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c Université de Strasbourg, CNRS, INSERM, Institut de Génétique et de Biologie Moléculaire et Cellulaire (IGBMC), Illkirch, France   
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A B S T R A C T   

Using a novel rat model of Down syndrome (DS), the functional role of the cystathionine-β-synthase (CBS)/ 
hydrogen sulfide (H2S) pathway was investigated on the pathogenesis of brain wave pattern alterations and 
neurobehavioral dysfunction. Increased expression of CBS and subsequent overproduction of H2S was observed 
in the brain of DS rats, with CBS primarily localizing to astrocytes and the vasculature. DS rats exhibited neu-
robehavioral defects, accompanied by a loss of gamma brain wave activity and a suppression of the expression of 
multiple pre- and postsynaptic proteins. Aminooxyacetate, a prototypical pharmacological inhibitor of CBS, 
increased the ability of the DS brain tissue to generate ATP in vitro and reversed the electrophysiological and 
neurobehavioral alterations in vivo. Thus, the CBS/H2S pathway contributes to the pathogenesis of neurological 
dysfunction in DS, most likely through dysregulation of cellular bioenergetics and gene expression.   

1. Introduction 

Down syndrome (DS) – trisomy of all or part of human chromosome 
21 (HSA21) – is the most common chromosomal disorder for intellectual 
disability [1,2]. A biochemical hallmark of DS is cellular bioenergetic 
dysfunction or pseudohypoxia [3,4]. Although there are more than 200 
protein-coding genes on HSA21 that may contribute to this defect, 
recent evidence implicates a significant functional role of the genetic 
overdosage of cystathionine-β-synthase (CBS) [5–7]. According to this 
mechanism, the enzymatic product of CBS, the biological gaseous 
mediator hydrogen sulfide (H2S) reversibly inhibits the mitochondrial 
Complex IV (cytochrome c oxidase) to induce mitochondrial dysfunction 
and a cellular bioenergetic defect [8]. Since this inhibition is biochem-
ically reversible, pharmacological inhibition of CBS has the potential to 
improve bioenergetic (and, thereby, overall cellular functional) status, 
even in established DS. Indeed, in in-vitro studies, using various phar-
macological CBS inhibitors, including the prototypical inhibitor 

aminooxyacetate (AOAA), were found to restore mitochondrial electron 
transport and ATP generation in human DS fibroblasts [8,9]. In an in-
dependent line of studies, CBS overexpression was shown to phenocopy 
the DS-like neurocognitive deficits in mice, while genetic deletion of CBS 
in DS mice has been shown to improve neurobehavioral function [10]. 

There are several rodent models of DS that carry partial or whole 
triplication of HSA21 or of orthologous genomic regions available. 
These models are characterized by various developmental and neuro-
behavioral defects and have been used for the last two decades to 
investigate the contribution of triplicated genes or groups of genes in the 
phenotype of DS, providing valuable insights into pathophysiological 
mechanisms and potential experimental therapeutic targets [11,12]. 

In the current study, we utilized a novel rat model that features a 
duplication of the segment of rat chromosome 20 (Rno20) consisting of 
74 genes within the region Umodl1 to Prmt2 (Dup(Rno20)Yah) and in-
cludes the CBS gene [13]. We subchronically treated (Dup(Rno20)Yah) 
rats with AOAA (10 mg/kg per day) and assessed the efficacy of the 
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pharmacological inhibitor on animal spatial learning, spontaneous 
reference memory, social preference, and neural oscillation patterns. 
Our study provides in-vivo evidence for the functional role of the H2S 
pathway on the alterations in brain metabolic and electrophysiological 
activity and cognitive function in Down syndrome. 

2. Results 

CBS is abundantly expressed in the DS brain and is localized in 
specific regions and cell types. A DS-associated increase in CBS 
expression was demonstrated using Western blots of homogenates of all 
four brain regions studied (Fig. 1A and B). In several DS brain regions, 
two CBS bands were detected, at the molecular weights consistent with 
the full-length 65 kDa and the 45 kDa proteolytically cleaved (but 
enzymatically active) [7] isoforms, respectively (Fig. 1A,C). The 
expression of the other two major enzymes associated with H2S 
biogenesis showed variable effects. 3-MST expression was higher in DS 
compared to wild-type control brains in several regions studied, most 
prominently in the entorhinal cortex and the hippocampus (Fig. 1A,D). 
CSE expression was comparable in DS and healthy control rats in all 
brain regions studied (Fig. 1A,E). 

With respect to the expression of the H2S-degradation enzymes: TST 
expression was comparable in most DS and control brain regions, except 
for the entorhinal cortex where DS brains contained lower TST levels 

than controls (Fig. 2A,C). Similarly, the ETHE1 protein levels did not 
differ among the two studied genotypes in most brain regions studied, 
with the exception of the DS prefrontal cortex that exhibited slightly 
elevated levels (Fig. 2A and B). SQR protein expression was barely 
detectable in all of the brain regions studied and did not appear to be 
affected by DS or AOAA (Fig. 2D). 

Interestingly, treatment of the rats with AOAA, a compound which is 
frequently used to inhibit CBS activity and H2S biogenesis in vivo [7] had 
significant effect on the expression of several of the H2S producing and 
degrading enzymes studied. AOAA normalized the truncated CBS levels 
in all DS brain regions assessed (Fig. 1A,C) and significantly decreased 
the overexpression of the full-length CBS in the DS hippocampus and 
entorhinal cortex (Fig. 1A and B). In the entorhinal cortex of DS rats, 
AOAA also attenuated the 3-MST overexpression (Fig. 1A,D). AOAA 
treatment also produced a suppression of the TST expression in several 
DS brain regions (Fig. 2). 

Immunohistochemical analysis was used to identify the regions and 
cell types that predominantly express CBS in the DS brain. The most 
pronounced CBS expression was noted in astrocytes, but also vascular 
tissues surrounded by astrocytic end-feet exhibited CBS expression 
(Fig. 3). Prior studies have demonstrated increased expression of CBS in 
the brain of DS individuals; with high expression observed in astrocytes 
[14–17]. The current findings are consistent with these observations. 
The higher CBS expression in DS compared to wild-type controls, and 

Fig. 1. DS is associated with the upregulation of CBS and 3-MST enzymes in a brain-region-specific manner. Following the cognitive assessment, animals were 
euthanized and tissue from the prefrontal cortex (PFC), hippocampus (HIP), entorhinal cortex (ETC), and the basal forebrain (BF) brain regions were collected for 
protein extraction. Protein samples were processed for immunoblotting detection of the H2S producing enzymes cystathionine β-synthase (CBS) (A, B, C), 3-mercap-
topyruvate sulfurtransferase (3MST) (A, D), and cystathionine γ-lyase (CSE) (A, E). (B): Quantification of the proteolytic, 45 kDa isoform of CBS. The expression of 
β-actin served as loading control for our analysis. Data, expressed as mean ± SEM of 5 animals per experimental condition, were analyzed by two-way ANOVA 
followed by post hoc Bonferroni multiple comparison t-tests at each brain region of interest. *p≤0.05 or **p≤0.01 shows significant differences between saline-treated 
DS rats and saline-treated WT rats; #p ≤ 0.05 or ##p ≤ 0.01 shows significant effect of AOAA treatment on the expression of various H2S-producing enzymes in Dup 
(Rno20)Yah rats. 
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the inhibitory effect of AOAA – effects already observed and quantified 
by Western blotting (Fig. 1) – was also confirmed by immunohisto-
chemical analysis, as shown in a selected region (the C1 region of the 
hippocampus) in Fig. 4. Interestingly, the reactive astrogliosis a known 
feature of clinical DS [18] was also noted in our rat model and AOAA 
treatment reduced the number of astrocytes DS but not in control hip-
pocampus (Fig. 4). 

DS brain homogenates exhibit increased H2S-producing activ-
ity, which modulates cellular bioenergetics. CBS enzymatic activity 
(assessed by the measurement of H2S production in the presence of 
maximally stimulating substrate concentrations) was higher in all the 
tested DS brain regions than in corresponding control samples, with the 
entorhinal cortex (ETC) and the PFC showing the largest difference, and 
the basal forebrain (BF) and the hippocampus showing a smaller dif-
ference (Fig. 5). Addition of AOAA (100 μM) to the brain homogenates 
attenuated H2S generation, suggesting that CBS is a significant source of 
H2S generation both in the control and DS brains (Fig. 5). S-adenyl- 
methionine (SAM), the physiological allosteric activator of CBS, stimu-
lated H2S generation in all brain regions studied, with a more pro-
nounced effect in DS brains than in control brains (Fig. 5). Among the DS 
brain regions studied – in the presence of fully activated conditions, i.e. 
in the presence of SAM – the hippocampus showed the highest H2S 
generation rates (approximately 2-times higher than in other regions), 
suggesting that this region may be a significant target for a cytotoxic 
effect of H2S in DS. 

Extracellular Flux Analysis, conducted in homogenates of hippo-
campal samples, indicated a trend for lower basal ATP generation in DS 
than in control brains; interestingly, in vitro treatment of hippocampal 
slices with AOAA increased ATP synthesis, without having an effect on 
ATP generation in the control group (Fig. 6). These findings can be 

interpreted as follows: there is a CBS/H2S-mediated mitochondrial 
suppression in DS [6,8] – which, however, is compensated by the 
upregulation of other bioenergetic processes, e.g. an increase in aerobic 
glycolysis, as shown in multiple preclinical and clinical DS studies [3,4]. 
This compensatory increase in glycolytic ATP generation serves to 
maintain the tissue’s baseline bioenergetic function. However, after CBS 
inhibition with AOAA, the reactivation of the mitochondrial electron 
transport chain produces an increase in ATP generation over baseline 
and control levels in the DS tissues (but does not have a significant effect 
in control tissues). 

Subchronic CBS inhibition in control and DS rats is well toler-
ated and reveals a systemic metabolic dysfunction in DS. The CBS/ 
H2S pathway has been implicated in the regulation of a variety of 
physiological functions, including metabolism and gastric emptying [7]. 
In this light, we monitored the body weight of WT and DS rats weekly 
during the first two weeks of treatment. As shown in Fig. 7, no major 
effects of AOAA were noted. Hematological analysis with Vetscan® 
Whole Blood Analyzer revealed no significant differences in albumin, 
alkaline phosphatase, gamma-glutamyl transferase, globulin, calcium, 
magnesium, inorganic phosphorus, total protein, and urea nitrogen 
between control and DS rats or in the presence vs. absence of AOAA 
treatment; this finding indicates that (a) significant multi-organ 
dysfunction is not produced by this DS model and (b) AOAA does not 
adversely affect the function of major organs. However, interestingly, 
plasma levels of creatinine kinase (CK) were higher in the DS rats than in 
the control animals, and this was normalized by AOAA. Moreover, DS 
rats showed an elevation in aspartate aminotransferase (AST) plasma 
levels, indicative of a slight degree of hepatic dysfunction, which, once 
again, was normalized by AOAA (Fig. 7). Although the pharmacological 
effects of AOAA go beyond CBS inhibition (see further in the Discussion 

Fig. 2. DS differentially modulates the expression of various expression enzymes involved in H2S degradation in a brain-region-specific manner. Following 
the cognitive assessment, animals were euthanized and tissue from the prefrontal cortex (PFC), hippocampus (HIP), entorhinal cortex (ETC), and the basal forebrain 
(BF) brain regions were collected for protein extraction. Protein samples were processed for immunoblotting detection of the H2S catabolizing enzymes (A, B) 
ethylmalonic encephalopathy 1 protein (ETHE1), (A, C) rhodanese/thiosulfate sulfurtransferase (TST), and (D) sulfide quinone reductase (SQR). The expression of 
β-actin served as loading control for our analysis. Data, expressed as mean ± SEM of 5 animals per experimental condition, were analyzed by two-way ANOVA 
followed by post hoc Bonferroni multiple comparison t-tests at each brain region of interest. *p≤0.05 shows significant differences between saline-treated DS rats and 
saline-treated WT rats; #p ≤ 0.05 shows significant effect of DS or AOAA treatment on the expression of various H2S-regulating enzymes in Dup(Rno20)Yah rats. 
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Fig. 3. CBS expression in the DS brain is localized in astrocytes and vascular tissues surrounded by astrocytic end-feet. Immunohistochemical staining of DS 
rat brain sections (40 μm thick) was analyzed in 4 different brain regions, including the prefrontal cortex (PFC), the basal forebrain (BF), the hippocampus (HIP), and 
the entorhinal cortex (ETC). Coronal brain sections were first scanned using the NanoZoomer in brightfield mode at small magnification in single layer (A). The 
regions of interest within different brain sections (black squares) were selected according to Paxinos-Franklin atlas and scanned using the NanoZoomer in fluorescent 
mode at 15X magnification (B), and confocal microscope at 40X magnification (C). Confocal images are shown as maximum intensity projection of the whole z-stack 
(40 μm), with z-step equal 0,42 μm. Scale bars represent 2 mm (A), 200 μm (B), and 60 μm (C), respectively. Immunofluorescence labeling for CBS (red), GFAP 
(green) and counterstaining with DAPI (blue) is shown. Identical acquisition settings were applied between different brain regions and groups. (For interpretation of 
the references to color in this figure legend, the reader is referred to the Web version of this article.) 
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Fig. 4. AOAA treatment modulates CBS expression and reactive astrogliosis in the rat hippocampus in Down syndrome. (A): Immunohistochemical staining 
of CA1 region of rat hippocampus is shown, so: stratum oriens, sp: stratum pyramidale, sr: stratum radiatum. Coronal brain sections were scanned using the confocal 
microscope at 40 x magnification using the same acquisition settings between different groups. Immunofluorescence labeling for DAPI (blue), CBS (red), and GFAP 
(green) is shown. Scale bar represents 60 μm. Quantification of CBS signal intensity (B) and number of astrocytes per section (C) was done using the Imaris software. 
Data are expressed as mean ± SD of 4–5 animals per experimental condition. Data were analyzed by two-way ANOVA followed Tukey multiple comparison test, *p ≤
0.05; **p ≤ 0.01; ***p ≤ 0.001. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.) 
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section), one possible interpretation of the findings is the following: the 
slightly elevated CK and AST levels may indicate a modest degree of 
cardiac, skeletal muscle and/or hepatic dysfunction in DS which may be, 
at least in part, due to H2S-related cytotoxic or metabolic suppressive 
effects. 

The CBS/H2S pathway is not involved in the regulation of 
spatial working memory in the rat. In the T-maze paradigm, DS ani-
mals and control animals displayed comparable latency times until their 
first entry to the goal arm of the maze, with a mean of 12 successful 
entries and a success rate of 60% within the first minute of the retention 
trial. Two weeks of AOAA treatment did not significantly affect the T- 
maze responses (Fig. 8). These findings suggest that the CBS/H2S 
pathway does not regulate spatial working memory formation in control 

rats or in DS. 
The CBS/H2S pathway contributes to the spontaneous place 

recognition memory defects associated with DS. Next, we evaluated 
spatial components of the episodic memory in the object location 
paradigm. A familiarization session with the open-field arena preceded 
the task acquisition, during which animal locomotor activity and anxiety 
levels were assessed. As shown by the tracking paths, animals featured 
comparable ambulatory activity in the arena; control rats in vehicle- 
control group (saline), control rats subjected to AOAA treatment, DS 
rats treated with vehicle, and DS rats in AOAA covered a total length of 
26.3±1.1, 25.2±2.3, 30.2±1.8 and 24.9±1.6 m, respectively, which was 
similarly traveled per minute among the groups over the 10-min session 
(Fig. 9). We also quantified the animals’ activity in the center and the 
corners of the arena to determine any emotional defects that may have 
impacted the acquisition of the object location task. As shown in Fig. 9, 
control and DS rats explored the center for 36±7 s and 27±4 s, 
respectively, in ~17 and 15 total entries in the area of interest over the 
10-min session. These findings indicate similar anxiety levels between 
the two groups of animals that were additionally kept low, evidenced by 
the low percentages of thigmotaxis per minute of arena exploration. 
AOAA treatment had no significant effect on the aforementioned pa-
rameters. Importantly, however, DS rats failed to recall the familiar 
object location, as compared to their controls, scoring below chance 
levels in the retention trial (Fig. 10). These memory defects did not 
result from impaired task acquisition; WT and DS rats featured similar 
exploration times during the sample session. AOAA treatment restored 
the DS-related suppressed Recognition Index for the novel location to 
control levels, without significantly affecting the performance of the 
control animals. 

Pharmacological inhibition of CBS rescues DS-associated de-
fects in social recognition memory in the rat model. Some people 
with DS display autism spectrum disorders [19]. Thus we tested here if 
the DS rat model Dup(RNO20) is associated with an abnormal social 
behavior and if the treatment can change this behavior. We used a 
classical social test and we found that the DS rats exhibit impaired an-
imal sociability, with the DS rats devoting similar exploring times be-
tween the object and the male conspecific available in the arena over the 
task acquisition trial. Thus, the behavior of DS rats contrasts the 
phenotype of the control rats, which spend 2/3 of their total exploration 
time interacting with the available social target (Fig. 11). These 
behavioral defects of the DS model correlate well with a significantly 
suppressed discrimination between the novel and familiar conspecifics 
compared to controls, scoring below the chance level in the retention 

Fig. 5. DS brain tissues produce more H2S than control tissues in a region-specific manner. Brains from control or Dup(Rno20)Yah rats were dissected into 
coronal sections of 1 mm, and the regions of (A) the prefrontal cortex (PFC), (B) hippocampus (HIP), (C) entorhinal cortex (ETC), and (D) basal forebrain (BF) were 
isolated. They were treated with 0 or 100 μM AOAA for 1h at 37 ◦C and homogenized. Samples were followingly incubated with cysteine and homocysteine in the 
presence or absence of the allosteric CBS activator S-adenosylmethionine (SAM). Maximally stimulated enzymatic H2S generation, which estimates the maximal 
capacity of the tissue to produce H2S (rather than basal levels of H2S in the absence of exogenous substrates, which produce low and barely detectable levels in this 
assay) was measured by following the increase of fluorescence of the AzMC probe over time. Data, expressed as mean ± SEM of 6 animals per experimental condition, 
were analyzed by two-way ANOVA followed by post hoc Bonferroni multiple comparison t-tests. *p ≤ 0.05 and **p ≤ 0.01 indicate the inhibitory effect AOAA on 
H2S generation. 

Fig. 6. The CBS inhibitor AOAA selectively increases ATP generation in DS 
hippocampal tissue. Hippocampal tissues from control or Dup(Rno20)Yah rats 
were obtained with punch biopsies and subjected to Extracellular Flux Analysis 
after incubation were treated with 0 or 100 μM AOAA for 1h at 37 ◦C. Data, 
expressed as mean ± SEM of 6 animals per experimental condition, were 
analyzed by two-way ANOVA followed by post hoc Bonferroni multiple com-
parison t-tests. ##p ≤ 0.01 shows the stimulatory effect of 100 μM AOAA on 
ATP generation in the Dup(Rno20)Yah group. 
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Fig. 7. Effect of the CBS inhibitor on AOAA on body weight and systemic markers or organ function in control and DS rats. (A): Body weight of the rats, 
monitored weekly for two weeks following the initiation of the intraperitoneal administration of saline or AOAA (10 mg/kg/d). (B): At the end of the study, upon 
animal euthanasia, trunk blood was collected and processed with VetScan® Analyzer for analysis of circulating markers of organ function. Each dot represents one 
animal per experimental condition. The mean ± SEM per experimental condition was additionally calculated and plotted as bar graphs and lines in subfigures (A) and 
(B), respectively. Weight data (n =11 per experimental group) were analyzed by two-way ANOVA at each time point and hematological data (n=8 per experimental 
group) were processed with three-way ANOVA analysis followed by post-hoc analysis with Bonferroni correction. **p≤0.01 shows significant differences between 
saline-treated DS rats and saline-treated WT rats; ##p ≤ 0.01 shows significant effect of AOAA treatment in Dup(Rno20)Yah rats, indicative of improved 
organ function. 

Fig. 8. Neither the genetic overdosage of CBS nor the pharmacological inhibition of CBS enzyme activity affects spontaneous alteration in vivo. (A): 
Schematic representation of the forced T-maze task. During the acquisition trial, the tested rats were forced to select and explore the left arm of the apparatus. After a 
5-min delay, each testing subject was placed into the starting arm and allowed to explore the maze with both left and right arms accessible. Every entry of the rat to 
the unfamiliar, right arm of the apparatus (annotated with the "+" symbol) represented a spontaneous alteration event and counted as a success. (B): The latency till 
the first successful entry along with the number of successful entries to the novel arm during the retention trial was monitored. (C): Success Rate was further 
calculated based on the allotted time to the novel arm over the total time in both arms engaged by each testing subject. Each dot plot represents one animal. Success 
Rate data were expressed as mean ± SEM of 11 rats per experimental condition and plotted as bar graphs. No significant differences were noted between any of the 
experimental groups studied. 

T. Panagaki et al.                                                                                                                                                                                                                               



Redox Biology 51 (2022) 102233

8

trial. CBS inhibition significantly rescued the DS-related impairment in 
social recognition memory and rendered it back to control levels, 
although the AOAA-treated DS rats performed similarly to the corre-
sponding saline-treated ones during the task acquisition (Fig. 11). 
Importantly, pharmacological inhibition of CBS did not exert any 
negative effect on the behavior and memory of control rats. 

The CBS/H2S pathway regulates synaptic protein expression 
and brain electrical activity in DS. Increasing evidence attributes the 
disrupted cognitive function in DS to underlying synaptopathy that 
mainly involves dendritic dysgenesis, diminished synapse formation, 
and immature dendritic spine [20]. We quantified the expression levels 
of the presynaptic vesicle protein, synaptophysin – and the scaffolding 
protein for dendritic spine dynamics – PSD95 in key brain regions for 
attention, navigation, and memory [20]. DS hippocampus, ETC, and 
basal forebrain exhibited a significantly decreased expression of PSD95, 
that was restored by in vivo CBS inhibition (Fig. 12). In addition, hip-
pocampal synaptophysin was significantly suppressed in DS when 
compared to control, and CBS inhibition also rescued this impaired 
expression and further promoted the expression of synaptophysin across 
the prefrontal and entorhinal cortex of the DS rat brain (Fig. 12). 

Consistently with the biochemical synaptic data, the brain electrical 
activity within the ETC and basal forebrain of the DS rat model exhibited 
significant spectral alterations in the DS rats, with a significant decrease 
in γ oscillations. AOAA treatment restored γ activity and further 

stimulates θ and β oscillations of the DS basal forebrain area (Fig. 13). 

3. Discussion 

Due to a “gene dosage effect”, the elevation of CBS mRNA and CBS 
protein in individuals with DS has been well established for several 
decades [14–17]. Pierre Kamoun and his colleagues have demonstrated 
that DS individuals exhibit increased urinary levels of the stable H2S 
metabolite thiosulfate [21,22], a finding that has been also confirmed by 
an independent group [23]. According to the “Kamoun Hypothesis” [5], 
the excess H2S exerts cytostatic and/or cytotoxic effects in DS, due to its 
metabolic inhibitory effect, thereby identifying CBS as a potential 
therapeutic target. Work conducted in recent years has confirmed and 
expanded on this hypothesis, and has demonstrated that in DS fibro-
blasts there is a metabolic inhibition (suppression of mitochondrial 
electron transport and aerobic ATP generation, driven primarily by a 
reversible suppression of mitochondrial electron transport chain com-
plex IV by H2S) [8]. Meta-analysis of DS studies conducted over the last 
two decades suggests that this suppression of aerobic ATP generation is, 
at least in part, compensated by an upregulation of aerobic glycolysis, 
which “makes up” for part of ATP generation, but also produces excess 
lactate, which can be readily detected in the plasma of DS individuals [3, 
4]. Our working hypothesis [6] is that this bioenergetic imbalance 
makes DS individuals viable, but the energetic defects may manifest, for 

Fig. 9. Dup(Rno20)Yah rats exhibit normal locomotion and exploratory behavior. (A): Schematic representation of the open field arena annotated with the 
areas of interest used for assessing the emotional status and exploratory/risk-taking behaviors. (B): The total distance traveled along with (C): % thigmotaxis – which 
defines the percentage of time allotted in hanging in corner areas – per minute was monitor over the 10-min arena familiarization session. (D): Representative 
tracking maps annotated with all acquired positions of the animal in the arena in dark purple and the path followed in the center in light purple. (E): The total 
number along with the (F) total time spent in the center of the arena were monitored to evaluate exploratory/risk-taking behavior in this animal-aversed zone. Each 
dot plot represents one animal. Each symbol represents the mean ± SEM of 11 rats per experimental condition. No significant differences were noted between any of 
the experimental groups studied. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.) 
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instance, in reduced exercise tolerance, as well as – potentially – in 
altered neurological and/or muscle function [4,6]. Recent in vivo studies 
have, in fact, indicated that forced overexpression of CBS in the mouse 
brain, on its own, can produce neurobehavioral defects associated with 
DS, and preliminary pharmacological studies with disulfiram, a multi-
functional compound – which, among other pharmacological effects, 
acts as a CBS inhibitor in vivo [9,10] –, improves neurological function in 
a mouse model of DS [10]. 

The genes that are triplicated in human DS, in mice, are distributed 
onto three different chromosomes [11]. Importantly, many of the DS 
models used in the literature contain triplications of many genes but not 
CBS, and therefore are not directly comparable to the results of the prior 
DS/CBS study [10] or the current rat study, where CBS triplication is 
incorporated into the experimental model. The above findings also 
suggest that (a) DS-like neurobehavioral phenotypes can be induced by 
triplicating genes other than cbs, and (b) the CBS-associated metabolic 
and functional defects in human DS develop on the background of 
multiple other defects. Indeed, DS is not only associated with dysregu-
lation of genes and corresponding proteins encoded on Chromosome 21 
(or its murine equivalents), but also with dysregulation of genes encoded 
on other chromosomes [4]. The above caveats notwithstanding, the 
results of the current study, which utilized a commonly used CBS 

inhibitor, AOAA [24,25], indicate that H2S may significantly contribute 
to some of the metabolic and neurocognitive, as well as electrophysio-
logical alterations associated with DS. These data also indicate that the 
CBS/H2S-associated impairments in DS can be pharmacologically 
reversible over the course of a relative short time; in the current study, a 
2-week treatment with AOAA was sufficient to improve several func-
tional parameters, including (a) bioenergetic parameters, (b) neuro-
behavioral parameters, (c) reactive astrogliosis, (d) dysregulated 
expression of various synaptic proteins, (e) brain electrophysiological 
activity and even (f) several plasma markers of organ impairment in the 
periphery. Although, clearly, DS is associated with numerous devel-
opmental/anatomical defects, which may not be readily reversible, it 
appears that some of the DS-associated functional impairments 
(including neurobehavioral and learning dysfunction) can be pharma-
cologically reversible over a relatively short treatment duration. 

The generation of H2S in mammalian cells and tissues is a dynamic 
process, regulated by several enzymes. H2S biogenesis is primarily 
catalyzed by CBS, CSE and 3-MST. Our results presented in Figs. 1–4 
suggest that CBS, and/or its product, H2S, may cross-regulate the 
expression of several enzymes involved in the regulation of H2S ho-
meostasis in the brain. First of all, although not encoded on Chromo-
some 21, studies in DS fibroblasts have recently indicated that DS is 

Fig. 10. Dup(Rno20)Yah rats exhibit suppressed recognition memory that is restored by CBS inhibition. (A): Schematic representation of the object-location 
recognition paradigm. (B): The time allotted in exploring the objects available in the apparatus during the 5-min acquisition trial. (C): Representative tracking maps 
that are annotated with all acquired positions of the animal in the arena in dark purple along with the path followed in the novel and familiar locations in light orange 
and blue colors, respectively. (D): The Recognition Index for the novel object location, calculated as the percent ratio of the time spent in the novel location of the 
object over the total exploration time and assessed during the retention trial. Each dot plot represents one animal. Each bar represents the mean ± SEM of 11 in-
dependent rats per experimental condition. Data were analyzed with two-way ANOVA analysis followed by post hoc Bonferroni’s multiple comparison t-tests. 
**p≤0.01 shows significant differences between saline-treated DS rats and saline-treated WT rats; #p ≤ 0.05 shows significant effect of AOAA treatment in Dup 
(Rno20)Yah rats, indicative of restoration of recognition memory of these animals. (For interpretation of the references to color in this figure legend, the reader is 
referred to the Web version of this article.) 
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associated with an upregulation of 3-MST [26], and this upregulation 
was also evident in the current study in various brain regions of DS rats. 
3-MST which may be a secondary source of excess H2S or polysulfides in 
DS, and its functional role in vivo remains to be subject to future in-
vestigations. Importantly, H2S levels are determined not only by pro-
duction, but also by degradation. This is driven by several enzymes, 
including rhodanese and ETHE1 and SQR. ETHE1, in our experimental 
model, was affected (upregulated) in DS in some brain regions (e.g. the 
prefrontal cortex), perhaps as a compensatory mechanism to facilitate 
the degradation of the excess H2S in DS. As previously noted for the CNS 
[27], the expression of SQR was very low in all brain regions studied and 
did not appear to be affected by DS or AOAA. 

There is currently insufficient information regarding the potential 
brain-region-specific differences in the regulation or action of various 
CBS or H2S related pathways; thus, it is difficult to formulate a mecha-
nistic hypothesis as to why certain changes in the expression of some of 
the above enzymes are unique to certain brain regions, but not others. 

For instance, it may be logical to hypothesize that the upregulation of 
TST in the prefrontal cortex may be a compensatory reaction to the 
elevated CBS and 3-MST (and, consequently, H2S and polysulfide) 
levels, but this hypothesis would not explain why a similar upregulation 
did not occur in the entorhinal cortex, where DS was associated with a 
similar upregulation of CBS and 3-MST. The molecular mechanisms 
underlying the variable and brain-region-specific effects of AOAA on the 
expression of CBS, 3-MST, TST and ETHE-1 remain to be further inves-
tigated as well. In this context, the observations that (1) various H2S 
producing enzymes can cross-regulate each other, (2) that AOAA can, 
indeed, suppress the expression of CBS or 3-MST, and (3) that H2S 
donation can increase CBS, TST or SQR expression has already been 
observed in various cell types and experimental models in vitro and in 
vivo [28–31]. Potential feedback mechanisms involving the regulation of 
H2S of the mRNA expression and/or degradation of these enzymes have 
been hypothesized, but the underlying molecular mechanisms remain to 
be further investigated. 

Fig. 11. Dup(Rno20)Yah rats exhibit an impaired preference for social novelty that is normalized by CBS inhibition. (A): Schematic representation of the 
setup of the social preference paradigm. During acquisition, the arena was enriched with two identical transparent cylindrical cages for sociability; one cage con-
tained a male conspecific, and the second one remained empty. (B): The time spent exploring either target during the 5-min acquisition trial was recorded and plotted 
herein. After 10 min, rats underwent a retention trial during which the previously encountered juvenile rat was placed in the previously empty cage and a second 
juvenile male rat – unfamiliar with the test subject – was added to the cylindrical cage that was previously occupied. The activity of the tested subjects in the arena 
was tracked for another 5 min. (C): Representative tracking maps that are annotated with the general path traveled and colored in dark purple along with the 
locations acquired for interacting with the novel and familiar conspecific in light orange and blue colors, respectively. (D) Preference Index for the novel social target 
(“Preference of social novelty”), calculated as the percent ratio of the time interacting with the novel conspecific over the total time allotted in social interaction 
during the retention trial. Each dot plot represents one animal. Each bar represents the mean ± SEM of 11 rats per experimental condition. Data acquired during 
acquisition and retention trials were, respectively, analyzed with a three-way and two-way ANOVA analysis followed by post hoc Bonferroni’s multiple comparison t- 
test. *p≤0.05 shows significant differences between O and ST responses in WT rats; ∂p≤0.05 or ∂∂p≤0.01 shows significant differences in the time allotted to the 
object exploration within control rats (either saline-treated or AOAA-treated); ##p≤0.01 shows significant effect of AOAA in Dup(Rno20)Yah, indicating normali-
zation of the animals’ social novelty preference. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of 
this article.) 
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In the context of the role of alterations in H2S degradation in the 
pathogenesis of CNS injury, it is interesting to mention the neurological 
disease ETHE1 deficiency, where H2S degradation is impaired, which, in 
turn, produces elevated (and neurotoxic) H2S levels, and corresponding 
adverse effects, most likely via metabolic/bioenergetic inhibition [32]. 
We must emphasize that physiological levels of H2S have drastically 
different roles than the pathologically elevated levels associated with DS 
and ETHE1 deficiency. Under physiological conditions, H2S has neuro-
modulatory and neuroprotective roles, and inhibition of these roles may 
exert adverse effects, perhaps after long-term and complete inhibition of 
H2S biosynthesis. Thus, the likely “best” CBS-inhibition-based thera-
peutic approach in DS would be the one where H2S overproduction is 
normalized (i.e. reduced to healthy control levels), but the enzyme is not 
completely inhibited. This approach would also be expected to reduce 
the risk of the side effect of CBS inhibition, i.e. homocysteinemia, since 
one of the physiological roles of CBS (primarily, hepatic CBS) is in the 
process of transsulfuration, where it contributes to the metabolism and 
elimination of circulating homocysteine [7,33]. 

The changes in brain wave spectra in the DS rats shown in the current 
study are interesting, and so is the fact that these spectral changes could 
be restored by pharmacological CBS inhibitors. Indeed, γ oscillations 
have received significant attention over recent years; these spectral ac-
tivities are, at least in part, generated or modulated by AMPA and GABA 
receptor activity. These oscillations are associated with the “quiet 
wakefulness” state (sometimes characterized as an “introspective state”) 
of the animals [34]. The current findings are in line with results of an 
electrophysiological study utilizing the transgenic DS model TgDyrk1A, 
where γ oscillations have been found to be reduced, perhaps in the 
context of a reduction in recurrent inhibition as a mechanism that may 
contribute to DS-associated cognitive deficits [35]. There are several 
reports demonstrating a variety of brain waves in DS individuals [36]. 
Another study, using a different DS model, also reported significant al-
terations of γ-oscillations and hypothesized that these changes could 
play a role in the pathophysiology of well-documented sleep disruptions 

in DS children [37]. It is also interesting, in the context of longer-term 
neuropathological alterations associated with DS (see below) that γ os-
cillations are known to be impaired in Alzheimer’s disease (AD): this 
impairment correlates with the increased amyloid load in the CNS [38]. 
In fact, pharmacological restoration of γ oscillations is now considered a 
potential therapeutic approach to counteract various neurodegenerative 
processes [39]. 

The results presented in the current study demonstrate that CBS in-
hibition affects the expression of various proteins either associated with 
the modulation of H2S homeostasis, and/or with the modulation of 
various synaptic functions. DS is associated with a significant degree of 
dysregulation of various genes, both encoded on Chromosome 21 and on 
other chromosomes [4,40,41]. The mechanisms how CBS and/or H2S 
affects gene expression are currently unknown. Nevertheless, there are 
several prior examples demonstrating that H2S can affect the expression 
or binding of various transcription factors, and can affect the expression 
of many mRNAs and the proteins encoded by them [42–47]. 

Are there specific cell types and anatomical regions, then, that are 
primarily affected by the CBS/H2S pathomechanism? Clearly, the cur-
rent experiments and prior studies in human DS clinical materials [16, 
17] both indicate the involvement of astrocytes, as one of the tissue 
types where CBS is most predominantly expressed. Indeed, the patho-
physiological role of astrocytes in DS has previously been suggested 
several independent studies [48–52]. In this context it is interesting that 
AOAA treatment of the animals reduced the astrocytosis that was 
observed in the DS hippocampus (Fig. 4C). Indeed, astroglial cells are 
known to respond to trauma and ischemia with reactive gliosis, a re-
action characterized by increased astrocytic proliferation and hyper-
trophy. A common feature and pathological hallmark of several CNS 
diseases is reactive astrogliosis [18,48–52]. Astrogliosis is a dynamic 
process, which is modulated by hormones or various pharmacological 
agents, and it has been considered a potential target for experimental 
therapy [53]. It is possible that higher intracellular H2S levels in DS 
astrocytes are directly driving astrocyte proliferation, but it is also 

Fig. 12. DS impairs synaptic protein expression in the brain; restoration by CBS inhibition. Following the cognitive assessment, animals were euthanized and 
tissue from the prefrontal cortex (PFC), hippocampus (HIP), entorhinal cortex (ETC), and the basal forebrain (BF) brain regions were collected for protein extraction. 
Protein samples were processed for immunoblotting detection of (A, B) the post-synaptic density protein 95 (PSD95) and (A, C) synaptophysin (Sys). The expression 
β-actin served as a loading control. Data were expressed as mean ± SEM of 6 animals per experimental condition, except for saline-treated DS where data were 
expressed as mean ± SEM of 5 animals. Data were analyzed by two-way ANOVA followed by post hoc Bonferroni multiple comparison t-tests at each brain region of 
interest. *p≤0.05 or **p≤0.01 shows significant differences between saline-treated DS rats and saline-treated WT rats; #p≤0.05 or ##p≤0.01 shows significant effect 
of AOAA treatment in Dup(Rno20)Yah rats, indicative of restoration of synaptic protein expression. 

T. Panagaki et al.                                                                                                                                                                                                                               



Redox Biology 51 (2022) 102233

12

possible that after inhibition of CBS, the overall improvement in CNS 
function and homeostasis in the DS brain indirectly reduces the number 
of astrocytes. The underlying mechanisms of AOAA’s action on astrocyte 
numbers remain to be further investigated. 

The expression of CBS in vascular tissues may also suggest a more 
general (diffuse) H2S-related pathomechanism in multiple parts of the 
brain. Of importance, the significant amount of blood vessels in the 
brain are surrounded by astrocytic end-feet and hence could represent 
key mediators for the cognitive deficits induced by neurovascular 
dysfunction. Naturally, H2S, as a diffusible mediator, can readily exit 
one cell type (where it is produced) and affect surrounding cell types or 
even may have access to remote tissues via the circulation. 

Measurements of ex vivo H2S generation performed in the current 
study suggest that the hippocampus may be one of the most significant 
sources (and possible target) H2S overproduction. Indeed, the hippo-
campus is one of the brain regions with the highest relative percentage 
of astrocytes [51] and a significant brain region involved in learning and 
memory deficits in DS [51–54]. Other neuroanatomical systems 
including prefrontal cortex are also relevant to cognitive functions and 
could influence attention, memory and cognitive flexibility. Moreover, 
there is a considerable amount of literature reporting on specific pro-
jections between basal forebrain and its cortical targets, or between 
hippocampus and entorhinal cortex that modulate cognitive functions 
and play important role for episodic memory and temporal associative 

learning [55]. 
As mentioned earlier, some DS individuals display autism spectrum 

disorders [18]. Indeed, the current experimental model Dup(RNO20) 
appears to produce abnormal social behavior and, as such, may be 
considered a mixed experimental model, rather than a “DS model”. The 
effect of AOAA on social recognition impairments was prominent in the 
current study. Social behavioral defects are not generally considered 
characteristic features of DS but rather are typical features in patients on 
the autistic spectrum (and such alterations can also be seen in various 
murine models of autism) [56–58]. Indeed, there are a wide range of DS 
rodent models, which – depending on the particular type of chromosome 
triplication and associated gene expression effects and compensatory 
effects – produce a variety of neurobehavioral responses [11–13], some 
of which may be characteristic for autistic behavior. Although the 
mechanistic connection between DS and autism has not yet been suffi-
ciently explored, some common pathways (e.g. DYRK1) have been 
recently identified, and certain pharmacological agents (e.g. a phar-
macological inhibitor of the Na+-K+-Cl-importer) appears to show effi-
cacy both in autism and DS models [59–62]. Further work is required to 
explore the potential connection of DS and autism and the potential 
involvement of various H2S-associated pathways. 

In the early childhood and young adulthood, the progressive learning 
disability represents the biggest challenge in DS. In adulthood, 
Alzheimer-like neuropathological symptoms develop as well. In fact, the 

Fig. 13. DS impairs electrical wave patterns in the rat brain; restoration by CBS inhibition. (A) Representative image for the connectors on the head of rats, 
along with the differential position of microelectrodes across the brain. Recordings of the brain activity were taken from freely moving animals during behavioral 
testing in the open field arena. Power spectra were calculated for each epoch by fast Fourier transform; γ activity was calculated by taking the mean value of the 
power spectrum between 30 and 80 Hz in (B) basal forebrain (BF) and (D) entorhinal cortex (ETC). (C): Representative spectra highlighted with the γ oscillations 
from the BF and ETC regions of WT and Dup(Rno20)Yah rats. Each point represents one animal. Data were analyzed by two-way ANOVA followed by post hoc 
Bonferroni multiple comparison t-tests at each brain region of interest. *p≤0.05 shows significant differences between saline-treated DS rats and saline-treated WT 
rats; ##p≤0.01 shows significant effect of AOAA treatment in Dup(Rno20)Yah rats, indicative of normalization of brain wave patterns. 
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current classifications consider DS a genetic form of AD, where all of the 
neuropathological features (i.e. plaque formation) as well as the func-
tional consequences are predominantly represented [63]. The molecular 
pathogenesis of DS-associated AD is poorly understood. Based on the 
emerging role of the CBS/H2S pathway in DS, and the associated bio-
energetic linkage discussed above, we hypothesize that DS-associated 
AD may also have a CBS/H2S related component, perhaps, once again, 
linked to bioenergetic process. The processing and elimination of amy-
loid precursor proteins is, indeed, an energetically demanding process: 
bioenergetic blockade can lead to improper processing/elimination of 
these proteins, and, consequently, plaque accumulation and neurotox-
icity [64]. Recent studies demonstrate that oxidative phosphorylation is 
markedly dysregulated in the brain in a mouse model of DS and AD [65]. 
Indeed, mitochondrial bioenergetic dysfunction and associated defects 
in protein processing have been already implicated in many forms of 
neurodegeneration [66–72]. In this context, it is interesting to note that 
Kanaumi and colleagues have previously detected a marked increase in 
CBS-positive astrocytes around senile plaques in adults with DS [17]. 
Future experiments (for instance, via utilization of the current model of 
DS) will be needed to directly test contribution of the CBS pathway to 
the pathogenesis of AD-like neuropathologies in DS. 

Many of the conclusions of the current study are based on the effects 
of AOAA. This agent, although used in hundreds of prior in vivo studies 
to inhibit CBS [reviewed in 7] and is commonly referred to as a “CBS 
inhibitor” should be considered with caution. First of all, in vitro studies 
in human recombinant CBS and CSE enzyme have demonstrated that 
AOAA is a comparable inhibitor of both [24]. Although the effect of 
AOAA on H2S generation from CSE vs. CBS in cell-based systems has not 
yet been comprehensively investigated, we can assume that the effects of 
AOAA reported in various in vitro and in vivo models may be the product 
of a combined inhibition of both of these H2S-producing enzymes. The 
fact that AOAA inhibits both CBS and CSE follows from its mode of ac-
tion, which involves a direct interaction with the PLP prosthetic group in 
the active center of these enzymes [7]. However, AOAA should not be 
viewed as an indiscriminate inhibitor of all PLP-dependent enzymes, in 
fact, most PLP-dependent enzymes investigated so far are not inhibited 
by this compound [7,73]. However, it does inhibit several members of 
the PLP-dependent enzyme class, including GABA-transaminase [7, 
74–83]. Thus, the mechanism of AOAA’s action in the current study may 
include, in addition to CBS inhibition, CSE inhibition, as well as GABA-T 
inhibition. The latter effect would be expected to increase GABA levels 
in the CNS; in fact, AOAA < at the dose levels used in the current study 
has previously been shown to elevate GABA levels in various brain re-
gions [7,74–83]. Nevertheless, the majority of the DS literature does not 
implicate GABA deficiency as a significant pathogenetic factor in DS; in 
fact, the evidence points toward a GABA-mediated overinhibition, and 
the therapeutic effects of GABA receptor blockers [84–86]. In this 
context, a GABA-T inhibition-induced elevation of CNS GABA levels by 
AOAA would not be consistent with improved neurocognition in DS. On 
the other hand, stimulation of GABA pathways has been linked to benefit 
in autism models [87,88]; thus, an AOAA-mediated elevation of CNS 
GABA levels would be, in fact, consistent with an improved performance 
in autistic-related defects studied in the current project, e.g. the social 
recognition assay. 

We would like to emphasize that the beneficial neurobehavioral ef-
fects in murine DS models have previously been reported with genetic 
normalization of CBS, as well as effects with disulfiram (which has CBS 
inhibitory effects in vivo, although it also has additional pharmacological 
actions as well) [9,10]. Thus, based on the results of the current study – 
taken together with multiple independent studies implicating the 
CBS/H2S pathway in the pathogenesis of DS [3–6] – indicate that H2S 
overproduction is a likely pathogenetic factor in DS and CBS inhibition 
should be considered as a potential future experimental therapeutic 
target to improve the neurocognitive function associated with DS. 
Nevertheless, the possibility remains that additional molecular targets 
(CSE, GABA-T and possible additional targets) may also have 

contributed to some of the functional and/or bioenergetic effects of 
AOAA demonstrated in the current study. Clearly, a selective and potent 
CBS inhibitor is needed to further extend the current findings – as well as 
to serve as a potential prototype for the future experimental therapy of 
DS. Currently no clinically applicable CBS inhibitors exist, although 
there are several multifunctional and potentially repurposable clinically 
approved drugs (e.g. disulfiram and benserazide) which have CBS 
inhibitory (as well as several additional) pharmacological effects [7,9, 
10,73]. Further work on the molecular pathogenesis of this pathway in 
DS, coupled with the identification of novel, potent and selective CBS 
inhibitors may lead to the experimental therapeutic exploitation of CBS 
as an emerging therapeutic target in DS. 

4. Methods 

Animals. In the rat (Rattus norvegicus) genome, the Hsa21 homolo-
gous regions are located on two chromosomes, Rno11 and Rno20. On 
Rno11, the Lipi-Zbtb21 segment is almost identical to the homologous 
region located on the Mmu16, whereas Rno20 harbors a unique segment 
for the Umodl1-Prmt2 interval. The Rno20 region contains the rat cbs 
gene. The transgenic Sprague-Dawley Dup(Rno20)Yah rat model of DS, 
containing the duplication of Rno20 [13] was developed at the Institute 
of Genetics and Molecular and Cellular Biology (IGBMC, 
Illkirch-Graffenstaden, France). Wild-type (WT) female rats of the same 
background were acquired from Janvier Labs (Le Genest-Saint-Isle, 
France). Following acclimatization for a week, the WT female rats 
were paired with the heterozygous Dup(Rno20)Yah males in the vi-
varium of the University of Fribourg. Their offspring were ear-punched 
and genotyped by polymerase chain reaction with sequence-specific 
primers (PCR-SSP) (Table 1). Male offspring negative for the targeted 
mutation served as the healthy control group, while their male litter-
mates carrying the duplication formed the DS experimental groups. Rats 
were housed in a temperature-controlled colony room (21 ± 2 ◦C), in 
conventional cages enriched with fine Aspen bedding, standard nesting 
material, and standard fun tunnel of carton paper. Animals were under a 
12h light/dark cycle, and ad-libitum access to food and water. 

Daily handling of the animals for a week preceded the surgical im-
plantation of optic fibers and electrodes, as described in the following 
subsection. Following a two-week recovery from the surgery, animals 
were randomly assigned to control and experimental treatments that 
referred to the administration of saline (0.9% Sodium Chloride) and 10 
mg/kg AOAA (CAS No: 2921-14-4, Sigma-Aldrich Chemie GmbH, 
Buchs, Switzerland), respectively. Both treatments were dosed at a 
volume of 1 ml, once a daily via the intraperitoneal (IP) route for a total 
of 18 days. During the last 8 days of the administration, the exploratory 
behavior and cognitive functioning of the rats were assessed in the tasks 
of the forced alternation T-maze, open field, object location recognition, 
and social preference. A day-off in between the different behavioral 
tasks was incorporated into the protocol. Animals were additionally 
monitored for their body weight once per week over the treatment 
period. All experimental procedures and animal handling carried out 
during the light phase, with at least an hour gap from the light/dark 

Table 1 
Primers used for animal genotyping.  

Duplication 9371 GGTCTCATCGTGGCCCATACTC MUTANT 
FORWARD 

9373 CAAGCACACAAGTCGTTGCTGAG MUTANT 
REVERSE 

Wild-type allele 
specific for 3′- 
part of the 
targeted locus 

9371 GGTCTCATCGTGGCCCATACTC INTERNAL 
POSITIVE 
CONTROL 
FORWARD 

9372 GTTCATCTTGGAACCCGGTG INTERNAL 
POSITIVE 
CONTROL 
REVERSE  
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transition and at the same time period each day. Rats were acclimatized 
to the corresponding experimental rooms for 20 min prior to 
commencement of any experimental procedure and behavioral testing. 
Fig. 14 shows the chronological order of all the described experimental 
procedures. 

The dose of the prototypical CBS inhibitor AOAA [24,25] was based 
on prior in vivo rodent studies [7] and it was also supported by a pilot 
experiment with WT and Dup(Rno20)Yah (n=6; each genotype) rats of 
the same age as above. The experiment involved the ex vivo treatment of 
selected brain areas with different AOAA concentrations to evaluate 
their efficacy in the enzymatic activity of CBS and intracellular ATP 
production, as described later. 

Experimental protocols and purposes of the study were approved and 
licensed by the Food Safety and Veterinary Affairs Department of the 
Canton of Fribourg (Reference ID: 2020_05_FR). Animal handling and 
experiments were performed in accordance with the “Swiss Federal 
Animal Welfare Act of December 16, 2005”. Health state of the rats was 
assessed daily throughout the study course. Neither treatment-induced 
harmful side effects nor signs of pain were observed. No premature 
euthanasia of any animal was conducted. 

Western blotting. Following a freeze-thaw cycle, homogenates were 
sonicated for 5 min (30 s ON; 30 s OFF – 5 cycles) in an ultrasonic water 
bath (Grant Instruments Ltd., Cambridgeshire, UK) and protein was 
extracted by centrifugation at 16,000×g for 15 min at 4 ◦C. The BCA 
assay was employed for protein quantification and samples of whole-cell 
lysate (20 μg) were separated into 4–12% Bis-Tris protein gels and 
blotted onto nitrocellulose membranes using our previously published 
method [26,89]. Membranes were blocked in 5% skimmed milk and 
probed with the primary antibodies that are listed in Table 2. 

Histological and immunohistochemical analysis. Brains were 
sliced coronally into 40-μm thin sections using a freezing microtome 
(Leica CM1950, Switzerland) and stored in cryopreserved solution until 
further use. Free-floating sections were processed similarly as in our 
previous studies [90,91]. Brain sections were incubated in blocking 
solution containing 1xTBS, 5% normal goat serum and 0.3% Triton 
X-100, for 1 h at room temperature. Sections were then incubated in 
primary antibody solution containing 1xTBS, 1% BSA and 0.3% Triton 

X-100 overnight at 4 ◦C. Primary antibodies are listed in Table 2. 
Following day, the sections were washed twice in TBS and once in 
Tris-HCl, for 5 min each. Secondary antibodies Goat anti-mouse IgG (H 
+ L) Highly Cross-Adsorbed Secondary Antibody Alexa Fluor Plus 488 
(1:1000 dilution), Goat anti-rat IgG (H + L) Highly Cross-Adsorbed 
Secondary Antibody Alexa Fluor Plus 488 (1:1000 dilution) and Goat 
anti-rabbit IgG (H + L) Highly Cross-Adsorbed Secondary Antibody 
Alexa Fluor Plus 568 (1:1000 dilution) were added for 1 h at room 
temperature. Sections were counterstained with 1 μg/ml DAPI (Merck, 
MBD0015) for the last 5 min. After final wash, sections were then 
transfer to microscopy slides and mount with a drop of ProLong™ Gold 
Antifade Mountant (ThermoFisher Scientific, P36930). 

Whole slide scanning. Mounted brain sections were first scanned by 
a fully automated slide scanner NanoZoomerS60 C13210-01 (Hama-
matsu Photonics K. K, Switzerland) with a 20X objective (NA 0.75) and 
scanning resolution 0.46 μm/pixel and analyzed in NDP.view2 Image 
viewing software (NanoZoomer, Hamamatsu Photonics K.K, U12388- 
01). Identical parameters for scanning were applied for parallel- 
processed sections either in bright-field acquisition or in fluorescent 
acquisition. Fluorescence images were acquired using the mercury lamp 
unit using DAPI, FITC, and Cy3 filter cube with excitation filters (387, 
485, and 560 nm) and emission filters (410, 504, 582 nm). Specific re-
gions were analyzed using the “free-hand” tool in the NDP.view2 soft-
ware (Hamamatsu Photonics K. K, Switzerland). 

Confocal Microscopy and Image Processing. Leica STELLARIS 8 
FALCON inverted laser scanning confocal microscope was used for ex-
amination of specific areas of the brain. A 40X water-immersion objec-
tive (NA) was used. A DMOD 405 laser was used for DAPI excitation. A 
pulsed Supercontinuum White Light Laser was used for excitation of 
Alexa 488 or Alexa568. Proprietary Acousto-Optical Beam Splitter 
(AOBS) enabled the use of simultaneous independent laser lines. Fluo-
rescence of DAPI was acquired by excitation at Ex 405 nm and recording 
the emission at Em 415–470 nm, Alexa Fluor™ 488 dye was acquired at 
Ex 488 nm, Em 498–555 nm and Alexa Fluor™ 568 fluorescence was 
acquired at Ex 553 nm, Em 570–630 nm. Scanning format used for 
confocal acquisition was as followed: 1240 x 1240 pixels, scan speed 
200 Hz, pinhole diameter 1AU, Z-step interval 0.42-μm. For image 

Fig. 14. A visual representation of the experimental design used in the current study.  

Table 2 
Antibodies used for Western blotting (WB) or immunohistochemical (IHC) analysis.  

Antibody ID Dilution Ratio Clonality Isotype Manufacturer Catalogue No 

NeuN (IHC) 1:300 Monoclonal Mouse IgG ThermoFisher Scientific MA5-33103 
GFAP (IHC) 1:300 Monoclonal Mouse IgG Cell Signaling Technology #3670 
Endothelial cells (IHC) 1:1,000 Monoclonal Rat IgG Swant Inc. 288 
CBS (IHC) 1:500 Polyclonal Rabbit IgG Custom made [Ref. 96] 
CBS (WB) 1:1,000 Monoclonal Rabbit IgG Cell Signaling Technology #14782 
3-MST (WB) 1:500 Polyclonal Rabbit IgG Abcam ab154514 
CSE (WB) 1:500 Polyclonal Rabbit IgG Abcam ab151769 
TST (WB) 1:1,000 Monoclonal Rabbit IgG Abcam ab166625 
ETHE1 (WB) 1:1,000 Monoclonal Rabbit IgG Abcam ab174302 
SQR (WB) 1:1,000 Polyclonal Rabbit IgG Sigma HPA017079 
β-Actin (WB) 1:10,000 Monoclonal Mouse IgG Cell Signaling Technology #3700 
PSD95 (D27E11) XP® (WB) 1:1,000 Monoclonal Rabbit IgG Cell Signaling Technology #3450 
Synaptophysin (D35E4) (WB) 1:1,000 Monoclonal Rabbit IgG Cell Signaling Technology #5461  
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reconstruction and morphometric analyses, Imaris 9.7.1® software 
(Bitplane, AG, Switzerland) was used. For automatic neuron tracing and 
analysis of neuronal branching, the “Filament Tracer” software package 
was used. For volume and fluorescence intensity determination “Cell” 
software package and “Surface” software package of the Imaris software 
were used as described [91]. The same parameters and algorithm set-
tings were applied for comparison between WT and DS group. 

Determination of CBS-mediated H2S generation in various brain 
regions ex vivo. In a pilot experiment, animals of both genotypes were 
euthanized by isoflurane overdose, followed by decapitation. The brains 
were rapidly removed from the skull and dissected into coronal sections 
of 1 mm. From the sections, we subsequently isolated the prefrontal 
cortex (PFC), hippocampus (HIP), entorhinal cortex (ETC), and basal 
forebrain (BF). Two-to-three sections per brain area of interest per rat 
were placed into a well of a 24-well tissue plate that contained 1 ml of 
pre-warmed artificial cerebrospinal fluid (aCSF; 120 mM NaCl, 3.5 mM 
KCl, 1.5 mM CaCl2, 0.4 mM KH2PO4, 1 mM MgCl2, HEPES 5 mM) that 
had been previously supplemented with 4.5 g/l D-glucose, 0.23 mM 
sodium pyruvate and 4 mg/ml fatty-acid free bovine serum albumin 
(BSA) and adjusted at the pH of 7.4. Tissue was subsequently treated 
with 0 or 100 μM AOAA for 1 h at 37 ◦C before being assayed for CBS 
activity. At the end of treatment incubation, brain tissue was homoge-
nized by mechanical shearing (~20 strokes) with a Wheaton™ Dounce 
tissue grinder in pre-cooled radioimmunoprecipitation assay buffer 
(RIPA buffer) on ice; RIPA buffer was supplemented with 1X Halt™ 
protease/phosphatase inhibitor cocktail (Thermo Fisher Scientific, 
Basel, Switzerland). Protein was collected by centrifugation at 10,000×g 
for 10 min at 4 ◦C. Protein concentration was determined with the BCA 
assay (Pierce™ BCA Protein Assay Kit by Thermo Fisher Scientific). 
Protein samples of each experimental condition were then assayed for 
CBS enzyme activity (H2S generation), as described [9]. Briefly, the 
assays were carried out in 96-well flat-bottomed black microplates, 
using the H2S-selective fluorescent probe 7-azido-4-methylcoumarin 
(AzMC; CAS No: 95633-27-5), an Infinite 200 Pro plate reader (Tecan, 
Männedorf, Switzerland), in a total assay volume of 200 μl. Each well 
received 50 mM Tris-HCl pH 8.0, 150 μg protein, 5 μM pyridoxal 
5′-phosphate hydrate (PLP; AppliChem GmbH, Darmstadt, Germany), 
10 μM AzMC, ± 500 μM (5′-adenosyl)-L-methionine (SAM; Cas No: 
86867-01-8). The reaction mixture was resuspended 10 times, followed 
by incubation at room temperature for 10 min in the absence of light. 
The enzymatic activity was then triggered by dispensing a mixture of 
500 μM L-homocysteine (Hcy; CAS No: 6027-13-0) and 2 mM L-cysteine 
(Cys; AppliChem GmbH) followed by 5 times resuspension. The blanks 
received buffer in place of homogenate under otherwise identical con-
ditions. The increase in the probe fluorescence (λexcitation = 340 nm; 
λemission = 460 nm) was monitored over 2 h at 37 ◦C. Enzyme activity 
was determined from the initial slope of the fluorescence increase over 
the time. All reagents and supplies required for the assay were acquired 
from Sigma-Aldrich Chemie GmbH, unless otherwise stated. 

Mitochondrial bioenergetics in hippocampal slices; effect of ex 
vivo CBS inhibition. Mitochondrial respiration of coronal hippocampal 
slices of control and DS rats, in the absence or presence of increasing 
concentrations of AOAA ex vivo, was measured using Seahorse XFe-24 
flux analyzer (Agilent Technologies, Santa Clara, California, USA) 
using XF24 Islet Capture Screen Microplates (Agilent Technologies), as 
previously described [9]. Following brain tissue isolation and dissection 
(refer above), hippocampal slides were punched to obtain tissue sections 
of 1 mm diameter and kept at 37 ◦C in aCSF. On top of each nylon insert 
(provided with XF24 Islet Capture Screen – Agilent Seahorse) two hip-
pocampal slices were positioned and fixed with 20 μl of a mixture made 
of 15 μl of chicken plasma (dissolved in ddH2O) and 15 μl of thrombin 
(100 units/ml in a 0.1% (w/v) BSA solution pH 6.5). Using the Seahorse 
XF Islet Capture Screen Insert Tool (Agilent Technologies), nylon inserts 
were loaded face down in 16 wells of XF24 Islet Capture Screen 
Microplate, containing 500 μl of aCSF supplemented with 25 mM 
glucose, 0.23 mM sodium pyruvate and 4 mg/ml fatty acid-free BSA. 

From each well 50 μl of assay medium was removed and replaced with 
an equal volume of AOAA (solubilized in the same medium), yielding 10 
μM, 30 μM or 100 μM final concentration (control wells received the 
same volume of vehicle). Microplates were incubated for 1h in a 
CO2-free incubator to allow temperature and pH equilibration. Each 
measurement cycle consisted in 3 min mix, 3 min wait and 2 min 
measurement. Basal values of oxygen consumption rate (OCR) were 
measured, followed by the injection of oligomycin (50 μM; final con-
centration) to evaluate the ATP generation rate. Data were normalized 
to protein and per baseline [92]. 

Implantation of microelectrodes. Anesthesia was induced using 
4% isoflurane and was maintained with 1–2% isoflurane in pure O2 
inhalation. The depth of anesthesia was frequently checked and adjusted 
such that the pedal withdrawal reflex was absent. Animals were placed 
in a stereotaxic device, a midline incision was made on the scalp, and the 
periosteum was reflected. Tungsten microelectrodes (FHC Inc. Bowdoin 
ME, ~400 kΩ) were implanted into the BF (AP -0.8; ML 2.8; DV − 8.2) 
and ETC (AP -0.8; ML 2.8; DV − 9) as described [29,93]. The micro-
electrodes were secured to the skull surface with seven stainless steel 
screws and dental cement. Six of these screws also served to monitor the 
EEG, 2 bilateral PFC screws (AP 2.5; ML ± 1), 1 motor cortex (MC) screw 
(AP -0.8, ML -2), 2 bilateral retrosplenial cortex (RSP) screws (AP -4.4; 
ML ± 1) and 1 visual cortex (VC) screw (AP -6.5; ML -2). An additional 
screw over the cerebellum served as a reference. Electrodes and elec-
troencephalogram (EEG) screws were wired to a 10-pin connector. 

Electrophysiology and wave form analysis. For electrophysio-
logical analysis, connectors on the head of rats were attached to a 
miniature wireless head stage (Multichannel Systems, Reutlingen Ger-
many). Signals were acquired at 25 kHz, and the data were stored on a 
PC for offline analysis. LFPs were downsampled to 1 kHz and were 
partitioned into 1 s epochs. Epochs containing artifacts were rejected by 
generating a histogram of peak-to-peak amplitude for each epoch and 
rejecting epochs during which this value exceeded the median plus1 SD; 
generally, 10% of the epochs were rejected using this criterion. Artifact- 
free LFPs were used for all further analyses. Power spectra were calcu-
lated as described [29,54] for each epoch by fast Fourier transform. 
Gamma (γ) power was calculated by taking the mean value of the power 
spectrum between 30 and 80 Hz. Delta (δ) band, theta (θ) band, and beta 
(β) band ranges were defined as (1–5 Hz), (6–10 Hz) and (12–30 Hz), 
respectively [29,93]. 

Forced alternation T-maze testing. The forced alternation T-maze 
paradigm builds on an animal’s natural preference for the novelty to 
evaluate working memory [94]. The task was conducted in a wooden 
T-maze apparatus that consisted of two choice arms (L 60 cm × W 10), 
branching off at the same point from the start arm and forming a 
T-shape. The arms were surrounded by a 40-cm high continuous wall. 
The task comprised two successive trials – the acquisition and the free 
choice run – with an intertrial interval time of 10 min. Both trials were 
performed under dim light conditions (15 ± 5 lux). In the acquisition 
trial, the rat was placed into the start arm, facing the wall and away from 
the center. The rat was then allowed to explore the apparatus for 5 min 
with the entry into one of the two choice arms prevented by a guillotine 
door. During the retention trial, each rat had similarly 5 min to explore 
the apparatus, with the previously blocking guillotine door now lifted, 
rendering free access to all choice arms. Animal activity was recorded by 
the overhead Logitech HD Webcam C270 at all times. At the end of each 
session, the apparatus was thoroughly cleaned with 70% ethyl alcohol to 
eliminate residual olfactory cues. Footages were then processed with the 
tracking/analyzer software ANY-Maze (Stoelting Co., Dublin, Ireland). 
Each generated track was analyzed for the time spent in the novel and 
familiar arm of the apparatus within the first minute during the reten-
tion trial. The acquired data were further utilized for the calculation of 
the Success Rate that describes the percent ratio of the time allotted to 
the novel arm over the total time engaged in both arms. Success Rates 
exceeding the chance level (50%) indicate spontaneous spatial alterna-
tion. The tracks were also analyzed for the latency time to the first 
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successful entry to the novel arm along with the number of successful 
entries to the novel arm. Video processing and data handling were 
performed by an experimenter blinded to the genotype and treatment of 
the animals. 

Open field test (OFT). Relative anxiety levels and general motor 
function were assessed in the open field test [95]. The testing apparatus 
consisted of a black-colored square plastic arena (60 × 60 cm) with a 
metal grid floor and surrounded by a continuous wall 40-cm-high wall. 
Light intensity of 15 ± 5 lux was reaching the apparatus. Each rat was 
gently placed into the center of the arena and allowed to freely explore 
the apparatus for 10 min, with the experimenter out of the animal’s 
sight. White noise at 60 dB was produced over the open-field course to 
cover any background noise and the activity of the animal in the arena 
was video-recorded with the HD ultra-wide Genius WideCam F100 
mounted above the arena. At the end of each trial, any fecal deposits 
were removed, and the apparatus was thoroughly cleaned with 70% 
ethanol to eliminate any residual olfactory cues. Footages were subse-
quently processed with the automated tracking/analyzer software 
ANY-maze. Within the software, the testing arena was divided into 25 
squares (12 × 12 cm each). The four squares located in the central area 
covering an area of 24 × 24 cm were designated as the central zone, and 
the four squares located at each corner defined the thigmotactic corners. 
Each generated track represented the total distance traveled per minute 
and analyzed for the percentage of time spent in the corners to quantify 
the percentage of thigmotaxis per minute. Each generated track was 
additionally analyzed for the total time spent and number of entries in 
the central zone along with the mean velocity over the course session. 
Processing of all video recordings was carried out by an experimenter 
blinded to the genotype and treatment of the animals. 

Object-location recognition test. The object-location paradigm 
builds on an animal’s natural preference for the novelty to evaluate the 
spatial components of the episodic memory [94]. It comprised two 
successive trials – the acquisition and the retention trial – with an 
inter-trial interval time of 10 min. The acquisition trial commenced 48h 
following the OFT and involved placing the rat in the center of the 
familiar open-field arena that at the time contained two identical objects 
placed along a straight line 10-cm away from the nearest wall. Each rat 
was allowed to freely explore the objects for 3 min. Ten minutes later, a 
retention trial followed, during which each rat was assigned to reexplore 
the familiar arena that at that time contained one object at the same 
location as in the acquisition trial and the second object positioned 
diagonally opposite to the first one (novel location). The retention trial 
lasted for 3 min and aimed to assess the animal’s place recognition 
memory. Over both trials, light and noise conditions remained identical 
to the ones during the OFT. We recorded the activity of each rat over 
sample and choice sessions using the overhead Genius WideCam F100. 
At the end of each session, the apparatus and the objects were thor-
oughly cleaned with 70% ethyl alcohol to eliminate any residual olfac-
tory cues. Footages were subsequently processed with the automated 
tracking/analyzer software ANY-maze to quantify the exploration time 
allotted in each object during acquisition and retention trials. A rat is 
considered to explore an object when its nose is within a distance of 2 cm 
from the object. Acquired data were then processed for the calculation of 
the Recognition Index that describes the percent ratio of the time spent 

in the object in the familiar or novel location over the total time spent in 
object exploration during the retention trial. A Recognition Index for the 
novel location exceeding the chance level (50%) indicated the formation 
of spontaneous place recognition memory. We also recorded and 
compared the total exploration time allotted to the objects during the 
acquisition trial, along with the velocity and total path length of each 
animal in the retention trial to ascertain that no lack of motivation or 
emotional defects had interfered with the task acquisition and memory 
testing. Processing of all video recordings was carried out by an exper-
imenter blinded to the genotype and treatment of the animals. 

Social interaction test. Social interaction paradigm, adapted by 
Aqrabawi [95], was employed for assessing the social recognition 
memory. The latter describes the ability to learn and distinguish be-
tween familiar and novel conspecifics, a key component of social 
behavior function. The task was carried out in the open-field apparatus 
under identical light and noise conditions like the ones during OFT. It 
comprised an acquisition and a retention trial with an inter-trial interval 
time of 10 min. During acquisition, the arena was enriched with two 
identical transparent cylindrical cages for sociability, positioned oppo-
site 10-cm away for the nearest walls; one cage contained a male juve-
nile rat (3 weeks old) while the second cage was left empty. Each rat was 
allowed to freely explore the arena for 5 min. After 10 min, rats un-
derwent a retention trial of 5 min, during which the first, now-familiar, 
animal was placed in the previously empty cage and a second juvenile 
male rat – unfamiliar with the test subject – was added to the cylindrical 
cage that was previously occupied. In both sociability and social novelty 
preference phases, we recorded the activity of the rats using the over-
head Genius WideCam F100. At the end of each session, the apparatus 
and the cages were thoroughly cleaned with 70% ethyl alcohol to 
eliminate any residual olfactory cues. Footages were subsequently pro-
cessed with the automated tracking/analyzer software ANY-maze for 
quantifying the interaction time with either cage to determine the ani-
mal sociability. Direct interaction with the testing subject’s nose in 
contact with each cage was scored in our analysis. Acquired data were 
further processed for the calculation of the Preference Index that de-
scribes the percent ratio of the time allotted to the novel or familiar 
social target over the total time engaged in interacting with either cage 
during the retention trial. Preference Index exceeding the chance level 
(50%) indicated a preference for social novelty. Behavioral scoring and 
data analysis were performed by an experimenter blind to the genotype 
and assigned treatment groups of the rats. 

Collection and processing of blood and brain tissue. Upon 
completion of the neurobehavioral assessment, rats were terminally 
anesthetized by isoflurane inhalation and euthanized by decapitation. 
Trunk blood was collected into micro sample tubes with heparin (Sar-
stedt, Sevelen, Switzerland) and processed for VetScan® analysis 
(Abaxis Europe GmbH, Griesheim, Germany). Brains were rapidly 
removed from the skull and dissected into coronal sections of 1 mm on 
ice. From the sections, we subsequently isolated the prefrontal cortex 
(PFC), hippocampus (HIP), entorhinal cortex (ETC), and basal forebrain 
(BF) that were homogenized by mechanical shearing with a Wheaton™ 
Dounce tissue grinder in pre-cooled N-PER® Neuronal Protein Extrac-
tion Reagent (Thermo Fisher Scientific) supplemented with protease/ 
phosphatase inhibitor cocktail (1x). Homogenates were stored at − 80 ◦C 

Table 3 
Experimental group sizes used in the current study.  

Genotype Behavioral & Cognitive Assessment Electrophysiology Western Blotting Histology Vetscan H2S generation ATP production 

In vivo AOAA treatment/in vivo or ex vivo analysis 
WT/Saline 11 9 5 5 8   
WT/AOAA 11 9 5 5 8   
Dup(Rno20)Yah/Saline 11 9 5 5 8   
Dup(Rno20)Yah/AOAA 11 9 5 5 8   
Tissue collection followed by in vitro AOAA treatment and analysis 
WT      6 6 
Dup(Rno20)Yah      6 6  
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until processed for immunoblotting studies. Alternatively, collected 
brains were immersion-fixed in 4% paraformaldehyde for 48h each at 4 
◦C and cryoprotected into 30% sucrose in PBS solution. Brain tissue was 
then embedded on the specimen stage using Tissue-Tek® O.C.T. com-
pound, snap-frozen with Ice-It™ Freezing Spray, and sectioned in the 
coronal plane at 40 μm on a Leica cryostat (Leica Microsystems Ltd, 
Buckinghamshire, UK). Sections were sampled in accordance with the 
stereological rules, with the first one retained randomly and every 12th 
section afterwards that rendered 7–12 coronal sections throughout the 
cortex and limbic system per animal for quantitative analysis. Sections 
were preserved in 30% ethylene glycol and 25% glycerol in 0.1 M 
phosphate buffer (pH 7.4) at − 20 ◦C until processed for immunohisto-
chemical assessments. 

Statistical analysis. All the results were expressed as mean ±
standard error (SEM) of 11 animals for the behavioral/cognitive studies 
and of 5–9 animals for immunoassays and functional analysis (Table 3). 
Differences among means were considered significant when p≤0.05. 
The assumption of data normality examined with either the Shapiro- 
Wilk test or D’Agostino & Pearson test. Data were processed with two- 
way or three-way ANOVA, followed by post-hoc Bonferroni’s multiple 
comparison tests, except for histological data. The latter was analyzed 
with (LUCIA’s input needed here). Statistical calculations were per-
formed in GraphPad Prism 9 (GraphPad Software Inc., San Diego, USA). 
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