson Laboratory, Bar Harbor, ME. 

Colonies were kept on a 12:12 light/dark cycle (water and food ad libitum) at the 

Animal Resource Center at CWRU. Polymerase chain reaction (PCR) was used to 

genotype Ts65Dn mice [186]. 

 

Data acquisition 

Bipolar electrodes were implanted in the left hippocampal CA1 area (AP: -2.3 

mm, ML: -1.7 mm; and dorsoventral DV: -1.2 mm) [187] of control and Ts65Dn mice. 

After a 7-day recovery period, mice were subjected to video-EEG recordings 

(OmniPlex Neural Recording Data Acquisition System, Plexon Inc., Dallas, TX, USA) 

during spontaneous behavior in a small individual cage. Local field potentials were 

acquired at 2-kHz sampling rate and band-pass filtered (3 Hz to 500 Hz, four-pole 

Butterworth filter). The adaptive power line noise removal was used to remove 60 Hz 

and its five first harmonics. A total of 1 and 1.5 minutes of randomly selected artifact-

free epochs was used for baseline and treatment analyses, respectively. Signal 

processing was performed by custom-written MATLAB codes (version 2018a, The
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MathWorks Inc., Natick, MA, USA). (see Victorino et al., 2021 for method details for 

electrode preparation, surgical procedure for electrode implantation, and recordings 

of video-EEG) [176]. 

 

Data analysis 

Raw data was first band-pass filtered in low (4-12 Hz) and high frequency (30-

100 Hz) signals. Then, the instantaneous phase and amplitude envelope of the low 

and high frequency signal components were respectively extracted by the Hilbert 

transform. Phase and amplitude were obtained by taking the angle and the absolute 

value of the Hilbert transform applied to the complex-valued analytic signals, 

respectively. 

Envelope-to-Signal Correlation was used to calculate the correlation between 

the amplitude envelope of the band-pass filtered high frequency signal and the band-

pass filtered low frequency signal. The correlation coefficient, ranging from -1 to 1, 

measures any linear relationship between these two variables [42].  

The strength of phase to amplitude coupling was estimated by MVL as 

described by Canolty et al. (2006). Mean vector length estimates PAC by mapping 

phase time series and amplitude time series to a complex-valued vector at each time 

point. Each complex value of the analytic time series represents a vector, and the 

length of the mean vector of the analytic signal provides a direct measure of the 

coupling strength [5].  

Two-dimensional pseudocolor maps (or comodulogram) were used to 

represent ESC and MLV values within the frequency range of interest. Warmer colors 

in a given comodulogram represent coupling between low-frequency phase (x-axis) 

and high-frequency amplitude (y-axis). Comodulograms were constructed using 4-12 

Hz (1 Hz steps, 4 Hz bandwidths) and 30-100 Hz (1 Hz steps, 10 Hz bandwidths) as 

phase and amplitude frequencies, respectively. For group analyses, mean values of 

ESC and MLV were obtained by averaging the corresponding ESC and MLV values 

over theta (4-12 Hz) and gamma (30-100 Hz) frequency bands, respectively.  

All analyses were performed using custom scripts in MATLAB. Envelope-to-

Signal Correlation and MLV analyses were carried out by using the Matlab toolbox for 

estimating Phase Amplitude Coupling. 
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Statistical analysis 

Results are presented as mean ± standard error of the mean (SEM). MATLAB 

and GraphPad Prism (version 7.0, GraphPad Software, La Jolla, CA) were used for 

statistical analyses. Comparisons between the mean values of ESC and MLV from 

Ts65Dn and control mice were assessed using two-tailed unpaired t-tests with 

Welch's correction (GraphPad Prism). Values of P < 0.05 were considered 

statistically significant.  

 

 


