
 

 

Region-specific KCC2 rescue by rhIGF-1 and oxytocin  

in a mouse model of Rett syndrome 

 

Valentina Gigliucci1, Jasper Teutsch2,3, Marc Woodbury-Smith2, Mirko Luoni4, 

Marta Busnelli1,5, Bice Chini1,5†, and Abhishek Banerjee2,3† 

  

1CNR Institute of Neuroscience, Milan, Italy 
2Neuroscience Theme, Biosciences Institute,  

Newcastle University, United Kingdom 
3University of Zurich, Zurich, Switzerland 

4San Raffaele Scientific Institute, Milan, Italy 
5NeuroMi Milan Center for Neuroscience, Milan, Italy 

 

Running title: Frontal region-specific KCC2 rescue in MeCP2 KO mice 

   

 

†Correspondence:  

Abhishek Banerjee 

E-mail: abhi.banerjee@newcastle.ac.uk 

Phone: +44 191 208 5227 

 

and 

 

Bice Chini 

E-mail: b.chini@in.cnr.it 

Phone: +39 2 6448 8379 

 

 

Keywords: IGF-1, KCC2, Neurodevelopment, Oxytocin, Rett syndrome 

preprint (which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for thisthis version posted September 25, 2021. ; https://doi.org/10.1101/2021.09.25.460342doi: bioRxiv preprint 

https://doi.org/10.1101/2021.09.25.460342


 
 

2 

Abstract  
 

Rett syndrome (RTT) is characterized by dysfunction in neuronal excitation/inhibition (E/I) 

balance, potentially impacting seizure susceptibility via deficits in K+/Cl- cotransporter 2 

(KCC2) function. Mice lacking the Methyl-CpG binding protein 2 (MeCP2) recapitulate many 

symptoms of RTT, and recombinant human insulin-like growth factor-1 (rhIGF-1) restores 

KCC2 expression and E/I balance in MeCP2 KO mice. However, clinical trial outcomes of 

rhIGF-1 in RTT have been variable, and increasing its therapeutic efficacy is highly 

desirable. To this end, the neuropeptide oxytocin (OXT) is promising, as it also critically 

modulates KCC2 function during early postnatal development. We measured basal KCC2 

expression levels in MeCP2 KO mice and identified three key frontal brain regions showing 

KCC2 alterations in young adult mice but not in postnatal P10 animals.  We thus 

hypothesized that deficits in an IGF-1/OXT signaling crosstalk modulating KCC2 may occur 

in RTT during postnatal development. Consistently, we detected alterations of IGF-1 

receptor (IGF-1R) and OXT receptor (OXTR) levels in those brain areas. rhIGF-1 and OXT 

treatments in KO mice rescued KCC2 expression in a region-specific and complementary 

manner. These results suggest that region-selective combinatorial pharmacotherapeutic 

strategies could be the most effective at normalizing E/I balance in key brain regions 

subtending the RTT pathophysiology. 

 

Introduction 
 

Rett syndrome (RTT) is a pervasive neurodevelopmental disorder arising from loss-of-

function mutations in the methyl-CpG binding protein 2 (Mecp2) gene (Banerjee et al. 2019). 

In the brain, the lack of MeCP2 protein results in an imbalance in neuronal and synaptic 

excitation and inhibition (E/I), potentially leading to susceptibility to seizure frequently seen in 

RTT patients (Glaze et al. 2010). K+/Cl- co-transporter 2 (KCC2) plays an important role in 

the establishment and maintenance of appropriate GABAergic tone and E/I balance during 
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early development. KCC2 levels are very low prenatally, but increase around birth resulting 

in changes in the excitatory-to-inhibitory polarity in GABAergic neurotransmission (Ben-Ari et 

al. 2012). Pathogenic variants of the human KCC2 gene, SLC12A5, have been implicated in 

both epilepsy and autism spectrum disorder (ASD) (Stödberg et al. 2015; Krupp et al. 2017), 

and recent reports in animal models highlight the importance of KCC2 in early development 

and the long-term effects of its dysregulation. Resetting a correct E/I balance during 

development may offer a new therapeutic strategy in RTT and related neurodevelopmental 

disorders, and KCC2 represents a promising therapeutic target (Banerjee et al. 2016; Tang 

et al. 2019). KCC2 levels are altered in the brain of RTT patients (Duarte et al. 2013; Hinz et 

al. 2019) and also in MeCP2 KO mice (Banerjee et al. 2016), a valuable model to study the 

pathophysiology of RTT, recapitulating many of its symptoms (Banerjee et al. 2012). Hence, 

endogenous and exogenous factors capable of impacting KCC2 expression and function in 

RTT are worthy of careful investigation.  

 

Two critical candidate regulators of KCC2 function are insulin-like growth factor (IGF-1) and 

the neuropeptide oxytocin (OXT). IGF-1 is a growth factor crucial for neuronal survival and 

maturation and it has been known to modulate KCC2 activity and accelerate neuronal 

maturation by promoting the GABA shift. Administration of recombinant full-length human 

IGF-1 (rhIGF-1) to MeCP2 KO mice resulted in the rescue of both KCC2 expression and 

synaptic transmission deficits (Banerjee et al., 2016). Clinical trials in RTT girls showed that 

rhIGF-1 treatment ameliorated some symptoms, such as anxiety and respiratory 

abnormalities; however, the clinical outcomes have been variable (Khwaja et al. 2014; Pini et 

al. 2016; O’Leary et al. 2018). OXT also has a crucial role in neurodevelopment by impacting 

the correct timing of the GABA shift (Tyzio et al. 2014), and it directly modulates KCC2 

expression and function (Leonzino et al. 2016). To our knowledge, OXT has never been 

experimented on RTT patients, however it is currently under clinical investigation as a 

potential treatment for ASD (DeMayo et al. 2017; Baker and Stavropoulos 2020), making it a 

relevant therapeutic candidate for RTT. 
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As the importance of KCC2 in neurodevelopment, intellectual disability (ID) and 

developmental disorders, including RTT, is poorly characterized in humans, we first 

analyzed the co-expression network for the gene coding for KCC2, SLC12A5, in developing 

human brains, hypothesizing that its interacting partners would be key genes implicated in 

ASD, epilepsy, and ID. Having confirmed the potential relevance of KCC2 in 

neurodevelopmental disorders, we next moved to analyzing MeCP2 KO RTT mice. We 

measured regional KCC2 expression and found that KCC2 levels were selectively and 

specifically reduced in frontal brain areas involved in complex cognition, decision making, 

and social behaviour. Furthermore, we found that in regions with KCC2 deficiencies, IGF-1 

receptor (IGF-1R) and OXT receptor (OXTR) levels were also altered. Since both IGF-1 and 

OXT signalling pathways converge on modulating KCC2, we hypothesized that these two 

factors cooperate to restore KCC2 levels in MeCP2 KO mice. Finally, treatment with rhIGF-1 

or OXT showed region-specific non-overlapping rescue of KCC2 expression. These results 

suggest that OXT together with rhIGF-1 hold a therapeutic potential in RTT. 

 

Materials and Methods  
 

Animals. Experimental procedures were carried out in accordance with the guidelines of the 

Federal Veterinary Office of Switzerland and the Italian Ministry of Health according to the 

European Communities Council Directive 2010/63/EU. Mecp2−/y hemizygous KO (MeCP2 

KO) mice and WT littermates were obtained by breeding Mecp2+/− heterozygous females 

with WT male mice. All mice belonged to the C57BL6/J strain. Mice were grouped with their 

WT siblings and housed at 24°C and variable humidity in a 12-h dark/light cycle (7:00 a.m. to 

7:00 p.m.). For P10 animals, all siblings were kept with their mothers since birth and 

removed from the cages just before sacrifice. In this study, we used Mecp2 hemizygous 

male mice because Mecp2 heterozygous females display a delayed phenotype than males; 

indeed, hemizygous MeCP2 KO males display profound severity in various autonomic, 
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sensory/motor, and cognitive phenotypes starting early in postnatal life and they are 

considered to effectively model the human disorder (Guy et al. 2001; Samaco et al. 2013; 

Castro et al. 2014; Banerjee et al. 2012).   

 

Drug administration.  

A) Systemic administration of rhIGF-1: Animals were weighed and injected i.p. once daily 

for 14 days starting at P30 with either vehicle (saline) or rhIGF-1 (2.5 mg/kg; Peprotech, 

USA) dissolved in saline with 0.01% Bovine Serum Albumin (weight/volume).  

B) Intranasal OXT administration: OXT (0.3 IU/5 μL; Bachem, Switzerland) was 

administered intranasally, as previously described (Huang et al. 2014). For OXT, intranasal 

route was chosen to overcome the short half-life of OXT in blood circulation, and because 

intranasal administration is the preferential route in clinical trials in autistic subjects. For each 

treatment, mice received 0.3 IU in a volume of 5 μL. An amount of 1 IU of the solution 

contained 1.667 mg of synthetic OXT. Thus, 0.3 IU corresponded to 0.5001 mg of OXT for 

each administration of 5 μL. Mice were administered with OXT twice a day, once in the 

morning and once in the afternoon, for 10 days. Previous studies (Huang et al. 2014) 

reported that 7 consecutive days of OXT treatment is sufficient to determine an effect on 

social behavior and on OXTR levels.  

All animals were euthanized 2 hours after the last treatment (P40 for OXT-treated 

mice, P44 for rhIGF-1-treated mice), brains were quickly removed from the skull and snap 

frozen at -25°C in isopentane (2-Methylbutane, Merck Life Science, Italy). Once frozen, 

coronal brain sections of 14 µm thickness were sliced with a cryostat, thaw-mounted on 

microscope slides pre-coated with chrome-alum-gelatin and kept at -80°C until further use. 

 

KCC2 and IGF-1R infrared immunofluorescence. On the day of immunostaining 

experiment, sections were defrosted, fixed with 0.2% paraformaldehyde in 0.1 M phosphate-

buffered saline (pH 7.4), blocked with 5% Bovine Serum Albumin for 2 hours at room 

temperature, then incubated overnight at 4°C with anti-KCC2 (1:200; Merck Life Sciences, 
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Italy, #07-432) or anti-IGF-1R β (1:100; Cell Signaling Technology, Italy, #9750). For non-

specific binding, no primary antibody was added to the incubation solution. Sections were 

then incubated with goat-anti-rabbit-IR800 secondary antibody (1:2000; Li-Cor Biosciences 

GmbH, Germany, #926-32211) and scanned using an Odyssey CLx scanner (Li-Cor 

Biosciences GmbH, Germany). Scanning settings were - laser: 0.5 for KCC2 staining and 2 

for IGF-1R staining; channel: 800; quality: highest; resolution: 21 µm. Scans were exported 

and analyzed with the ImageStudio Lite v.5.2 software (Li-Cor Biosciences GmbH, 

Germany). Regions of interest (ROIs) were hand-drawn according to the reference brain 

atlas (Franklin and Paxinos 2007), non-specific binding values were subtracted, and the net 

fluorescence intensity value was divided by the ROI’s size to obtain final signal/pixel data. 

Labelling with IR Dyes implies that the signal measured should be truly representative of the 

protein abundance. The fluorescent tag is directly conjugated to the secondary antibody, and 

it has previously been demonstrated that this produces a truly linear readout when applied to 

tissue sections and tissue sample homogenates by Western blotting (Eaton et al. 2016). For 

each brain region, 2-3 coronal planes were analyzed, depending on the rostro-caudal 

extension, (MOB +5.00/+3.92 mm from Bregma, AON +3.20/+2.68 mm from Bregma, AONm 

+2.34/+2.22 mm from Bregma, aPIR +2.46/+1.98 mm from Bregma, PFC +3.20/+2.58 mm 

from Bregma, BLA -0.94/-1.34 mm from Bregma, Hipp CA2/3 -1.46/-2.18 mm from Bregma, 

according to Franklin and Paxinos 2007), 2-3 sections per coronal plane. Left and right 

hemispheres were initially analyzed separately and checked for any significant 

interhemispheric differences. Given that no statistical significance was found 

(Supplementary Tables 1 and 2), all data were pooled together for the group analysis. 

 

OXTR autoradiography. On the day of autoradiography experiment, sections were 

defrosted, fixed with 0.2% paraformaldehyde in 0.1 M phosphate-buffered saline (pH 7.4), 

rinsed with 0.1% Bovine Serum Albumin in 50 mM Tris–HCl buffer (pH 7.4), and incubated 2 

hours at room temperature with a 0.02 nM solution of the radio-iodinated OXTR antagonist 

ornithine vasotocin analogue ([125I]-OVTA, specific activity 2200 Ci/mmol; Perkin Elmer, MA, 
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USA in 50 mM Tris–HCl, 0.025% bacitracin, 5 mM MgCl2, 0.1% Bovine Serum Albumin). 

Sections immediately adjacent to the ones used for [125I]-OVTA binding were used to 

determine non-specific binding by addition of 2 μM OXT to the incubation solution. 

Excessive ligand was washed out, and the slides were quickly dried and exposed to Biomax 

MR Films (Carestream, USA, #891-2560) for 72 hours. The final autoradiograms were 

digitalized by grayscale high-resolution scanning (600x600 dpi) and analysis of the optical 

binding density of the brain ROIs was carried out using the ImageJ 1.47v software (NIH, 

USA). ROIs were identified by comparison with a reference mouse brain atlas (Franklin and 

Paxinos 2007) and manually delineated with the ROI manager tool of the software. Specific 

densitometric grey intensity was calculated by subtraction of the grey level of the respective 

section treated for non-specific binding. For each brain region, 2-3 coronal planes were 

analyzed, depending on the rostro-caudal extension, (MOB +5.00/+3.92 mm from Bregma, 

AON +3.20/+2.68 mm from Bregma, AONm +2.34/+2.22 mm from Bregma, aPIR 

+2.46/+1.98 mm from Bregma, PFC +3.20/+2.58 mm from Bregma, BLA -0.94/-1.34 mm 

from Bregma, Hipp CA2/3 -1.46/-2.18 mm from Bregma, according to Franklin and Paxinos 

2007), 2-3 sections per coronal plane. Left and right hemispheres were initially analyzed 

separately and checked for any significant interhemispheric differences. Given that no 

statistical significance was found (Supplementary Tables 1 and 2), all data were pooled 

together for the group analysis. 

 

Statistical analysis. Data was analyzed with the GraphPad Prism software (v. 6.1, 

GraphPad Software, Inc., USA). For the direct comparisons of two groups, unpaired, double-

tailed t-test was used. The Sidak-Bonferroni correction for multiple t-testing was applied 

(alpha = 5.0%). When SDs of the compared groups were significantly different, the Welch’s 

correction was applied. When data distribution was not normal, a non-parametric Mann 

Whitney U-test was used. Pharmacological experiments were analyzed by one-way ANOVA 

followed by Holm-Sidak’s multiple comparisons post-hoc test. Results were deemed 

significant when p < 0.05. 
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Results 
 
Lack of MeCP2 leads to region-specific alterations in KCC2 expression 

 

MeCP2 expression increases during development and is believed to parallel synaptogenesis 

(Feldman et al. 2016). During development, KCC2 is transcriptionally modulated by MeCP2 

(Tang et al. 2016), suggesting its involvement in RTT. Our analysis of the co-expression 

modules of the KCC2 coding gene (SLC12A5) corroborated our hypothesis. Indeed, 

SLC12A5 is part of a synaptic gene network associated with ASD, ID, and epilepsy, the 

three neurological conditions most strongly associated with RTT (Supplementary Data and 

Supplementary Fig. 1). The demonstration that in the KCC2 (SLC12A5) gene co-

expression network there is an over-representation for ASD, ID, and epilepsy candidate 

genes strengthens the hypothesis that KCC2 and its interacting partners are important 

across these disorders, and therefore represent potential druggable targets (Pozzi and Chini, 

2021). 

 

We further hypothesized that in the male MeCP2 KO mice, when most of the 

synaptogenesis events have already taken place, KCC2 levels should be altered. To test 

this, we used P40-44 MeCP2 KO mice and determined total KCC2 levels by infrared 

immunofluorescence in distributed brain regions related to RTT, with particular focus on 

areas involved in processing social stimuli and social behavior (Fig. 1A and Supplementary 

Fig. 2). We selected several areas of the olfactory system (the main olfactory bulb - MOB, 

anterior olfactory nucleus - AON, medial part of the anterior olfactory nucleus – AONm, and 

the anterior part of the piriform cortex – aPIR), as olfactory function and circuitry maturation 

is altered by the lack of MeCP2 (Degano et al. 2014; Martínez-Rodríguez et al. 2019). The 

olfactory system is fundamental for social behavior in rodents, and all the aforementioned 

regions express high levels of OXTR (Gigliucci et al. 2014; Huang et al. 2014). Next, we 

focused on the basolateral amygdala (BLA), one of the projection targets of the aPIR, which 
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is involved in social learning and a potential key area for the treatment of motor and social 

symptoms in RTT (Hsu et al. 2020). We also looked at the prefrontal cortex (PFC), as PFC’s 

E/I balance is known to be altered in MeCP2 KO mice, and selective intervention in this area 

can rescue the cognitive impairments seen in these mice (Sceniak et al. 2016; Howell et al. 

2017; Banerjee et al. 2020). Finally, hippocampal deficits have been repeatedly reported in 

RTT mice models (extensively reviewed by Li et al. 2019), therefore we extended our 

analysis to the hippocampus. We focused particularly on the hippocampal CA2/3 subfield 

(Hipp CA2/3), as OXTR labelling is concentrated in this subregion (Gigliucci et al. 2014). We 

detected and quantified KCC2 in all of the aforementioned regions. 

 

Our data demonstrates that, in MeCP2 KO mice, alterations in KCC2 expression are region-

specific. In particular, the PFC (t(87) = 3.643; p < 0.001), AON (t(44) = 3.836; p<0.001) and 

aPIR (t(29) = 3.041; p < 0.01) showed significantly reduced KCC2 expression levels in MeCP2 

KO mice when compared to WT littermates (Fig. 1B-C-D; all corrected for multiple 

comparisons). In contrast, the other regions analyzed (MOB, AONm, BLA and Hipp CA2/3) 

did not show alterations in KCC2 expression in MeCP2 KO mice in comparison with WT 

littermates (Supplementary Fig. 2B-C-D-E). These alterations of KCC2 levels in the PFC, 

AON, and the aPIR were not detected at an early stage of post-natal development (P10; Fig. 

1 C-D-E inset). This indicates that the effects of the lack of MeCP2 arise later during post-

natal development (after P10), and do not impact on adult total KCC2 levels uniformly across 

brain regions, highlighting some key areas that could be targeted further in our experiments. 

 

KCC2 alterations are accompanied with changes in OXTR and IGF-1R expression  
 

We next assessed whether the regional reductions in KCC2 levels in MeCP2 KO mice may 

be linked to variations in the expression levels of IGF-1R and OXTR, the two receptors 

involved in IGF-1 and OXT signalling and KCC2 regulation. To investigate this, IGF-1R 

levels were quantified using infrared immunofluorescence and OXTR levels were quantified 

using radioligand autoradiography in MeCP2 KO mice and compared with WT littermates. 
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After correction for multiple comparisons, we found that in MeCP2 KO mice, IGF-1R and 

OXTR levels were altered in the three key brain areas in which KCC2 levels were reduced - 

the PFC, AON and the aPIR. In particular, IGF-1R levels were increased in the PFC (Welch-

corrected t(83.85) = 4.208; p < 0.0001), AON (Welch-corrected t(43.38) = 5.031; p < 0.0001), and 

aPIR (Welch-corrected t(24.05) = 4.772; p < 0.0001) (Fig. 2B), whereas OXTR levels were 

decreased in the PFC (Welch-corrected t(77.25) = 6.508; p < 0.0001), the AON (Welch-

corrected t(28.18) = 5.928; p < 0.0001) and the aPIR (t(61) = 4.058; p < 0.001) (Fig. 2C). Our 

results indicate that the lack of MeCP2 causes alterations both in the IGF-1 and the OXT 

receptors in specific brain regions where KCC2 has been found to be altered. This suggests 

that the two systems could potentially be pharmacologically manipulated to ameliorate KCC2 

imbalances in the RTT brain. 

 

rhIGF-1 and OXT treatment rescue KCC2 expression in complementary brain regions 
 

We next asked if rhIGF-1 or OXT treatment could rescue KCC2 levels in the key brain areas 

in symptomatic MeCP2 KO mice, and if this effect could be linked to the modulation of IGF-

1R and OXTR expression levels. To address this, we injected mice (n = 3), via daily 

systemic intraperitoneal injections for 8-10 days, either with saline (control) or rhIGF-1 (2.5 

mg/kg). In an additional set of mice (n = 3), we applied intranasal OXT (0.3 

IU/administration, administered twice/day) (Fig. 3A). We followed doses shown to be 

effective for rescuing synaptic and behavioral phenotypes for rhIGF-1 application (Castro et 

al. 2014; Banerjee et al. 2016) or OXT treatment (Huang et al. 2014). When analyzing IGF-

1R and OXTR receptor levels, we found a significant effect of treatment in all the three brain 

areas analyzed (one-way ANOVA, treatment effect on IGF-1R in the AON [F(3,84) = 16.09; 

p < 0.0001], aPIR [F(3,73) = 3.571; p < 0.001], PFC [F(3,147) = 4.657; p < 0.01]; one-way 

ANOVA treatment effect on OXTR in the AON [F(3,69) = 23.63; p < 0.0001], aPIR [F(3,103) 

= 7.752; p < 0.0001], and the PFC [F(3,135) = 18.32; p < 0.0001]). In particular, we found 

that rhIGF-1 rescued IGF-1R levels in the AON (p < 0.0001 versus MeCP2 KO-Vehicle; Fig.  
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3B) and OXTR levels in the PFC (p < 0.0001 versus MeCP2 KO-Vehicle; Fig. 3C). OXT 

treatment instead did not display any effects on IGF-1R and OXTR in any of the regions 

analyzed (Fig. 3B and 3C). While infrared immunofluorescence analysis of KCC2 levels 

showed effects of treatment in all the three areas (one-way ANOVA treatment effect in the 

AON [F(3,76) = 21.45; p < 0.0001], aPIR [F(3,66) = 5.934; p < 0.01], and in the PFC 

[F(3,151) = 6.836; p < 0.001]), no modulation of KCC2 levels matching rhIGF-1’s action on 

the receptors was detected (Fig. 3D). More interestingly, however, rhIGF-1 and OXT 

displayed regional complementarity in rescuing KCC2. rhIGF-1 treatment normalized KCC2 

expression in the aPIR (p < 0.05 versus MeCP2 KO-Vehicle; Fig. 3D), and OXT treatment 

rescued KCC2 expression in the AON (p < 0.0001 versus MeCP2 KO-Vehicle; Fig. 3D) and 

in the PFC (p < 0.001 versus MeCP2 KO-Vehicle; Fig. 3D). In the AON, where OXT 

effectively rescued KCC2 levels, rhIGF-1 treatment unexpectedly further decreased KCC2 

expression (p<0.0001 versus WT-Vehicle; Fig. 3D). Overall, our analysis revealed that: 1) 

both IGF-1 and OXT receptors, in specific brain areas, can be pharmacologically modulated 

in MeCP2 KO mice, and in particular we found that OXTR is capable of being modulated by 

rhIGF-1 treatment in the PFC; 2) both rhIGF-1 or OXT treatments are effective in rescuing 

KCC2 levels in complementary brain regions, suggesting a potential combinatorial 

therapeutic strategy in MeCP2 KO mice (Fig. 4). 

 

Discussion 
 

KCC2 is a transmembrane Cl- transporter primarily involved in the maintenance of an 

appropriate GABAergic tone contributing to E/I balance. Dysregulation of E/I balance is a 

key feature of RTT pathophysiology, and is believed to delineate several of the RTT 

symptomatology including epilepsy, whose severity concurs to the clinical severity of the 

RTT phenotype (Glaze et al. 2010). In this study, we analyzed regional KCC2 expression 

levels in the MeCP2 KO mouse model of RTT.  We show, for the first time, that KCC2 levels 

are significantly altered in multiple key brain areas. Such deficits are accompanied by 
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alterations of the expression of IGF-1R and OXTR. Furthermore, we also show that rhIGF-1 

treatment can rescue IGF-1R and OXTR levels in specific regions in symptomatic RTT mice. 

Finally, we demonstrate that rhIGF-1 and OXT exploit region-specific complementary rescue 

effects on KCC2 modulation in the brain of RTT mice.  

 

Circuit-specific KCC2 deficiency in MeCP2 KO mice 
 

Throughout development, KCC2 transcription and expression is under the control of the 

MeCP2 protein. Interestingly, even though Mecp2 mutations result in a global knockdown of 

the protein in male mice, KCC2 levels were selectively reduced in a region-specific manner 

reflecting circuit-specific dysfunction, as previously reported in c-Fos activity mapping 

studies (Kron et al. 2012). Even within the olfactory system, we found a reduction of KCC2 in 

the AON and aPIR, but not in other areas such as the MOB. Considering that KCC2 

reductions are associated with higher seizure susceptibility, the specific KCC2-deficient brain 

areas could represent valid intervention points for the management of seizures in RTT 

patients. Our results are also consistent with the knowledge that KCC2 expression levels are 

regulated in a region-specific way during brain development (Wang et al. 2002). 

In our study, we did not find significant reductions in KCC2 levels in the CA2/3 area of the 

hippocampus in MeCP2 KO male mice, differing with earlier observations reporting a 

reduction (El-Khoury et al. 2014). Interestingly, the study from El-Khoury and colleagues 

evaluated KCC2 levels using Western blot in the whole hippocampus, not in the isolated 

CA3. This suggests that in some brain areas KCC2 deficits could be confined to specific 

subregions, an aspect worth considering during preclinical study design. In this context, our 

results support the hypothesis that differences seen in KCC2 expression in some areas 

could be also developmental stage specific, an idea further corroborated by our finding of the 

absence of KCC2 deficits in MeCP2 KO P10 mice. KCC2 expression during development 

has been proved to be highly region and species-specific. In the mouse, Hsing and 

colleagues (Hsing et al. 2020) showed that in neocortical areas very low KCC2 expression 
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can be detected at P0, whereas KCC2 signal in the piriform cortex can be detected as early 

as E15.5. Nonetheless both regions display similar levels of expression by P7. With this 

premises we quantified KCC2 in P10 mice, aiming at a developmental stage where not only 

the piriform cortex, but also prefrontal areas display detectable levels of KCC2. Indeed, we 

detected KCC2 in all our three regions of interest, i.e. the AON, the PFC and the aPIR. 

Considering that MeCP2 developmental expression is highly age and region-specific in itself, 

and that in the rat brain, MeCP2 expression increases dramatically in the first two postnatal 

weeks in the cortex and the hippocampus (Mullaney et al. 2004), it seemed reasonable that 

developmental differences in KCC2 levels could have been detectable by the age of P10. On 

the contrary, our KCC2 expression analysis did not display differences between WT and 

MeCP2 KO littermates in P10 mice. The idea that MeCP2 deficiency could impact 

preponderantly on KCC2 levels only at later stages of development is intriguing, especially in 

light of the delayed comparisons of RTT symptoms in mice and patients. This time and 

region-dependent expression of KCC2 could also make different brain regions and circuits 

vulnerable at different developmental stages. The mechanisms behind region-specific 

alteration of KCC2 in MeCP2 KO mice are unclear and require further investigation. This 

could be linked to either direct MeCP2 dysregulation effects on the KCC2 gene, or to indirect 

mechanisms involving, among others, OXT and IGF-1 signalling at the early stages of 

postnatal neurodevelopment, as discussed in the following sections. 

 
Altered OXT signalling in MeCP2 KO mice 
 

To evaluate a possible contribution of a dysfunctional OXT signaling in RTT, we quantified 

the levels of the OXTR in the same brain areas where KCC2 level was significantly reduced. 

Our results show that, at least in the brain areas analyzed, OXTR is indeed dysregulated in 

MeCP2 KO mice. This finding is in line with reports of regional OXTR alterations in other 

murine models of neurodevelopment, such as the Oprm1 KO, the valproic acid, the maternal 

immune activation, and the reelin heterozygous mouse models of autism (Liu et al. 2005; 
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Gigliucci et al. 2014; Štefánik et al. 2015; Minakova et al. 2019). OXTR is modulated by 

several factors, the main being OXT itself. It is not known if there is a direct correlation 

between endogenous OXT production/release and OXTR expression levels, however 

chronic administration of OXT in adult mice can downregulate OXTR in several brain regions 

(Huang et al. 2014), raising the question whether an excessive production/release of 

endogenous OXT in MeCP2 KO mice may determine OXTR reductions. This hypothesis 

seems unlikely as recent reports suggest that the lack of MeCP2 does not affect cell density 

or distribution of OXT-positive neurons in the paraventricular and supraoptic nuclei of the 

hypothalamus, the two main production sites of OXT in the brain; moreover, MeCP2 

deficiency seems to only marginally affect the distribution of OXT fibres in the brain 

(Martínez-Rodríguez et al. 2020). Nonetheless, a reduced level of OXTR could lead to 

impaired OXT signalling in specific brain regions, even in the absence of widespread 

alterations in hypothalamic OXT synthesis and local release. Another possibility for OXTR 

reductions in MeCP2 KO mice is that MeCP2 epigenetically or transcriptionally modulates 

some OXTR-modulating factors. For instance, it is known that OXTR is epigenetically 

modulated by Tet-1 (Towers et al. 2018), whose action on DNA can be inhibited by MeCP2 

(Ludwig et al. 2017).  

 

OXT administration at birth or in young adults displays therapeutic efficacy on social 

symptoms in mice models of neurodevelopmental pathologies, such as the Oprm1 KO 

model of autism and the Magel2 KO model of Prader-Willy Syndrome (Gigliucci et al. 2014; 

Meziane et al. 2015; Bertoni et al. 2021). In our study, OXT treatment rescued KCC2 levels 

in two out of the three brain regions with KCC2 deficits, strongly suggesting a therapeutic 

potential of such an approach. In particular, OXT was active in the AON and in the PFC, in 

line with the well-established role of this neuropeptide as a master regulator of social 

behavior. The AON is a crucial feedback station in the olfactory system and it receives 

strong OXTergic innervation (Knobloch et al. 2012). It has recently been shown that OXT in 

this nucleus “sets the olfactory system into social receptiveness”, by enhancing the signal-to-
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noise ratio of odor responses, inducing olfactory exploration and by improving social 

recognition, and OXTR is necessary to exert these functions (Oettl et al. 2016). At the same 

time, the PFC is fundamental for discrimination of conspecifics’ affective state in mice 

(Scheggia et al. 2020), and OXTR in the PFC is pivotal for social recognition (Tan et al. 

2019). It has recently been shown that OXTR activation in the nucleus accumbens is 

necessary for MDMA’s action to re-instate a window, otherwise closed, for social reward 

learning (Nardou et al. 2019). This suggests that OXT treatment could be a therapeutic 

strategy to ameliorate social deficits relevant to RTT symptomatology, similarly to what has 

been proposed for autistic children (Guastella et al. 2010; Auyeung et al. 2015). Another 

possibility is that OXT effects on KCC2 in these regions may be linked to the role of OXT on 

neuronal maturation.  

In addition to differences in the level of expression of OXT receptors, other 

mechanisms can play a critical role in OXT’s regulation of KCC2 across brain regions. First, 

when binding OXTR, OXT recruits different intracellular G-protein coupled signaling 

pathways that can elicit opposite effects on neuronal activity, depending on the amount of 

peptide that is available extracellularly (Gravati et al., 2010; Eliava et al., 2016; Chini et al., 

2017; Busnelli and Chini, 2018): at low OXT concentrations, the activated OXTR recruits the 

stimulatory Gq pathway, while higher concentrations of OXT induce the recruitment of the 

inhibitory Gi pathway, resulting in different final outcomes. Region-specific effects on OXT 

target(s) could thus be determined by the level of extracellular OXT, by the specific levels of 

G-protein isoforms and by cell-specific second messenger mediators, independently from 

the level of OXTR. Secondly, OXTR has been shown to be expressed in different neuronal 

cells as well as in astrocytes, potentially resulting in a variety of cellular outcomes. Finally, 

an intriguing hypothesis is that OXT could participate in regulating the release of IGF-1 itself, 

at least in some cells/regions, as shown in the periphery (Sirotkin et al., 2003), resulting in 

additional IGF-1 mediated effects on KCC2. Similarly, it has been shown that IGF-1 may 

inhibit supraoptic OXT neurons, possibly contributing to regulate OXT release within the 

brain (Ster et al. 2005).  

preprint (which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for thisthis version posted September 25, 2021. ; https://doi.org/10.1101/2021.09.25.460342doi: bioRxiv preprint 

https://doi.org/10.1101/2021.09.25.460342


 
 

16 

 

IGF-1 interaction with KCC2 in MeCP2 KO mice 

 

When quantifying IGF-1R, we found that IGF-1R levels were consistently increased across 

the three brain regions analyzed. These increases could be secondary to reduced 

endogenous levels of circulating IGF-1 or IGF-1 binding protein (Schaevitz et al. 2010; 

Castro et al. 2014) or direct epigenetic repression of IGF-1R by MeCP2 during development.  

In MeCP2 mice, pharmacological treatment with rhIGF-1 normalized KCC2 levels region-

selectively. In other studies based on exogenous IGF-1 administration or IGF-1R 

pharmacological inhibition, IGF-1 has been clearly implicated in the regulation of KCC2 

expression and maturation of neurons in several brain areas including the hippocampus and 

the neocortex (Kelsch et al. 2001; Baroncelli et al. 2017). For example,  Baroncelli et al. 

2017 showed that blocking IGF-1 signalling by intracerebroventricular injections of the IGF-1 

receptor antagonist JB1 prevented the effects of environmental enrichment linked to 

KCC2/NKCC1 function. However, to our knowledge, this is the first time that a region-

selective effect of IGF-1 on KCC2 has been reported. In particular, the treatment was 

effective in the aPIR, which is a key region for olfactory discrimination and memory (Roesch 

et al. 2007). That rhIGF-1 treatment normalized KCC2 only in one brain area of the three 

analyzed was unexpected, however some speculations on the mechanisms behind it can be 

made. One possibility could be that sensory cortices are somehow more sensitive to rhIGF-

1. Indeed, rhIGF-1 was shown to rescue KCC2 in MeCP2 KO mice in the visual cortex 

(Banerjee et al. 2016; Baroncelli et al. 2017). Sensory cortical functions are critical for 

neurodevelopment: stimuli from the environment activate and reinforce specific network 

connectivity and shape the animal’s perception of the world (Banerjee et al. 2021). IGF-1 is 

involved in experience-dependent plasticity in the visual cortex (Ciucci et al. 2007; Tropea et 

al. 2009; Scholl and Banerjee 2014), and the rescue of KCC2 in the aPIR suggests that a 

similar mechanism may occur in the piriform cortex. Interestingly, the aPIR is enriched in 

parvalbumin-expressing interneurons (Badowska-Szalewska et al. 2004), that express IGF-
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1R and are critical for RTT-linked reduced inhibition in the visual cortex of MeCP2 KO mice 

(Banerjee et al. 2016). Another possibility is that the lack of MeCP2 in sensory cortices 

makes them more immature, extending rhIGF-1's therapeutic window, a prospect considered 

earlier (Banerjee et al. 2019). It has been shown that the loss of MeCP2 causes immaturity 

in selected areas of the olfactory system, including the piriform cortex (Martínez-Rodríguez 

et al., 2019). The KCC2 expression profile we report here is in line with this region-selective 

immaturity. Finally, the region-specific expression of IGF1R could be regulated by the local 

availability of IGF itself. It is interesting to note here that brain IGF-1 is predominantly 

produced peripherally, and that the serum IGF-1 can enter in selected by brain regions via 

an activity-dependent mechanism, suggesting the hypothesis that  the effects of IGF-1 may 

also depend on the functional maturation of those areas (Aleman and Torres-Aleman 2009; 

Nishijima et al. 2010). 

 

In conclusion, our data demonstrated that KCC2 levels are decreased in selective frontal 

brain regions in MeCP2 KO mice, and these are accompanied with similar alterations in 

OXTR and IGF-1R levels. OXT and rhIGF-1 displayed regional complementary effects on 

KCC2 expression: rhIGF-1 rescued KCC2 levels selectively in the aPIR, whereas OXT 

rescued levels in the AON and in the PFC. While the functional implications of this region-

selectivity remain to be established, these findings strongly suggest that synergistic 

treatments of two important effectors may improve diverse aspects of the RTT 

symptomatology, and that a well-timed combination of these treatments may represent a 

powerful therapeutic strategy. 
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Fig.1. MeCP2 KO mice display region-specific alterations in total KCC2 levels. Lack of 

MeCP2 results in variable reductions of KCC2 levels across the brain regions analyzed. (A) 

Reconstruction of a mouse brain displaying the location of the areas analyzed for KCC2 

expression, with a schematic representation of the infrared immunofluorescence procedure 

and analysis that was carried out; (B-C-D) Bar graphs of KCC2 levels (plotted as fold 

change over WT-Veh) showing that KCC2 level was significantly reduced selectively in the 

(C) Prefrontal Cortex (PFC), (D) Anterior Olfactory Nucleus (AON) and (E) Piriform Cortex, 

anterior part (aPIR) in P44 MeCP2 KO mice in comparison to WT-Veh controls. Such 

reductions were not present in these areas at an earlier developmental time point (P10) 

(inset). On the side, examples of infrared KCC2 labelled coronal sections. Areas in green 

represent the regions of interest quantified in the analysis. PFC = blue, AON = red, aPIR = 

green. Data expressed as mean ± SEM, single dots represent single observations from 3-4 

animals per group, 2 or 3 coronal planes per brain region, 2-3 sections per coronal plane, left 

and right hemisphere data pooled together. **p < 0.01, ***p < 0.001, ****p < 0.0001 vs WT-

Veh. 
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Fig. 2. Brain areas with KCC2 reductions also display alterations in IGF-1R and OXTR 
expression. In PFC, AON and aPIR, KCC2 level reductions were accompanied by 

increased IGF-1R and decreased OXTR level. (A) Brain reconstruction showing the 

stereotactic coordinates of the coronal planes analyzed for each region. On the right, 

reference atlas coronal sections (Allen Brain Atlas) with matching representative infrared 

IGF-1R labelled and autoradiography labelled coronal brain sections. Areas outlined in red 

represent the regions of interest quantified in the analysis. (B) Bar graphs of IGF-1R levels 

(plotted as fold change over WT-Veh) displaying that IGF-1R was increased in the three 

KCC2-deficient areas in the MeCP2 KO mice; (C) Bar graphs of OXTR levels (plotted as fold 

change over WT-Veh) displaying that OXTR was consistently decreased in the three KCC2-

deficient areas in the MeCP2 KO mice. Data expressed as mean ± SEM, single dots 

represent single observations from 3-4 animals per group, 2 or 3 coronal planes per brain 

region, 2-3 sections per coronal plane, left and right hemisphere data pooled together. ***p < 

0.001, ****p < 0.0001 vs WT-Veh. Image credit for brain reference plates: Allen Institute. 
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Fig. 3. rhIGF-1 and OXT rescue KCC2 levels in complementary brain regions in MeCP2 
KO mice. KCC2 levels are rescued independently by rhIGF-1 and OXT in MeCP2 KO 

animals, and these effects are not accompanied by rescue in the IGF-1R or OXTR levels, 

although rhIGF-1 is able to modulate both receptors in different areas. (A) A schematic 

diagram representing the treatment regime administered to the mice. (B) rhIGF-1 treatment 

normalized IGF-1R in the AON of MeCP2 KO mice, an effect not seen in PFC and aPIR, 
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whereas OXT it did not modulate IGF-1R in any of the regions. (C) OXTR expression in the 

PFC is modulated by rhIGF-1 in MeCP2 KO mice, but no effect was seen in the AON or the 

aPIR. Moreover, OXTR levels were not modulated by OXT in any of the regions analyzed. 

(D) rhIGF-1 and OXT administration, instead, exerted different outcomes on KCC2 levels: 

indeed, rhIGF-1 was ineffective in the PFC, it diminished KCC2 in the AON, while it 

increased it up to WT-Veh levels in the aPIR. OXT treatment instead normalised KCC2 

levels in the PFC and AON, but not in the aPIR. Data expressed as mean ± SEM, single 

dots represent single observations from 3-4 animals per group, 2 or 3 coronal planes per 

brain region, 2-3 sections per coronal plane, left and right hemisphere data pooled together. 

*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001 vs WT-Veh or KO-Veh. 
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Fig. 4. Potential for combined rhIGF-1 and OXT therapeutics in MeCP2 KO mice. Top: 

the lack of MeCP2 in mice induces regions-dependant deficits of KCC2. Areas in red display 

KCC2 reductions (AON, aPIR and PFC), whereas areas in green show normal levels of 

KCC2 (MOB, AONm, Hipp CA2/3, and BLA). Treatment with rhIGF-1 rescues KCC2 levels in 

the aPIR (Middle row, left), while treatment with OXT normalises KCC2 in the AON and PFC 

(Middle row, right). We therefore propose that a combined treatment of rhIGF-1 and OXT 

could lead to a more effective KCC2 normalization in the brain. If verified, this may represent 

a new, more efficacious treatment for RTT (Bottom row). 
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