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MRS: Magnetic Resonance Spectroscopy

MT: mitochondria

PF: parafascicular nucleus

VC: visual cortex

VEP: Visual Evoked Potential

VP: ventral posterior nucleus

WT: Wild type
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Abstract 

Mutations in the X-linked CDKL5 gene cause CDKL5 deficiency disorder (CDD), a severe 

neurodevelopmental condition mainly characterized by infantile epileptic encephalopathy, intellectual 

disability and autistic features. The molecular mechanisms underlying the clinical symptoms remain 

largely unknown and the identification of reliable biomarkers in animal models will certainly 

contribute to increase our comprehension of CDD as well as to assess the efficacy of therapeutic 

strategies. Here, we used different Magnetic Resonance (MR) methods to disclose structural, 

functional or metabolic signatures of Cdkl5 deficiency in the brain of adult mice. We found that loss 

of Cdkl5 does not cause cerebral atrophy but affects distinct brain areas, particularly the hippocampus. 

By in vivo proton-MR spectroscopy (MRS), we revealed in the Cdkl5 null brain a metabolic 

dysregulation indicative of mitochondrial dysfunctions. Accordingly, we unveiled a significant 

reduction in ATP levels and a decrease in the expression of complex IV of mitochondrial electron 

transport chain. Conversely, the number of mitochondria appeared preserved. Importantly, we 

reported a significant defect in the activation of one of the major regulators of cellular energy balance, 

the adenosine monophosphate-activated protein kinase (AMPK), that might contribute to the observed 

metabolic impairment and become an interesting therapeutic target for future preclinical trials.

In conclusion, MRS revealed in the Cdkl5 null brain the presence of a metabolic dysregulation 

suggestive of a mitochondrial dysfunction that permitted to foster our comprehension of Cdkl5 

deficiency and brought our interest towards targeting mitochondria as therapeutic strategy for CDD.
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Introduction

Mutations in the X-linked cyclin-dependent kinase like 5 gene (CDKL5) cause a rare neurologic 

condition designated CDD (CDKL5 deficiency disorder; OMIM 300203, 300672) that affects 

children of both genders and is generally characterized by onset of seizures in the first weeks to 

months of life and severe intellectual disability (Fehr et al., 2013; Demarest et al., 2019). With an 

estimated incidence of 1 in 40-60,000 live births, CDD represents one of the most common genetic 

cause of epilepsy in infants (Kothur et al., 2018; Lindy et al., 2018). CDD patients manifest additional 

symptoms including severe hypotonia, autistic features and stereotyped hand movements, disrupted 

sleep, gastrointestinal problems, dysautonomia and cortical visual impairment (CVI) (Bahi-Buisson et 

al. 2008; Hagebeuk et al., 2012; Mangatt et al. 2016).

The recent generation of mouse models of Cdkl5 deficiency is revealing instrumental to determine the 

main role(s) of Cdkl5 in brain development and the effects of its mutations on neuronal and synaptic 

functions (Wang et al., 2012; Amendola et al., 2014; Jhang et al., 2017; Okuda et al., 2017; Tang et 

al., 2017; Schroeder et al., 2019). Although CDD affects mainly females, studies are often performed 

on hemizygous mutant male mice that present more robust and consistent phenotypes with respect to 

heterozygous animals. Generally, Cdkl5 deficient mice exhibit several behavioural phenotypes 

mimicking primary features of autism, such as impaired learning and memory, social interaction, 

communication and motor coordination together with increased stereotypy. Interestingly, these mouse 

models share with CDD patients also cortical visual defects (Pizzo et al., 2016; Mazziotti et al., 2017). 

Concerning spontaneous seizures, it has recently been proved that aged heterozygous Cdkl5+/- females 

recapitulate multiple features of epilepsy manifested by CDD patients (Mulcaheya et al., 2020), while 

Cdkl5 null male mice exhibit enhanced seizure susceptibility in response to NMDA treatment (Okuda 

et al., 2017). 

Investigations on Cdkl5 mouse models have been and still are pivotal to understand the association of 

the observed phenotypes with Cdkl5 localization and the neurobiological alterations caused by its 

deficiency. Indeed, both in humans and mice, the protein is abundantly expressed in brain, A
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predominantly in forebrain, hippocampus and striatum, three cerebral regions critically important for 

cognition, social behaviours, motor planning and decision making. In contrast, in thalamus, a key area 

for motor and sensory functions, CDKL5 levels are less abundant (Rusconi et al., 2008; Wang et al., 

2012). In addition, it has been demonstrated that the lack of Cdkl5 in neurons affects dendritic 

morphology, axon outgrowth, spine density, excitatory synaptic transmission and plasticity (Zhu and 

Xiong, 2018), therefore leading to numerous functional changes at the synaptic and circuit levels 

(Della Sala et al., 2016; Okuda et al., 2017; Tang et al., 2017). Besides being useful to reveal the 

cellular and molecular origins of CDD-related phenotypes, CDD mouse models have also permitted to 

initiate preclinical studies investigating pharmacological and molecular therapies (Della Sala et al., 

2016; Fuchs et al., 2018; Vigli et al., 2019). However, assessment of treatment efficacy strongly 

depends on the availability of biomarkers able to quantitatively measure structural, functional, 

metabolic or molecular impairments and their disease-modifying potential. So far, it has been 

demonstrated that visual cortical responses mainly assessed by visual evoked potential (VEP) 

recordings can be used as a non-invasive biomarker of disease progression in Cdkl5 null mice 

(Mazziotti et al., 2017), an objective outcome that can also be applied for CDD patients’ follow up 

(Demarest et al., 2019).

Magnetic Resonance Imaging (MRI) is a key imaging technique for localizing and quantifying 

anatomical, functional and metabolic alterations in different neurological diseases that could reveal 

pathophysiologic features of CDD both in human and mouse brains.

Although brain MRI is routinely performed in infants at seizure onset, MRI data are available on few 

CDD patients, with contrasting results. Indeed, while the absence of structural anomalies in the CDD 

brain is generally reported at early phase of the disorder, a progressive cerebral atrophy, including 

thinning of the white matter and abnormal myelination, has been seldom described (Bahi-Buisson et 

al., 2008; Artuso et al., 2010; White et al., 2010; Mirzaa et al., 2013; Liang et al., 2019). Whether 

these phenotypes predominate in CDD male patients is still debated (Liang et al., 2019). To the best 

of our knowledge, no comprehensive study using MR approaches has been done on cerebral 

metabolism in CDD patients; further, no MRI investigation on Cdkl5 defective mice has ever been 

reported. 
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In the present work, we have used different MR methods to assess in adult Cdkl5 mutant mice 

whether brains suffer from structural, functional or metabolic impairments. In particular, we have 

performed ex vivo and in vivo MRI to analyse brain morphology while we have investigated the 

neurochemical signature produced by Cdkl5 loss by proton-MR Spectroscopy (1H-MRS). Because 

mapping metabolites in vivo in the entire brain is challenging, regions of interest have to be defined 

before the acquisition of MR spectra. To select the cerebral areas showing major dysfunctions, we 

have exploited the manganese-enhanced MRI (MEMRI), a method used in pre-clinical studies to 

highlight neuronal activity (Duong et al., 2000; Silva and Bock, 2008). 

Our findings suggest that both Cdkl5 null and heterozygous adult mouse brain structure is not 

primarily affected by the lack of Cdkl5, thus confirming previous data suggesting the absence of 

cerebral atrophy in CDD mice (Amendola et al., 2014). Intriguingly, we have revealed that Cdkl5 

deficiency affects neuronal activity in several brain areas, particularly in the hippocampus and part of 

the visual system. MRS studies have disclosed various metabolic dysregulations in the Cdkl5 null 

hippocampus supporting previous indications of defective energy metabolism and mitochondrial 

functions (Jagtap et al., 2019; Vigli et al., 2019). We have improved these data proving that the Cdkl5 

KO hippocampus suffers from reduced ATP levels, together with significant defects in AMPK 

activation and in the expression of complex IV of mitochondrial electron transport chain (ETC). 
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Materials and Methods

Animals 

All procedures were performed in accordance with the European Community Council Directive 

2010/63/UE for care and use of experimental animals with protocols approved by the Italian 

Government (decrees No. 210/2017-PR and 175/2015-PR), the San Raffaele Scientific Institutional 

Animal Care and Use Committee and the Bioethics Committee of the University of Torino. 

Institutional ethical approval was not required for this study. The study was not pre-registered.

Mice used in all experiments of this work (Figure 1) derive from the Cdkl5 null mouse strain 

described in Amendola et al., 2014, a conventional knock-out lacking exon 4. The strain was 

generated on a C57BL/6J background and was kindly donated by Dr Elisabetta Ciani (University of 

Bologna) to NL. 

In two recent papers (Cobolli Gigli et al., 2016; Gandaglia et al., 2018), we have proved the 

advantages of maintaining mouse models of Mecp2 on an outbred CD1 background that is 

characterized by a significant robustness and the production of large litters. We considered these 

features an advantage to foster research on CDD. Therefore, we crossed C57BL/6J Cdkl5 

heterozygous females with CD1 WT male mice (Crl:CD1 (ICR); Charles River) and kept 

backcrossing each generation of heterozygous females with new CD1 WT males. This backcrossing 

strategy occurred for more than 10 generations. The generated knock out line generally recapitulates 

the behavioural phenotypes exhibited by the same line maintained on an inbred background. These 

animals have already been cited in few recent publications (Balestra et al., 2019; Barbiero et al., 2020; 

Trovò et al., 2020). 

CD1 Cdkl5 mice were used for most of the experiments (MRI analysis, CellTiter Glo, qPCR and 

Western Blot), while C57Bl/6J line was used for the electron microscopy (EM) analyses shown in 

Supplementary Figure 2. C57BL/6J mice were obtained by mating Cdkl5−/x heterozygous females 

with Cdkl5−/y male mice. The genetic background of all results is clearly indicated in the text. Mouse 

genotype was determined by PCR protocol on genomic DNA purified from ears using the following 

primers: forward primer for the null allele 5'-ACGATAGAAATAGACGATCAACCC-3'; forward 

primer for the WT allele 5'-CCCAAGTATACCCCTTTCCA-3'; common reverse primer 5'-A
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CTGTGACTAGGGGCTAGAGA-3'. Mice were housed in groups of four in Tecniplast cages (cat.no. 

1144b-001), on a 12 h light/dark cycle in a temperature-controlled environment (21  2 °C) with food 

and water provided ad libitum. Animals were weighed before starting the study. The general health of 

mice was evaluated twice a week and no sign of stress or suffering (i.e. signs of irregular respiration 

or tremor; evaluation of grooming, hair coat and eyes; checking of motor postures, gait or clasping; 

changes in body weight) was observed. Mouse handling was performed only by professional and 

trained experimenters, in order to reduce stress manipulation. A total of 86 adult animals were 

included in the study (Figure 1; males n = 30 KO and 38 WT at P70 days, females n=10 HET and 8 

WT at P160-195 days). At these ages CD1 adult male and heterozygous female mice show similar 

behavioral features (Fuchs et al., 2018; Okuda et al., 2018). Heterozygous female mice between 5.3 to 

6.5 months of age were included in the study. Importantly, all animals belonging to the same 

experimental group always showed similar conditions. Littermate controls were used for all the 

experiments. 

Magnetic Resonance Imaging, Magnetic-Enhanced MRI and Spectroscopy (MRI, MEMRI and MRS)

All MRI experiments were conducted on a 7-Tesla scanner for rodents, fully equipped for brain 

MRI/MRS (Biospec, Paravision 6.0 Software Bruker-Biospin). A dedicated mouse head coil (4-

channels) was used as receiver together with a volume coil as transmitter. 

For ex vivo MEMRI, animals were treated with manganese chloride (MnCl2 pH=7.4, 60 mg/kg, 

intraperitoneal administration) 24 hours before sacrifice. Manganese ion (Mn2+) enters into excitable 

cells via calcium channels, therefore accumulating in active cerebral regions, which are revealed by 

MRI through the reduction of the T1 relaxation time (Duong et al., 2000; Itoh et al., 2008; Silva and 

Bock, 2008). For both female and male groups, a control mouse of the corresponding gender (blank) 

was treated with an equal dose of sodium chloride (0.9% NaCl) and used as reference for manganese 

uptake quantification. The day after manganese treatment, animals were deeply anesthetized by a 

single intraperitoneal injection of Avertin (250 mg/Kg, Sigma-Aldrich, cat.no. T48402), already used 

to induce deep anaesthesia before the sacrifice in Cdkl5 KO mice (Amendola et al., 2014; Lupori et 

al., 2019; Pizzo et al., 2016). The use of Avertin followed approval of the experimental protocols by 

the Italian Government (decrees No. 210/2017-PR and 175/2015-PR) and the drug has been stored A
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and applied according to the manufacturer’s instruction to avoid irritations that may be caused by 

incorrect storage. Following a deep anaesthesia, the experimenter verified that every reflex of the 

animal was absent by pinching the tail. Then, mice were transcardially perfused with 100 mM PBS 

pH=7.4, followed by 4% paraformaldehyde (PFA). The brains were carefully removed from the skull, 

kept in 4% PFA for 24 h and then conserved in 100 mM PBS supplemented with 0.02% sodium azide 

for one week before MRI acquisition. All animals of the study were sacrificed in the morning.

For ex vivo MRI, fixed brains were placed over a support of agar gel (2%) and positioned under the 

mouse brain coil. T2 weighted MR images were acquired with coronal sections of 0.7 mm and an in 

plane resolution of 83 µm (matrix = 192, FOV = 16 mm) using a fast-spin-echo sequence (TR/TE = 

3500/45 ms, rare factor = 8, average = 8, 11 minutes of acquisition) (MnCl2 or NaCl treated mice; 

males: n = 5 KO and 6 WT littermates; females: n = 10 HET and 8 WT littermates; CD1 background). 

To quantify manganese uptake (MEMRI), a map of the longitudinal relaxation time T1 was acquired 

using a spin-echo sequence with different recovery times (n = 6, 290 to 4000 ms, TE= 6.65 ms, 49 

minutes of acquisition) and a resolution of 103 m with sections similar to T2 weighted images (0.7 

mm of thickness). The complete MRI exam lasted 80 minutes for each sample. Maps of T1 were 

calculated using the mono exponential fitting tool of Paravision. The contrast enhancement of 

manganese was calculated as the percentage of relaxivity (R1 = 1/T1) differences versus blank mice 

(0.9% NaCl treated; same gender of the experimental group). Manganese uptake was measured in 

several brain areas identified through the reference atlas from Allen Institute for Brain Science 

(http://atlas.brain-map.org/).

For in vivo MRI, a mixture of IsoVet (isoflurane 1-2%; Zootecnica, cat.no. 104331020) with oxygen 

was used to anaesthetize animals (n = 8 KO and 7 WT male littermates; CD1 background) and breath 

rate was continuously monitored to adjust the level of anaesthesia. IsoVet is an inhalation anaesthetic 

commonly used for general anaesthesia in animals. Induction and recovery from anaesthesia with 

isoflurane are rapid. Body temperature of mice was maintained through warm water circulating inside 

the bed. T2-weighted images of the entire brain were acquired with a fast-spin-echo sequence 

(TR/TE= 3350/44 ms, resolution of 73 µm, thickness of 0.65 mm, 9 averages, 8 minutes of 

acquisition). For proton MR spectroscopy (1H-MRS), a PRESS sequence (TR/TE = 2000/16.1 ms) 

was used to allow the selection of a voxel either in the hippocampus (size = 1.151.3×2.65 mm3) or in A
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the thalamus (size = 1.51.8×1.9 mm3) with water-suppression (VAPOR) and the signal was 

accumulated for 400 and 300 times for each area (10-13 minutes of acquisition), respectively. For 

each area, magnetic field homogeneity was optimized through the use of automatic map-shim 

calculation from a B0 map initially acquired. A spectrum with no water suppression was also acquired 

and used for metabolites concentration calculation using the LCModel program (http://s-

provencher.com/lcmodel.shtml). All acquired spectra were obtained with a suitable signal to noise 

ratio (mean  st.dev = 8  3) allowing the quantification of more than 12 metabolites (Supplementary 

Table S1). Metabolites with an estimated standard deviation (Cramer-Rao lower bounds, %SD) higher 

than 27% were excluded. Indeed, the considered metabolites were estimated with a %SD = 10  6 

(mean  st.dev over all metabolites). 

From each T2-weighted MRI data, the total brain volume was calculated from brain area 

segmentation using the image analysis tools from Paravision. A total of 10 (ex vivo) and 23 (in vivo) 

MR sections acquired along the brain were used. For the ex vivo studies, olfactory bulbs and 

cerebellum were excluded from the analyses as they were partially damaged during brain extraction 

procedures. For in vivo MRI, ventricles areas were also quantified and subtracted from the total brain 

volume. Such exclusion was not possible for ex vivo analysis since ventricles were collapsed post-

fixation.

RNA Purification, cDNA Synthesis and quantitative RT-PCR

CD1 Cdkl5 deficient mice and WT littermates were sacrificed by dislocation and brains were rapidly 

removed (P70 males: n = 15 WT and 8 KO, including those that underwent MRS). Hippocampus was 

dissected out and immediately frozen on dry-ice and conserved at -80°C until analysis. Total RNA 

was extracted using Purezol (Bio-Rad, cat.no. 7326890) and mechanical trituration of the tissue was 

performed using a glass-glass potter. RNA was quantified using a NanoDrop 1000 spectrophotometer 

and integrity verified by agarose electrophoresis. First strand cDNA was synthesized using the RT2 

First Strand Kit (Qiagen, cat.no. 330404) as instructed by the manufacturer and used as a template for 

quantitative RT-PCR with SYBR Green Master Mix (Applied Biosystems, cat.no. 4472908).

The following primers were used:A
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Atp5a1 5’- GCCATCGTGGATGTCCCCGTTG-3’;

5’- CTTTCAGGCCCACTCGTCTGCG-3’

Nuclear 

encoded gene

ETC nuclear subunit 

(Complex V)

Cox-7b 5’-TTGCCCTTAGCCAAAAACGC-3’; 

5’- TCATGGAAACTAGGTGCCCTC-3’;

Nuclear 

encoded gene

ETC nuclear subunit 

(Complex IV)

Ndufv2 5’-GCAAGGAATTTGCATAAGACAGC-3’; 

5’-TAGCCATCCATTCTGCCTTTG-3’;

Nuclear 

encoded gene

ETC nuclear subunit 

(Complex I)

Sdha 5’- AGCAAGCTCCTGCCTCTGTGGT -3’; 

5’- GCTCTGTCCACCAAATGCACGCT-3’

Nuclear 

encoded gene

ETC nuclear subunit 

(Complex II)

Slc25a12 5’-ATGGCGGTCAAGGTGCATAC-3’; 

5’-AGTCATGTAATGCTCCCCGTC-3’;

Nuclear 

encoded gene

Solute Carrier Family 

25 Member 12

Slc25a27 5’-CCACCCACGGCTTATCCAG-3’; 

5’-ACAAAAGTCCCCTTCCTTGTTT-3’;

Nuclear 

encoded gene

Solute Carrier Family 

25 Member 27

Uqrc1 5’-AGACCCAGGTCAGCATCTTG-3’; 

5’-GCCGATTCTTTGTTCCCTTGA-3’

Nuclear 

encoded gene

ETC nuclear subunit 

(Complex III)

Melting curve showed a single product peak, indicating good product specificity. All samples were 

analysed in triplicate and mRNA levels were normalized to Hprt (forward primer 5’- 

ACAGGCCAGACTTTGTTGGAT-3’; reverse primer 5’-TGCAGATTCAACTTGCGCTC-3’) as 

internal standard. Fold change in gene expression was calculated using the 2(-ΔCt) method (Livak & 

Schmittgen, 2001).

For mitochondrial DNA (mtDNA) analysis, total genomic DNA was isolated from hippocampus 

of CD1 Cdkl5 KO (n = 5) and WT littermates (n = 6). The tissues were digested in 200 µl of 

Digestion Buffer (50 mM Tris-HCl pH 8, 100 mM EDTA pH 8, 100 mM NaCl, 1% SDS) and 

Proteinase K (Genespin, cat.no. STS-OK500, 0.1 µg/µl) overnight at 55°C. Then, 200 µl of 

Phenol/Chloroform/Isoamyl alcohol (25:24:1, Sigma-Merck, cat.no. P3803) was added and samples 

were centrifuged at 13000 x g at room temperature for 10 minutes. The aqueous phase was drawn and 

2.5 Vol µl of EtOH absolute + 1:10 Vol of 3M Sodium Acetate was added. After centrifugation at 

13000 x g at room temperature for 10 minutes, the supernatant was removed. The pellet was 

resuspended in 100 µl of milliQ H2O and let overnight at 55°C. Subsequently, mtDNA and nuclear A
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DNA were measured by qPCR using primers for CytB (forward primer 5’- 

ACGCCATTCTACGCTCTATC-3’; reverse primer 5’-GCTTCGTTGCTTTGAGGTGT-3’) 

and Rnase P (forward primer 5’-GAAGGCTCTGCGCGGACTCG-3’; reverse primer 5’- 

CGAGAGACCGGAATGGGGCCT-3’) content, respectively. DNA (20 ng/well) was mixed with 

SYBR Green Master Mix (Applied Biosystems, cat.no. 4472908) and primers.  The following 

formula: ΔCt = mean value of Ct(mDNA)/mean value of Ct(nDNA) was used in each sample and 

results are presented as percentage of WT. 

Western Blot

Western blots were performed on hippocampi derived from CD1 mice (n = 10 WT and 9 KO, 

including contralateral tissues of some animals used for qPCR; Figure 1). Hippocampal tissues were 

dissected and homogenized in 400 l of RIPA buffer (100 mM Tris HCl pH 7.5, 300 mM NaCl, 10 

mM EDTA, 2% NP-40, 0.2% SDS, 1% sodium deoxycholate) containing Protein Inhibitor Complex 

1X (Sigma Merck, cat.no. P8340) and PhosSTOP (Sigma Merck, cat.no. 4906845001). Samples were 

centrifuged at 12000 x g for 30 min at 4°C and supernatants were collected and stored at -80°. Protein 

concentrations were calculated using bicinchoninic acid (BCA) assay kit (Thermo Scientific, cat.no. 

23228); 10 or 30 μg of protein extract were loaded onto TGX Stain-Free gel prepared by FastCast 

Acrylamide Kit (Bio-Rad, 10%: cat.no. 1610183; 12%: cat.no. 1610185; 4-15%, cat.no. 5678084). 

Before transfer, a Stain-Free gel image was acquired by ChemiDoc Touch Imaging System (Bio-Rad) 

and used to quantify results. Proteins were blotted on a nitrocellulose membrane (Trans-blot Turbo 

Nitrocellulose Transfer Packs, Bio-Rad Mini cat.no. 1704159 and Bio-Rad Midi cat.no. 1704158) 

using the Trans-blot SD (Bio-Rad) semidry apparatus. Membranes were incubated at room 

temperature for 1 hour in blocking solution (Tris-buffered saline containing 0.1% Tween-20 (TBS-T) 

and 5% nonfat milk or 3% BSA [Sigma Merck, cat.no. A30659]) before adding primary antibodies at 

the proper dilution: anti-total OXPHOS (Abcam, cat.no. ab110413; 1:1000 in 3% BSA in TBS-T); 

anti-AMPK-alpha2 (Cell Signaling, cat.no. 2532; 1:1000 in 5% milk in TBS-T); anti-phospho-

AMPK-alpha2 (Thr172) (Cell Signaling, cat.no. 2535; 1:1000 in 5% milk in TBS-T); anti-Aralar B-2 

(Santa Cruz, cat.no. sc-271056; 1:1000 in 5% milk in TBST); anti-UCP4 (Invitrogen, cat.no. PA5-

110384, 1:1000 in 5% milk in TBS-T). After 3 washes in TBS-T, blots were incubated with the A
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appropriate HRP-conjugated secondary antibody (Peroxidase-conjugated AffiniPure Goat anti-mouse 

or rabbit IgG (H+L), mouse cat.no. 115-035-003, rabbit cat.no. 111-035-144, Jackson 

ImmunoResearch) appropriately diluted in 5% milk or 3 % BSA in TBS-T. Immunocomplexes were 

visualized using the ECL substrates kits from Cyanagen and the Bio-Rad ChemiDocTM System. 

Quantification of bands was performed using the Image Lab 5.2.1 Software.

ATP measurement

A luminescence assay (CellTiter-Glo Luminescent Cell Viability Assay, Promega, cat.no. G7570) 

was used to determine ATP content (Chida et al., 2012) in Cdkl5 KO mouse (n = 5) and WT 

littermates (n = 5). Some of these tissues correspond to the contralateral hippocampus of animals used 

for MRS (Figure 1). Specifically, frozen tissues were homogenized in 0.3 ml of cold lysis buffer (0.25 

M sucrose, 10mM HEPES-NaOH pH 7.4), with ultra-turrax (10 sec at max speed) and the 

homogenates were cleared by centrifugation at 1000 x g, 4°C, 10 min.  250 µl of supernatant was 

quickly added to an equal volume of ice-cold 10% trichloroacetic acid (TCA), shaken for 20 sec and 

then centrifuged 10 min at 10.000 x g at 4°C. After TCA extraction, TCA was neutralized adding 200 

l of Tris-acetate buffer (1M pH 8) to 400 µl of supernatant. Following a 10-fold dilution with 

deionized water, the extract was used for luciferase-luciferin assay. The reaction mix, containing 

luciferase and substrate, was added and the light emission was measured using a GloMax 

luminometer (Promega) and quantified according to an ATP standard curve.

Statistical analysis

Structural analysis of mitochondria was performed by an experimenter blinded to the genotype, while 

for MRI and molecular experiments no blinding was performed. No statistical method was used to 

calculate sample size, which was determined based on the previous experience of the group with the 

goal to minimize the number of animals required. Also, no randomization was performed to allocate 

animals. In MRS, metabolites with an estimated standard deviation (Cramer-Rao lower bounds, %SD) 

higher than 27% were considered as outliers. Grubb’s test was used to determine the presence of 

significant outliers in Western blot experiments, while, in qPCR experiments, samples in which Hprt 

triplicates average was 0.3 Ct apart from the others were excluded from the analysis. By using these A
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criteria, n = 1 KO animal was excluded from Western blot experiments and n = 1 KO from qPCR 

experiments. Some animals were excluded from the MEMRI analysis either due to perfusion fixation 

artefacts or manganese contrast administration (n = 1 KO and 1 WT males; n = 2 HET and 2 WT 

females). In order to use the correct statistical test, we first evaluated the normal distribution of data 

by applying the D’Agostino-Pearson normality test. In accordance with data distribution, Student's t 

test or Mann-Whitney test were used for the statistical analysis with GraphPad Prism 8 software 

(LaJolla, CA, USA). For ex vivo MEMRI, data collected from left and right hemispheres were 

averaged. Statistically significance was expressed as: * p < 0.05, ** p < 0.01, *** p < 0.001 and **** 

p < 0.0001 and reported data are mean ± SEM. Multivariate statistical analyses on metabolite data set 

were performed using the web‐based platform MetaboAnalyst (www.metaboanalyst.ca). Autoscaling 

was applied to the data set prior to perform Partial Least Squares Discriminant analysis (PLS-DA). 

Successively, metabolites contributing most to group separation were defined from the VIP (variable 

importance for the projection) scores > 1.2 (Xia & Wishart, 2011).

Results

Cdkl5 KO and HET adult mice do not exhibit brain atrophy

MRI represents a promising non-invasive approach to investigate neurological diseases in animal 

models, however to date no in vivo imaging study has been reported in the Cdkl5 mouse model. We 

used MRI in Cdkl5 mutant mice (Amendola et al., 2014) to identify morphological defects and to 

unveil the most affected brain regions. This analysis was performed on CD1 adult hemizygous male 

(P70) and heterozygous female (P160-195) mice, i.e. at an age with similar behavioral features 

between genders (Fuchs et al., 2018; Okuda et al., 2018). Of note, for all the animals included in the 

study, no difference in body weight was found between groups (mean grams  SEM: 40.6  0.4 vs 

40.5  0.7 in Cdkl5 KO vs WT males and 43.6  1.9 vs 45.3  1.4 in Cdkl5 HET vs WT females). 

Brain size of Cdkl5 KO and HET mice was measured by MRI, in both ex vivo and in vivo analyses, 

and compared to the corresponding controls. Cerebral volume was assessed by measuring the total 

brain area from MR sections acquired along the brain (10 sections for ex vivo and 23 sections for in 

vivo). In good accordance with previous studies performed on the same mouse line but in a C57Bl/6J 

background (Amendola et al., 2014), we did not found morphological alteration in mutant mouse A
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brains. Indeed, in both mutant male and female animals, the total cerebral area, measured ex vivo, was 

perfectly analogous to their corresponding WT controls (Figure 2A) and no statistical difference was 

found in total brain volume and brain weight (Figure 2B, C). Accordingly, in vivo studies on P70 male 

mice confirmed the lack of alteration in cerebral size of Cdkl5 KO mice (Figure 2D, E).

Manganese-Enhanced Magnetic Resonance Imaging (MEMRI) indicates cellular dysfunction in 

Cdkl5 deficient brains

In order to assess how and where Cdkl5 deficiency affects cerebral function, brains from KO (P70) 

and HET (P160-195) CD1 mice were analyzed by MEMRI, that could provide a map of neuronal 

activity (Duong et al., 2000; Silva and Bock, 2008). After the systemic administration of MnCl2, a 

pronounced contrast enhancement all over the brain due to Mn2+ accumulation was observed in 

treated mice compared to the blank (saline-treated animals) (Figure 3A). Since Mn2+ can enter 

excitable cells through the voltage-gated calcium channel Cav1.2 and NMDA receptor, an increase in 

Mn2+ intracellular concentration should be indicative of cerebral dysfunctions (Duong et al., 2000; 

Silva and Bock, 200; Itoh et al., 2008).

Interestingly, the manganese contrast was considerably increased in KO and HET brains compared to 

the corresponding WT (Figure 3B). Of note, the increase in Mn2+ uptake through cerebral regions was 

not uniformly distributed, highlighting the relevance of MEMRI to identify differences among regions 

and to unveil the most affected ones (Table 1). Importantly, in KO mice, a significant Mn2+ uptake 

was measured overall the hippocampus (p = 0.0286), an area commonly affected in CDD (Fuchs et 

al., 2014; Okuda et al., 2017; Tang et al., 2017). This contrast enhancement was uniformly distributed 

in the different hippocampal areas, including the dentate gyrus (41.5%  6.7 with respect to WT), and 

both stratum lacunosum-moleculare (38.5%  6.6) and stratum radiatum (41.0%  3.7%) of CA1. 

Conversely, only a trend toward higher Mn2+ enhancement was observed in the hippocampus of HET 

mice. 

However, by analyzing different portions of the cerebral cortex, we reported differences in manganese 

contrast in both genders. In fact, an increasing trend toward enhancement was observed in auditory 

cortex (KO: p = 0.0286 and HET: p = 0.0177), which is related to the sensory-motor processing cycle 

(King et al., 2018), in the posterior parietal association cortex (KO: p = 0.057 and HET: p = 0.202), A
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involved in decision-making following a visual stimuli (Pho et al., 2019) and in the entorhinal-

perirhinal cortex (EP) (KO: p = 0.114 and HET: p = 0.0025), important in the visual recognition 

memory and whose association with Cdkl5 loss was already investigated (Ren et al., 2019). 

In contrast, only a minor Mn2+ enhancement was observed in the thalamus. Indeed, in the 

parafascicular nucleus (PF) and in the ventral posterior nucleus (VP), Mn2+ contrast showed a 

tendency toward an increase both in KO and HET mice, without being statistically significant (VP, 

KO: p = 0.114 and HET: p = 0.106; PF, KO: p = 0.114 and HET: p = 0.149). 

Moreover, since previous studies reported an impairment in the visual system of CDD patients and 

animal models (Moseley et al., 2012; Pizzo et al., 2016; Ren et al., 2019; Lupori et al., 2019), we also 

analyzed the principal nodes related to the visual circuit: optic tract, superior colliculus, visual cortex 

and the EP. Interestingly, a significant contrast enhancement was measured in the superior colliculus 

of both mutant groups (KO: p = 0.0286 and HET: p = 0.0303) and selectively in the visual cortex of 

the HET group (KO: p = 0.114 and HET: p = 0.0025), with no difference in the optic tract.

Interestingly, in the hypothalamus, the increase in Mn2+ uptake showed a near-significant trend in KO 

(p = 0.057), but not in HET mice (p = 0.432).

To summarize, MEMRI suggests that Cdkl5 deficiency particularly affects cerebral areas associated 

with memory, cognitive, sensory and motor processes, with differences between genders and brain 

regions; further it highlights the hippocampus as the most affected area.

In vivo MRS reveals metabolic dysregulation in Cdkl5 KO mice

Considering the higher variability of the phenotype in heterozygous females due to X chromosome 

inactivation, we decided to explore the cerebral metabolism through in vivo MR spectroscopy (MRS) 

only in KO animals, thus avoiding confounding results due to the mosaic expression of the mutant 

Cdkl5 allele in females. 

Based on MEMRI results and literature evidence that associate most of Cdkl5 dysfunctions to the 

hippocampus, MRS was initially performed in this area (Figure 4A-E). Furthermore, to confirm the 

potential of MEMRI to identify the most involved brain areas in CDD, we selected a cerebral region 

in which manganese accumulation was less prominent. We thus analyzed the neurochemical profile 

also in thalamus, an important center of sensory inputs (Figure 4F-J). Although potentially relevant, A
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the visual system was not included in the study since the MR signal was too low for metabolite 

quantification. 

MRS was acquired in a single hemisphere (left hippocampus, Figure 4A, and right thalamus, Figure 

4F) since no difference of manganese uptake was found between left and right of each selected 

cerebral area.

The following cerebral metabolites were quantified: creatine with phosphocreatine (Cr+PCr), gamma-

aminobutyric acid (GABA), glutamine (Gln), glutamate (Glu), glutathione (GSH), 

glycerophosphocholine with phosphocholine (GPC+PCh), lactate (Lac), myo-Inositol (Ins), N-acetyl 

aspartate (NAA), N-acetyl-aspartate with N-acetyl-aspartyl-glutamate (NAA+NAAG), 

phosphocholine (PCh), phosphocreatine (PCr) and taurine (Tau) (Supplementary Table S1).

Score plots derived from Partial Least Squares Discriminant Analysis (PLS-DA) permitted to 

appreciate a separation of metabolic profiles derived from Cdkl5 KO animals and WT littermates both 

in hippocampus and thalamus (Figure 4B, G). Metabolites that mainly contributed to the cluster 

discrimination were identified by a high variable importance for the projection (VIP score >1.2) 

(Figure 4C, H). Interestingly, most of these metabolites were downregulated in Cdkl5 KO mice 

compared to WT, especially in hippocampus.

In details, in the hippocampus of KO mice (Figure 4E and Supplementary Table S1) a significant 

reduction of glutamine was observed compared to WT (-22.6  4.6%; p = 0.0044), while glutamate 

was almost similar to WT mice (-4.4  2.3%; p = 0.281). As a consequence, a defective glutamate to 

glutamine ratio was measured (27.4  8.0%; p = 0.017).

In addition, creatine and phosphocreatine (Cr+PCr), whose levels reflect the adenosine triphosphate 

(ATP) metabolism at the intracellular level (Greenhaff, 2001), were significantly reduced (-4.4  

1.4%; p = 0.028) in Cdkl5 KO animals. Similarly, the sum of NAA and its metabolite NAAG showed 

a decrease (-11.2  2.5%, p = 0.034) in mutant mice that might reflect the presence of mitochondrial 

dysfunction or hypomyelination. On the same line, concentration of total choline (GPC+PCh), marker 

of myelination, neuronal function and mitochondrial oxidative metabolism, was notably reduced in 

KO mice compared to WT (-14.9  2.5% relative to WT; p = 0.0015). However, lactate was hardly 

detectable in KO as for WT mice, suggesting the absence of critical energy failure.
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To assess the correlation between metabolic dysregulation and neuronal dysfunctions observed by 

MEMRI, MRS was also performed in the thalamus, where manganese contrast enhancement 

difference among groups was minor than in the hippocampus. In this cerebral region, MRS confirmed 

a decrease in some metabolites, although with a minor entity compared to the hippocampus (Figure 4J 

and Supplementary Table S1). In particular, as in the hippocampus, the total choline concentration 

(GPC+PCh) was significantly reduced (-10.3  2.5%, p = 0.034) in KO mice. Moreover, a decreasing 

trend was observed in taurine levels (-10.3  3.0%, p = 0.077) compared to WT.

Cdkl5 deficiency affects cellular energy metabolism in the hippocampus

In accordance with recent evidence (Pecorelli et al., 2015; Jagtap et al., 2019; Vigli et al., 2019), our 

MRS data highlighted a dysregulation of metabolites with a role in energy metabolism and oxidative 

stress, therefore suggesting a mitochondrial dysfunction in the Cdkl5 null brain. To confirm this 

hypothesis, we used a luminescence assay to measure the ATP content in WT and KO hippocampi 

(Chida et al., 2012). As shown in Figure 5A, in the Cdkl5 null hippocampus ATP levels are reduced 

of almost 35%, thus confirming previous results obtained in C57Bl/6J mice (Vigli et al., 2019). These 

data support our MRS findings of a metabolic dysfunction; we thus proceeded looking for the putative 

underlying molecular signatures.

Independently from fluctuations in the ATP demand, most eukaryotic cells maintain the nucleotide 

concentration at constant level. This is achieved through cellular systems able to monitor changes in 

ATP levels and to activate the molecular mechanisms necessary for restoring ATP homeostasis 

(Carling, 2017). Among these systems, AMP-activated protein kinase (AMPK) represents a key player 

that gets activated by Thr172 phosphorylation in response to a decrement in energy availability. We 

thus measured AMPK phosphorylation to investigate if the capacity of Cdkl5 null hippocampus to 

respond to changes in cellular energy might be compromised. Indeed, we found a significant defect in 

AMPK Thr172 phosphorylation (Figure 5B).

Over 90% of the ATP produced in cells is generated by mitochondria; we thus proceeded analyzing 

whether mitochondrial mass could be compromised in the CD1 Cdkl5 deficient mouse hippocampus, 

thus contributing to the reduced ATP content. To this purpose, by qPCR we measured the ratio 

between mitochondrial DNA (mtDNA) and nuclear DNA (nDNA). Our data (Figure 5C) indicated A
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that the mtDNA/nDNA ratio was not impaired in the hippocampus of KO mice with respect to WT. 

Unchanged mitochondrial density was found in Cdkl5 adult mice maintained in a C57Bl/6J 

background (Supplementary Figure 2), thus supporting the result.

Excluding a different mitochondrial content between genotypes, we focused on electron transport 

chain and we used different molecular approaches to analyse in the CD1 KO hippocampus the 

expression of key genes involved in mitochondria functionality (Figure 6). In particular, we measured 

the expression of one gene for each subunit of the electron transfer chain (ETC) complexes. In KO 

animals, we observed a significant reduction in the mRNA levels of Cox7b (-31.1  12.6%, p = 

0.0159) (Figure 6A), codifying for Cytochrome C Oxidase Subunit 7B, belonging to Complex IV. 

Conversely, no change was observed in the transcriptional levels of genes codifying for subunits of 

the other complexes of the respiratory chain, such as Ndufv2 (NADH dehydrogenase ubiquinone 

flavoprotein 2; Complex I), Sdha (succinate dehydrogenase; Complex II), Uqrc1 (ubiquinol 

cytochrome c oxidoreductase chain 1, Complex III) and Atp5a1 (ATP synthase F1 subunit alpha; 

Complex V). 

Then, we analysed the expression of mitochondrial carriers belonging to the larger family of SLC25a 

transporters, which are in charge of transporting little molecules. Especially, considering their 

association with autism-related disorders (Anitha et al., 2012), we selected Slc25a12 and Slc25a27 

genes, encoding for carrier Aralar and UCP4, respectively. We found a significant decrease in the 

transcriptional levels of Slc25a27 in KO hippocampus (-18.7  6.0%, p = 0.0269) (Figure 6B), and a 

decrement of Slc25a12 expression that however did not reach statistical significance (-20.6  7.2%, p 

= 0.0682) (Figure 6C).

In order to confirm these data at the protein level, by western blots we compared the expression levels 

of ETC complexes and SLC transporters between WT and Cdkl5 null hippocampi (Figure 6D-F and 

Supplementary Figure S1). Interestingly, we confirmed a significant downregulation of Complex IV 

(Figure 6D), while the mitochondrial carriers did not exhibit significant defect (Figure 6E-F). 

Discussion

CDKL5 deficiency is a neurodevelopmental disorder that is currently emerging as a frequent cause of 

epileptic seizures, severe intellectual disability and autistic symptoms in infants (Kothur et al., 2018; A
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Lindy et al., 2018). Mice that constitutively or conditionally lack Cdkl5 recapitulate several features 

of the human disease, including autistic-like behaviours and hippocampal-dependent cognitive 

impairment (Wang et al., 2012; Amendola et al., 2014; Tang et al., 2017; Tang et al., 2019). However, 

the pathogenic mechanisms contributing to these phenotypes remain largely unknown and the field is 

still lacking quantitative, non-invasive and translational biomarkers that can be used to test drug 

efficacy. More recently, Mazziotti et al. have reported that visual evoked potentials (VEP) recorded 

from the visual cortex represent a useful biomarker for cortical circuit functions in Cdkl5 defective 

mice (Mazziotti et al., 2017). Furthermore, recent clinical studies have proposed that cortical visual 

impairments or proxies of arousal fluctuations, such as pupillometry or heart rate variability, 

combined with deep learning, could be used as non-invasive and sensitive translational biomarkers for 

early detection of neurodevelopmental disorders, including CDD (Artoni et al., 2019; Demarest et al., 

2019).

Neuroimaging is helpful to understand the pathophysiology of cognitive diseases. In particular, 

Magnetic Resonance Imaging (MRI) provides fine cerebral morphological information, while proton 

Magnetic Resonance Spectroscopy (MRS) determines the concentration of different metabolites in 

specific regions of the central nervous system. Since different metabolites are interlinked by their 

production and consumption, the overall neurochemical profile could be used as a fingerprint of a 

pathological condition. In addition, MRI and MRS are non-invasive tools that permit to monitor 

disease progression overtime and/or its stagnation or regression upon therapeutic intervention.

In this study, we have used different MR methods in order to analyze brain morphology and activity, 

to identify the cerebral regions predominantly affected by Cdkl5 deficiency and to unveil metabolic 

alterations. We observed a dysregulation of several metabolites involved in energy and antioxidant 

metabolism in hippocampus; some of these alterations, such as reduced levels of total choline, were 

also confirmed in thalamus. Importantly, molecular studies confirmed MRS observations, 

corroborating the presence of mitochondrial impairment in the Cdkl5 null hippocampus.

CDD can affect both genders and, although human data suggest that male patients might not be 

universally more severe (Demarest et al., 2019), in mice the heterozygous condition is generally 

associated with a milder phenotype with respect to that manifested by Cdkl5 KO animals (Amendola 
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et al., 2014; Mazziotti et al., 2017). Thus, our study was mainly performed on adult (P70) Cdkl5 null 

males.

Ex vivo and in vivo MRI analyses revealed that brain morphology is preserved in both genders, 

suggesting that mouse brain structure is not primarily affected by Cdkl5 deficiency. Importantly, these 

results reconcile previous clinical reports debating whether CDKL5 mutations cause atrophy 

(Akamine et al, 2018; Bodian et al., 2018; Liang et al., 2019; Mirzaa et al., 2013; Paine et al., 2012). 

So far, spontaneous seizures have only been detected in aged heterozygous Cdkl5 mutant mice 

(Mulcaheya et al., 2020) and several CDD patients exhibit progressive cerebral atrophy that is often 

not present at the beginning of the pathology; therefore it is reasonable to assume that human brain 

changes are a secondary effect of the epileptic encephalopathy and/or its treatments, as already 

described for other genetic form, such as Dravet syndrome (Gaily et al., 2013).

In vivo MRS in the mouse brain is technically challenging and limited by the anesthesia duration, thus 

analysis can be performed in few predefined cerebral regions. To detect the most affected regions, we 

used MEMRI, which revealed a strong manganese accumulation through the entire Cdkl5 deficient 

brain. Quantitative analysis indicated that in mutant brains manganese accumulates more consistently 

in hippocampus and visual system, therefore highlighting these brain regions as particularly 

susceptible to Cdkl5 deficiency. Our results are in agreement with several behavioral studies that 

demonstrated learning and memory impairment together with anxiety and visual defects in Cdkl5 

deficient mice, as similarly observed in CDD patients (Amendola et al., 2014; Lupori et al., 2019; 

Okuda et al., 2018). 

It is known that manganese enters into cells through voltage–gated calcium channels and activates 

glutamate receptors (e.g., N-methyl-D-aspartate receptors; NMDAR) (Itoh et al., 2008). Although 

additional molecular investigations are necessary to explain the mechanism of the increased 

manganese uptake in the Cdkl5 null brain, enhanced NMDAR signaling and circuit hyper-excitability 

have already been described in the Cdkl5 deficient hippocampus (Okuda et al., 2017; Tang et al., 

2019). Furthermore, MEMRI can also reflect axonal sprouting and neuronal connectivity defects, as 

those reported in Cdkl5 KO visual cortex (Pizzo et al., 2016). We thus suggest that MEMRI can be 

used as a measurable outcome in CDD preclinical studies to assess the effect of a treatment and to 

select brain regions, a possibility that we will investigate in the next future. The current MEMRI study A
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was done ex vivo in order to obtain maps of T1 relaxation time that allow quantitative analysis over 

the entire brain, but require long acquisition time to achieve high spatial resolution with an 

appropriate sensitivity. Nevertheless, MEMRI could be performed in vivo with the acquisition of T1 

weighted images before and after manganese contrast infusion (Duong et al., 2000; Silva and Bock, 

2008).

Since MEMRI revealed a stronger and more homogenous phenotype in Cdkl5 KO males compared to 

females, we pursued with in vivo MRS only in KO animals, focusing on hippocampus. Visual system 

was excluded due to sensitivity limits of MRS in small regions and the difficulties to fit a voxel in the 

complex geometry. Instead, we analyzed metabolite concentration in thalamus, that, although less 

responsive to MEMRI, is an important center of sensory inputs whose relevance in CDD has been 

recently suggested (Lupori et al., 2019). Besides, it participates to the sleep-wake cycle regulation, 

often disturbed in CDD (Hagebeuk et al., 2012).

Interestingly, the multivariate analysis method of Partial Least Squares Discriminant Analysis (PLS-

DA) reported a clear separation of the metabolic profile of Cdkl5 KO mice from their respective 

controls, both in hippocampus and thalamus. The ability of MRS to discriminate Cdkl5 null mice 

from WT encourages its use as a biomarker to investigate the capacity of a therapeutic treatment to 

restore, or at least redirect, the cerebral metabolism toward normal equilibrium. Of relevance, 

metabolic dysfunctions have already been reported in numerous neurological disorders, including 

autism (Stanley, 2002; Baruth et al., 2013; Siddiqui et al., 2016).

Specifically, our data reported a strong decrease in glutamine concentration and a reduction of both 

total creatine and NAA metabolites selectively in the hippocampus of KO mice. In addition, a 

consistent reduction of phosphocholine (PCh) with its catabolite glycerophosphocholine (GPC) was 

found both in the hippocampus and in the thalamus of Cdkl5 mutant animals. Interestingly, these 

altered metabolites are closely related to mitochondrial functions and oxidative stress. 

Indeed, glutamine has a pivotal role in mitochondrial ATP formation and its depletion induces defects 

in mitochondrial respiration (Piva and Mcevoy-Bowe 1998; Daurman, 2000; Fan et al., 2013). 

Glutamine is also a precursor of the antioxidant glutathione, one of the most important cellular 

antioxidants (Wang and Cynader, 2000) and it is required for synthesis of excitatory and inhibitory 

neurotransmitters, such as glutamate and GABA (Holcomb et al., 2000; Struzyńska and Sulkowski, A
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2004). PCh and GPC, besides their role in membrane synthesis and lipid metabolism, can affect 

mitochondrial activity (Schuler et al., 2016; Strifler et al., 2016) and abnormalities in choline 

metabolism have already been described in several diseases characterized by mitochondrial 

dysfunctions (Farber et al., 2000; Michel and Bakovic 2009). Moreover, since NAA is considered a 

neuronal putative marker and it is primarily synthesized within mitochondria, the observed reduction 

strengthens the evidence of mitochondrial impairment (Rossignol & Frye, 2011). Cdkl5 null 

hippocampus showed also a notable decrease in total creatine concentration (Cr+PCr), which is 

essential in cell energy homeostasis (Wyss and Kaddurah-Daouk, 2000) and in cerebral 

osmoregulation (Bothwell et al., 2001). Of note, the normal lactate level in Cdkl5 null brains suggests 

the lack of a severe energy failure, in line with the absence of epileptic seizures in this animal model.

We are aware that, in the next future, an extensive longitudinal study should be performed to better 

define the natural history of the observed metabolic dysregulation and to assess its value as 

measurable outcome. In particular, it would be of great interest to determine the onset of cerebral 

alterations and to establish whether the observed neurochemical profile could reflect disease severity 

and progression. Eventually, by including Cdkl5 mutant females, we could contribute to understand 

whether the disease pattern overlaps in both genders, although with a possible delay in heterozygous 

females.

Our results are in line with recent evidence pointing out to a mitochondrial impairment in CDD. 

Indeed, an increase of 4HNE-Pas, a marker of lipid peroxidation-induced protein damage, and a 

reduction of NFE2L2, a regulator of cellular resistance to oxidants, were found in serum and 

fibroblasts of CDD patients (Pecorelli et al., 2015, 2011). Concomitantly, an aberrant mitochondrial 

function was described in isogenic neural progenitor cells (NPCs) derived from a CDD patient (Jagtap 

et al., 2019). Besides,  analysis of mitochondrial functionality in Cdkl5 null brain revealed defective 

mitochondrial respiratory activity and reduced ATP production, therefore confirming in the C57Bl/6J 

background our data and supporting the evidence of functional abnormalities in the cellular 

powerhouses (Vigli et al., 2019). 

Mitochondria are critical organelles due to their role in producing energy, controlling Ca2+ signaling 

and generation of reactive oxygen species. Accordingly, mitochondrial dysfunction has devastating 

effects on the physiology of neurons and extensive studies have demonstrated mitochondrial defects A
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in many neuropsychiatric disorders, including autism (Castora, 2019; Reddy, 2009; Siddiqui et al., 

2016). In line with this idea, we found it relevant to investigate whether defects in mitochondria 

number could concur to the observed metabolic defects. However, our molecular data indicated that 

the CD1 Cdkl5 KO brain does not suffer from a variation in the organelle mass. EM quantifications 

performed in the null mice maintained in the C57Bl/6J strain showed that the hippocampus features 

physiological mitochondria density, thus providing a further evidence of similarities between the two 

strains modeling CDD (Supplementary Figure 2). Moreover, the same C57Bl/6J samples suggested 

that Cdkl5 deficiency can affect mitochondrial size and cristae organization. Although it is not known 

if future studies in the CD1 background will reproduce the altered cristae phenotype observed in the 

C57Bl/6 strain, these EM findings provide additional evidence of mitochondrial defects associated 

with Cdkl5 deficiency. Although we willassess the progression of morphological and/or molecular 

mitochondrial phenotypes with cerebral development and ageing, these data prompted our molecular 

analyses. In fact, it is well known that respiratory chain complexes assemble into functional structures 

called supercomplexes (RCS), whose assembly and stability are affected by mitochondrial cristae 

shape (Cogliati et al., 2013). Interestingly, Vigli and colleagues have recently reported functional 

defects in complexes III-IV-V, therefore suggesting that ETC complexes may be indeed affected in 

the Cdkl5 null mouse brains a result that well-fits with our data on mitochondrial ultrastructural 

defects (Vigli et al., 2019). Moreover, altered mitochondrial structures have been described in NPCs 

obtained from a 2-year-old female CDD patient carrying the truncating mutation 1412delT 

[pAsp471Ala; (Jagtap et al., 2019)], supporting the role of mitochondrial abnormalities in CDD. 

Finally, our data indicate a significant reduction of Cox7b, a Complex IV subunit that is indispensable 

for complex assembly and functioning as well as for mitochondrial oxidative phosphorylation, thus 

indicating for the first time a possible molecular substrate underlying mitochondrial dysfunctions. The 

observed transcriptional decrement of Cox7b appears in line with the already documented reduced 

expression of ETC genes in Rett syndrome (Gold et al., 2014), autism (Chauhan et al., 2011; Tang et 

al., 2013) and other neuropsychiatric disorders (Indrieri et al., 2012; Rezin et al., 2009), highlighting 

the importance of electron transport chain for CNS physiology.

It is well known that eukaryotic cells constantly adapt their metabolism in order to fulfill their energy 

needs. AMPK represents one of the most important factors able to sense low cellular ATP levels and A
cc

ep
te

d 
A

rt
ic

le



This article is protected by copyright. All rights reserved

to respond increasing ATP generation and decreasing ATP consumption (Herzig & Shaw, 2018). Our 

data reveal that AMPK activation is defective in the Cdkl5 null hippocampus, impairing the 

maintenance of ATP homeostasis. Of high relevance for CDD, AMPK is currently receiving a lot of 

attention as a potential target for treating diseases associated with metabolic dysfunctions, including 

neurological disorders (Curry et al., 2018). 

In conclusion, our results have highlighted that MRI/MRS methods offer the opportunity to increase 

our comprehension of the cerebral dysfunctions that characterize mouse models of CDD and to 

identify biomarker(s) that can be exploited in preclinical settings to assess the efficacy of therapeutic 

approaches. Concerning the translational value of the identified measurable outcomes, at the very 

beginning of the disease (ranging from 2 to 12 months), most patients undergo brain MRI 

examinations that generally result unremarkable. However, we do not have any information about the 

long-term evolution of the human disorder. Therefore, even though limited by the necessity to 

perform exams in sedation, it would be of great interest to perform in CDD patients a prospective 

longitudinal study including brain MRI and MRS. Eventually, regarding the reported mitochondrial 

dysfunction, although preliminary data (Jagtap et al., 2019) have indicated that patients with CDD 

may show increased redox stress, it is evidently challenging to demonstrate mitochondrial impairment 

in human brain. However, we have identified deregulated genes/pathways that we believe contribute 

to the observed metabolic dysfunction and that might become useful to confirm overlapping 

phenotypes in human CDD tissues, neurons or organoids derived from patients’ iPS cells. Eventually, 

the identified defect in AMPK activation strongly indicates the importance to promptly initiate a 

preclinical study testing the therapeutic potential of molecules targeting the AMPK signaling.
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Figure Legends

Figure 1. Time flow of the animals used in the study.A
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Figure 2. Cdkl5 KO and HET mice do not manifest cerebral atrophy. (A, B) Ex vivo MRI on CD1 

male (blue, n: WT = 6, KO = 5, P70) and female (violet, n: WT = 8, HET = 10, P160-195) mutants 

displayed identical cerebral area along the different sections and total volume. Olfactory bulbs and 

cerebellum were excluded from the analyses as they were partially damaged during brain extraction 

procedures. (C) The weight of extracted brains was also similar among all groups. (D) In vivo MRI 

did not reveal any anatomical abnormality and confirmed a perfect matching between CD1 KO and 

WT brains. (E) Representative T2 weighted MR images of slices 10 to 13 from WT and KO brains 

obtained in vivo. All graphs represent mean  SEM.

Figure 3. MEMRI highlights hyperactive areas in Cdkl5 mutant brains. (A) Graphical 

representation of MEMRI: after systemic administration of MnCl2, Mn2+ ions enter excitable cells 

primarily through voltage-gated calcium channels Cav1.2 and accumulate inside neurons. As a 

contrast agent, Mn2+ can be detected by MRI, revealing the neuronal activity of specific cerebral 

regions. (B) Representative T2 weighted MR images of a mouse used as anatomical reference to 

define brain areas (first column) and maps of relaxivity (1/T1, colored images) from blank, WT, 

Cdkl5 KO and HET mice used to quantify manganese uptake. EP: entorhinal-perirhinal cortex; H: 

hippocampus; Opt: optic tract; PF: parafascicular nucleus of the thalamus; SC: superior colliculus; 

SS: somatosensory cortex; VC: visual cortex; VP: ventral posterior nucleus of the thalamus.

Figure 4.  In vivo MRS reveals a metabolic dysregulation in Cdkl5 KO mice. Voxel placement 

from hippocampus (A) and thalamus (F) of a KO and WT mouse. (B, G) Score plots from the Partial 

Least-Squares Discriminant Analysis (PLS-DA) indicate the metabolic profile differences between 

WT and Cdkl5 KO animals. (C, H) Metabolites having the most relevant influence to groups 

discrimination are identified by a VIP score >1.2. (D, I) Representative MRS spectra from KO (light 

blue) and WT (dark blue) mouse and the concentration of key metabolites is reported. In particular, in 

hippocampus (E), Cr+PCr, glutamine, GPC+PCh, Glu/Gln ratio, and NAA+NAAG are significantly 

deregulated. In thalamus (J), GPC+PCh levels are significantly reduced, while taurine shows a 

decreasing trend. A
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Cr: Creatine; Glu: glutamate; Gln: Glutamine; GPC: glycerophosphocholine; PCh: phosphocholine; 

PCr: phosphocreatine; NAA: N-acetyl-aspartate; NAAG: N-acetyl-aspartyl-glutamate. Statistical 

significance assessed by Mann-Whitney U-test (Glu in the hippocampus and Cr+PCr in the thalamus) 

or Student’s t test (Cr+PCr, Gln, GPC+PCh, Glu/Gln, NAA+NAAG and Tau in the hippocampus; 

Glu, Gln, GPC+PCH, Glu/Gln, NAA+NAAG and Tau in the thalamus), in accordance with 

D'Agostino-Pearson normality test for data distribution: * p < 0.05, ** p <0.01 and $ p = 0.077. All 

graphs represent mean ± SEM (n = 7 WT and 8 KO).

Figure 5. The Cdkl5 deficient hippocampus manifests evident defects in ATP homeostasis (A) 

CellTiter Glo assay revealed a significant reduction of ATP levels in Cdkl5 KO (n = 5) hippocampus 

compared to WT littermates (n = 5). (B) Bar graph shows that the ratio of pAMPK/AMPK is 

significantly decreased in the hippocampus of Cdkl5 KO (n = 9) with respect to WT (n = 9). Values 

are reported as arbitrary units. Right panel shows a representative Western Blots of total AMPK and 

phosphorylated AMPK (pAMPK Thr172). (C) The mtDNA/nDNA was calculated in the 

hippocampus of WT (n = 6) and Cdkl5 KO (n = 5) animals. Data are reported as mean  SEM and 

expressed as percentage of WT. Statistical significance assessed by Student’s t test: * p < 0.05, ** p 

<0.01, *** p < 0.001 and **** p < 0.0001. All graphs represent mean ± SEM.

Figure 6. Cdkl5 KO brains display an aberrant expression of complex IV of the electron 

transport chain. (A-C) The transcriptional expression of mitochondrial genes was analyzed by 

quantitative RT-PCR in WT and KO hippocampi (n = 15 WT and 8 KO). Results displayed a 

consistent reduction of Cox7b and Slc25a27, while Slc25a12 showed a decreasing trend. Hprt was 

used as internal standard. The fold changes of transcript levels, compared to WT animals, are reported 

as mean  SEM ($ p < 0.068; * p < 0.05; by Mann-Whitney U test or Student’s t test, in accordance 

with distribution of data). (D-F) Western blots of mitochondrial proteins from WT and KO mice. A 

significant decrease was confirmed for the complex IV of the ETC, Cox7b. Bar graphs show the mean 

± SEM of the expression levels in Cdkl5 KO compared to WT, of ETCs (total OXPHOS) (n = 10 WT, 

n = 9 KO), Slc25a27 (UCP4) (n = 9 WT, n = 9 KO) and Slc25a12 (Aralar) (n= 6 WT, n= 6 KO). Full 

blots are reported in Supplementary Figure S1. Statistical significance was assessed by Student’s t test A
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(Ndufv2, Sdha, Uqrc1, Atp5a1, Slc25a27 and Slc25a12 in quantitative RT-PCR and ETC complexes 

and Slc25a12 in Western Blot) or Mann-Whitney U test (Cox7b in quantitative RT-PCR and Slc25a27 

in Western Blot), in accordance with D’Agostino-Pearson test for data distribution; * p <0.05.

Table 1. Manganese contrast enhancement in Cdkl5 mutant brain. The values indicate the 

difference of manganese uptake in Cdkl5 KO (n= 4) and HET brains (n=8) compared to their WT 

littermates (n= 5 males and n=6 females) 24 h after MnCl2 administration (60 mg/kg, i.p.). 

Male Female% Enhancement compared to WT

(mean SEM) KO p value HET p value

Hippocampus 47.3  14.6 0.0286* 21.7  5.1 0.268

Auditory cortex 21.5  8.6 0.0286* 43.0  5.6 0.0177*

Entorhinal-Perirhinal (EP) cortex 36.3  17.4 0.114 77.3  6.1 0.0025**

Piriform cortex 47.7  19.3 0.114 17.2  6.3 0.432

Posterior parietal association area 34.2  13.2 0.057$ 22.5  6.1 0.202

Retrosplenial cortex 35.2  16.2 0.200 18.5  7.7 0.432C
er

eb
ra

l C
or

te
x

Somatosensorial cortex (SS) 31.3  14.1 0.0826 22.4  6.1 0.1042

Parafascicular nucleus (PF) 35.1  10.5 0.114 14.1  5.3 0.149

T
ha

la
m

us

Ventral posterior nucleus (VP) 34.5  15.2 0.114 26.8 5.9 0.106

Optic tract (Opt) 16.8 13.5 0.486 -9.7  4.0 0.149

Superior Colliculus (SC) 71.8  25.6 0.0286* 27.7  6.1 0.0303*

V
is

ua
l S

ys
te

m

Visual cortex (VC) 58.1  31.5 0.114 63.4  7.1 0.0025**

Hypothalamus 54.8  8.9 0.057$ -6.9  7.6 0.432

Mann-Whitney U test: * p < 0.05, ** p <0.01, $ p = 0.057. A
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