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Highlights 

▲ Sip1 haploinsufficiency causes higher neuronal sensitivity to NMDA- and AMPA-receptors;  

▲ Sip1 homozygosity causes resistance to activation of NMDA- and AMPA receptors;  

▲ Sip1 deficiency affects the activity of kainate receptors;  

▲ The Sip1 mutation causes a changes in glutamatergic neurotransmission of cortical neurons; 

 

 

Abstract 

Smad-interacting protein-1 (Sip1) [Zinc finger homeobox (Zfhx1b), Zeb2] is a transcription 

factor implicated in the genesis of Mowat–Wilson syndrome (MWS) in humans. MWS is a rare 

genetic autosomal dominant disease caused by a mutation in the Sip1 gene (aka Zeb2 or Zfhx1b) 

mapped to 2q22.3 locus. MWS affects 1 in every 50–100 newborns worldwide. It is 

characterized by mental retardation, small stature, typical facial abnormalities as well as 

disturbances in the development of the cardio-vascular and renal systems as well as some other 

organs. Sip1 mutations cause abnormal neurogenesis in the brain during development as well as 

susceptibility to epileptic seizures. In the current study we investigated the role of the Sip1 gene 

in the activity of NMDA-, AMPA- and KA- receptors. We showed that a particular Sip1 

mutation in the mouse causes changes in the activity of both NMDA- and AMPA- receptors in 

the neocortical neurons in vitro. We demonstrate that neocortical neurons that have only one 

copy of Sip1 (heterozygous, Sip1fI/wt), are more sensitive to both NMDA- and AMPA- receptors 

agonists as compared to wild type neurons (Sip1wt/wt). This is reflected in higher amplitudes of 
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agonist induced Ca2+ signals as well as a lower half maximal effective concentration (ЕC50). In 

contrast, neurons from homozygous Sip1 mice (Sip1fI/fI), demonstrate higher resistance to these 

respective receptor agonists. This is reflected in lower amplitudes of Ca2+-responses and so a 

higher concentration of receptor activators is required for activation. 

 

Keywords: Calcium, glutamate receptors, mutants, neurons, cortex, NMDA-receptors, AMPA-

receptors, KA-receptors 

 

1. Introduction. 

Glutamate is the major excitatory neurotransmitter in the mammalian CNS. Its function is 

mediated by ionotropic and metabotropic glutamate receptors. There are three major types of 

ionotropic receptors: NMDA-, AMPA-and kainate receptors (KAR) [20, 22]. They all take part 

in excitation but kainate receptors, in contrast to NMDA- and AMPA-, preferentially act as 

modulators. Some authors suggest that kainate receptors are involved in metabotropic signaling 

pathways [12, 24]. 

Sip1 is a transcriptional repressor that is involved in the control of multiple signaling cascades in 

the brain and deletion of Sip1 leads to dramatic disruptions of both neuronal structure and 

function in all brain regions tested [40]. Sip1 deletion in early brain development causes 

hippocampal degeneration, disruption of cell differentiation and migration in the cerebral cortex 

and basal ganglia [26, 27, 6]; down regulation of Sip1 expression results in cognitive disorders 

such as seizures [33], intellectual disorders [1], memory distortion etc. Sip1 is also required for 

myelination so its deletion causes abnormal differentiation of oligodendrocytes and abnormal 

neuronal conduction [43]. Ca2+-signaling plays an important role in regulation of 

neurotransmitter secretion, excitability, axonal outgrowth, synaptic transmission and neuronal 

survival [5, 46, 7]. Intracellular Ca2+ concentration ([Ca2+]i) is a powerful activation stimuli for 

multiple signaling cascades. Pathological increase in [Ca2+]i can lead to cellular dysfunction and 

death. One of the most important components of Ca2+- dysregulation is uncontrolled Ca2+ influx 

via glutamate ionotropic AMPAR and KAR. Conversely NMDARs are crucial for induction of 

epileptogenesis and exitotoxicity [15, 47]. We reasoned that Sip1 might be involved in the 

control of such an important molecular pathway. We investigated Ca2+ signaling in cortical 

neurons from Sip1 deficient mice and compared them with Ca2+ signaling from wild type mice. 

Our results demonstrate that Sip1 deficient neurons (Sip1fI/fI) are resistant to activation by 

glutamate receptor agonists. 

 

2. Experimental procedures. 



This methods have been described in detail previously [17, 18, 38]. In order to address the role 

of Sip1 in the development of cortical axonal tracts, Sip1 was deleted conditionally in pyramidal 

neurons using a NexCre mouse line. We tested the genotype of each of the animals involved in 

the experiment. Genomic DNA was extracted from a tail tip of the animal by the desalting 

method. Genotyping for Sip1 gene was performed and sizes of the amplification products were 

450 b.p. for WT and 600 b.p. for knockout. The cortex and brainstem from neonatal Sip1-

mutants mice was dissociated and then incubated with trypsin in the Versene solution. Then, 

trypsin was inactivated by equal volume of cold B27-supplemented neurobasal medium and cells 

were doubly centrifuged. The suspension was put on round coverslips covered by 

Polyethylenimine. 10 DIV cultures were used for the experiments. Cortical and brainstem 

neurons were isolated from the same mouse. To measure [Ca2+]i, we used a Carl Zeiss Cell 

Observer with high-speed monochrome CCD-camera AxioCam HSm and high-speed light filters 

replacing system, Ludl МАС5000. Calcium responses to the ionotropic glutamate receptor 

agonist were recorded with the double wavelength fluorescent probe Fura-2. To discriminate 

neuron and astrocytes, short-term application of 35 mM KCl at the end of experiments was used. 

We determined the amplitudes of Ca2+ responses to activators of glutamate receptors as (Δ) – 

Fmax-Fmin of Fura-2 fluorescence. Amplitudes of Ca2+ responses were averaged and used to 

plot dose-response dependences. Number of animals used for dose-response dependences was 10 

for Sip1wt/wt, 6 for Sip1fI/wt, 4 for Sip1fI/fI. ImageJ 2002 and Origin 8.5 software was used to 

analyse data, create graphs and perform statistical tests. All values are given as mean  SEM. 

Data were statistically compared using Kruskal-Wallis test or paired t-test and were considered 

significantly different at p0.05.  

 

3. Results. 

3.1. Sip1 deficient cortical neurons have higher neuronal sensitivity while Sip1 

homozygosity causes resistance to activation of NMDA- receptors. 

 

Previously, we have developed imaging techniques to measure NMDA-, AMPA - and KA - 

receptors activity [4]. In order to test the hypothesis that Sip1 might be involved in the control of 

NMDA and AMPAR or KA currents, we analyzed [Ca2+]i in primary cortical neurons isolated 

from neonatal Sip1 mutant pups. As a negative control we also used neurons isolated from the 

brainstem where Sip1 was not deleted. Young cortical neurons were cultured in vitro for ten days 

and then subjected to brief, 30 s applications of ionotropic glutamate receptors agonists – 

NMDA, 5-Fluorowillardiine and Domoic acid. This led to sharp increases of [Ca2+]i in the 



neurons. After wash out of the agonist, cells quickly restored their basal level of [Ca2+]i. Basal 

levels of [Ca2+]i in the cortical neurons and brainstem neurons were 0.25±0.06 a.u. and did not 

differ between Sip1 mutant and wild type pups. Figure 1 shows the Ca2+ responses of cortical 

(A) and brainstem neurons (B) to sequential increases in the concentration of the NMDAR 

agonist, N-methyl-D-aspartate, in Mg2+-free medium. Increases in NMDA induces increases in 

the amplitude of Ca2+ responses in both cortical and brainstem neurons. However the amplitude 

of Ca2+ responses was substantially lower in cortical neurons isolated from Sip1fl/fl mutants (fig. 

1A blue curve) as compared to ip1fI/wt (fig. 1A, red curve) and Sip1wt/wt (fig. 1А, black curve). As 

shown in Fig. 1B, the average kinetics of Ca2+ responses of neurons from brainstem from Sip1 

mutant mice did not differ in amplitude from wild type mice, especially in saturating 

concentration of agonist. 

Based on our experimental data we calculated the dependence of [Ca2+]i amplitude increases on 

NMDA concentration (fig. 1С). It was used to calculate NMDA concentration causing half of the 

maximal increase of [Ca2+]i in neocortical neurons from Sip1fl/fl mice (ЕС50=0.425±0.06 µМ, 

Hill coefficient (n) 1±0.05) (fig. 1С, curve 3), Sip1fI/wt мышей (ЕС50=0.083±0.008 µМ, n 

0.98±0.06) and Sip1wt/wt mice (ЕС50=0.097±0.002 µМ, n 0.98±0.04). Hill coefficient (n) values 

are approximately 1 for all groups, indicating a lack of cooperation of the process. Despite 

similar values of ЕС50 in cortical neurons of Sip1wt/wt и Sip1fI/wt mice, [Ca2+]i, amplitude 

increase are significantly higher in Sip1fI/wt (0.57 a.u.), while in wild type mice the maximal 

value of Ca2+ amplitude is 0.48. Ca2+ influx can control the expression of key intracellular 

proteins, regulate neuronal activity and can cause apoptosis of neurons if prolonged. Our data 

indicate that Sip1fI/wt neurons are more sensitive to NMDAR activation.  

3.2. Sip1 haploinsufficiency causes higher neuronal sensitivity while Sip1 homozygosity 

causes resistance to activation of AMPA receptors. 

AMPA receptors can activate agonist dependent desensitization that are differentially act in 

various neuronal cell types [3]. Therefore it is an experimental challenge to precisely define the 

amplitude of agonist induced Ca2+ response. Therefore we used selective activator of AMPA 

receptors 5-Fluorowillardiine in the presence of desensitization inhibitor - cyclothiazide, applied 

before FW. Like in the case of NMDA receptor activation, application of selective agonist of 

AMPA receptors induced [Ca2+]i increases in a dose dependent manner in the cortical and 

brainstem neurons (fig. 2А, В). In Sip1fI/wt maximal Са2+-responses were registered with 0.03 

µМ FW (fig. 2А, red curve), while in Sip1wt/wt neurons with 0.5 µM (fig. 2А, black curve), and 

in Sip1fI/fI neurons with 3 µM only (fig. 2А, blue curve). Low sensitivity of Sip1fI/fI cortical 

neurons to AMPAR activation can be considered activation resistance. This is also supported by 

our experimental data that brainstem neurons isolated from the same animals that had intact Sip1 



gene. Indeed, these neurons increase [Ca2+]i with FW concentration as low as 0.01 µM, while 

cortical neurons isolated from the same animals start reacting with 0.05 µM. Like in the case of 

NMDARs, the maximal amplitude of Ca2+ responses were detected in cortical neurons isolated 

from Sip1fI/wt mice (0.72), compared to Sip1wt/wt neurons (0.6) and neurons from Sip1fI/fI (0.4). 

Comparing the dependence of [Ca2+]i amplitudes to increases of FW concentration (fig. 2С), we 

demonstrate that Sip1fI/wt cortical neurons have higher sensitivity to АМРАR activation. This is 

supported by the ЕС50 parameter 0.0084±0.0015 µM (n=1.87±0.12), that is substantially lower 

than Sip1wt/wt neurons (0.018±0.007 µМ, n=1.97±0.05) and brainstem neurons from the same 

Sip1fI/wt animals (0.024±0.005 µM, n=1.97±0.03) (Table 1). The FW concentration, that causes 

half the maximal increase of [Ca2+]i concentration in the cortical neurons from Sip1fI/fI animals is 

0.188±0.011 µM (n=1.96±0.07), while this parameter is 0.028±0.003 µМ (n=1.99±0.05) in 

brainstem neurons from the same mouse. In contrast to NMDAR, the Hill coefficient for 

AMPAR is approximately 2 which suggest co-operativity of the receptor action, when the 

channel is open upon binding of two or more molecules of the agonist [10]. It is known that the 

AMPA-receptors have low conductivity for Са2+ and serve for a cell depolarization through 

pNa+ increase. AMPA-receptor open and close fast, while the channel Ca2+ permeability is 

determined by the absence of the GluR2 subunit [30]. Taking that into account, to assess the 

influence of the Sip1 mutation on activity of potential-dependent Ca2+- channels (Cav) we 

analyzed signals from the neurons after short-term depolarization using application of 35 mM 

KCl (Fig. 2D). It can be seen, that Ca2+ responses of Sip1wt/wt, Sip1wt/fI and Sip1fI/fI brain cortex 

neurons averaged from several hundreds of cells were not statistically different, as well as 

neurons from brainstem that were used as controls. Thus, we can conclude that the Sip1 mutation 

had no effect on functional expression of Cav in brain cortex neurons, and differences in 

sensitivity to the AMPA-receptor activators are most probably due to expression of GluR2. 

 

3.3. Sip1 deficiency affects the activity of kainate receptors  

Kainate receptors (КАRs), as well as АМРАRs can activate agonist dependent desensitization 

[37], on the other hand any known agonist of КАR, is also an agonist of AMPARs. Therefore we 

used the АМРА/КА-receptor agonist – Domoic acid (DA). DA was added after incubation of 

cells with the AMPAR selective antagonist GYKI-52466 and the desensitization inhibitor КАR – 

concanavalin А. КАR activation increases [Ca2+]i in the cortical neurons isolated from both wild 

type and Sip1 deficient mice. Low amplitude signals were detected with a DA concentration as 

low as 0.010 µM in neocortical neurons of animals of all genotypes (fig. 3А). The amplitude of 

Са2+-signals in Sip1fI/wt neurons (Fig. 3А, red curve) and Sip1wt/wt neurons (Fig. 3А, black curve) 

caused by sequential increases in DA concentration are 0.62 and almost identical for both 



genotypes. However for Sip1fI/fI neurons, like for two previously described ionotropic glutamate 

receptors, the amplitude is significantly lower and 10 µM of agonist is 0.44 (Fig. 3А, blue 

curve). 

Comparison of dependence of amplitude increases of [Ca2+]i on DA concentration (Fig. 2B) 

demonstrates that cortical neurons isolated from Sip1fI/wt mice do not differ from Sip1wt/wt 

neurons as far as ЕС50 value is concerned, that equals 0.396±0.06 µM (n=1.73±0.05) and 

0.4±0.03 µМ (n=1.93±0.07), respectively. Activation of КАRs in Sip1fI/fI neurons requires 

substantially higher DA and EC50 concentrations of 2.5±0.07 µМ (n=1.79±0.12) (Fig. 3В). ЕС 

50 values for brainstem neurons from the same mice are 0.51±0.011 µМ (Hill coefficient 

1.98±0.14) (Fig. 3С).  

 

DISCUSSION 

Glutamate is an important and widely abundant neurotransmitter in the CNS that activates three 

types of cation channels: NMDAR, AMPAR and KAR. Glutamate induced calcium increases 

cause a wide spectrum of neuronal reactions ranging from synaptic plasticity and regulation of 

neuronal excitation to neurotoxic effects causing apoptosis. Continuous Ca2+ influx into the 

cytosol through glutamate activated receptors-channels can cause dysregulation and become a 

key factor of neuronal damage and cell death. [9, 13, 28]. The most significant cause of Ca2+ 

dysregulation is uncontrolled Ca2+ influx through Ca2+ permeable glutamate-receptors. On the 

other hand, the amplitude and frequency of Ca2+ signals is essential for the control of gene 

expression that either induce synaptic neuroplasticity or neuronal damage [13, 31, 41, 48].  

Sip1 deletion in the CNS causes a wide spectrum of developmental disturbances ranging from 

hippocampal degeneration [26], abnormal specification of cortical pyramidal neurons and 

interneurons [25, 36, 39], and abnormal myelination [43]. Interestingly, some of these changes 

are linked to Ca2+ signaling. For example, Sip1 mutation causes dysregulation of Wnt pathway, 

JNK and CaMKII [44, 26]. Additionally, hippocampal degeneration in Sip1 deficient mice is a 

result of apoptosis [26] that can also be activated by Ca2+-signals, activated by glutamate 

receptors [16]. 

In the current work, we could show that Sip1 mutation causes dramatic changes in glutamate 

mediated Ca2+ signaling in cortical neurons. Table 1 compares the characteristics of calcium 

signaling of cortical neurons with and without Sip1 protein. We hypothesised that Sip1 

haploinsufficiensy causes increased sensitivity of NMDA and AMPA receptors to agonists. Our 

results support this hypothesis as we find that Sip1fI/wt neurons require lower concentration of 

agonists to induce half maximal increase of [Ca2+]i. Additionally amplitude of Са2+ response of 

Sip1fI/wt neurons (ΔF) is 42% higher for NMDA-receptors activation and 51.7% higher for 



AMPA receptors activation as compared to wild type cortical neurons. In contrast Sip1fI/fI 

neurons are resistant to agonists of ionotropic glutamate receptors so that it is required higher 

concentration of agonists to generate Ca2+-response reaching hundreds of nanomoles and 

micromoles (Table 1). As far as the amplitude of Ca2+- signals is concerned, it is 68.4%, 48.3% и 

43.7% lower for activation of NMDA-, AMPA- and KA-receptors in Sip1fI/fl neurons 

respectively. Expression of different proteins in neurons is heterogeneous even within one cell 

population. It is known that the AMPARs are permeable to Ca2+ ions when they lack the GluR2 

subunit [30]. According to this, differences in EC50 detected for the AMPAR can be explained 

by the influence of the Sip1 mutation on expression of this subunit. This assumption is 

confirmed by the absence of significant differences between amplitudes of Ca2+ responses for 

depolarization in neurons with the Sip1 mutations and neurons from brainstem (Fig. 2D). 

Mowat-Wilson syndrome patients have microcephaly, agenesis of the corpus callosum, cerebral 

atrophy, and poor hippocampal formation, as well as other non-brain-related congenital defects 

[49]. In humans Sip1 mutation is dominant, but Sip1 heterozygous mice do not show the same 

degree of the phenotype penetrance as humans. This suggests that humans are more sensitive to 

Sip1 defects than mice, or human mutations produce dominant-negative forms of Sip1 protein 

[26]. This might be a possible explanation of differences in sensitivity of neurons with different 

doses of Sip1 protein to NMDA- and AMPA-receptor activators. Although ЕС50 in Sip1fl/wt 

neurons is different from that of the wild type neurons in the range of 0.01 µМ, such difference 

between Sip1fl/fl and wild type neurons is as much a 10 times.  

Mutations in transcription factors cause dramatic changes in multiple signaling cascades 

resulting in metabolic dysfunction. For example mutation of MeCP2 that causes Rett syndrome 

in humans, induces respiratory disturbances in mice as well as disruption of CO2 detection [8]. It 

also causes disruption of Ca2+ signaling in astrocytes [39]. Our data suggest that Sip1 

haploinsufficiensy does not influence KARs, while homozygousity causes significant resistance. 

On the other hand ionotropic receptors of this type rather act as modulators in excitatory 

transmission. The Ca2+ conductance of KARs, in contrast to NMDARs- and AMPARs depends 

on co- and post transcription RNA dependent adenosine deaminase RNA editing. In this case 

adenosine is converted into inosin in the primary mRNA sequence. Unedited KARs are 

permeable to Ca2+ ions, while the edited form of this channel is permeable for monovalent 

cations such as potassium and sodium. Mutant mice with disrupted Q/R editing of GluR6, are 

more sensitive to kainite induced seizures. Moreover, dentate gyrus neurons in these mice can 

develop NMDA-independent potentiating [42]. It was also reported that in the mice that have 

either edited or non-edited forms of mRNA that the presence of edited form only does not any 

behavioral abnormalities. Although increases in kainite induced currents were measured in the 



dorsal roots of the spinal cord was detected in such mice, it did not cause changes in sensory 

stimuli sensitivity [34]. Other authors [21] reported that human patients suffering from epileptic 

seizures have lower level of RNA editing of GluR5 и GluR6 than healthy control individuals.  

Our data demonstrate that Sip1 mutation causes significant changes in the activity of ionotropic 

glutamate receptors in the cerebral cortex. Neurons of Sip1fl/wt mutants were characterized by 

increased sensitivity to agonists of NMDARs and AMPARs (but not kainate). Whereas 

glutamate receptor in neurons of Sip1fl/fl mutants have a general signaling insufficiency, 

expressed by reduced sensitivity (compared to wild-type neurons and brainstem) to agonists and 

atypically low amplitude Ca2+ -responses. Increased sensitivity of neurons derived from Sip1fl/wt 

to activators of NMDAR and AMPAR on a physiological level may lead to a rapid activation of 

neuronal networks, excitotoxicity phenomena and induction of cell death processes under 

moderate stresses (transient hypoxia). 
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Fig. 1. Action of the NMDA on neurons isolated from brain cortex (А) and brainstem (В) of 

the Sip1-mutant mice.  

А – Application of NMDA in Mg2+-free medium to the neurons of brain cortex isolated from the 

Sip1wt/wt (black curve, n=118), Sip1fI/wt (red curve, n=153), and Sip1fl/fl (blue curve, n=114). В – 

Application of NMDA in Mg2+-free medium to the neurons of brainstem isolated from the wild 

type mice (black curve, n=108), heterozygous Sip1-mice (red curve, n=121), and homozygous 

Sip1-mice (blue curve, n=124). С – Dependence of the Са2+-responses amplitude on NMDA 

concentration in the brain cortex neurons of the Sip1wt/wt (curve 1), Sip1fI/wt (curve 2) and Sip1fl/fl 

(curve 3). For each concentration, average data are represented, obtained from several hundreds 

of neurons in 5 independent experiments ±S.E.M. For panels A and B, averaged Са2+-responses 

for neurons from individual experiments are represented. Medium replacement with Mg2+-free is 

shown with arrows. NMDA concentrations are specified with horizontal lines accompanied with 

correspondent ciphers in the bottom of the graph: 1 – 0,001, 2 – 0.01, 3 – 0.1, 4 – 0.3, 5 – 0.5, 6 

– 1, 7 – 3, 8 – 5, 9 – 10, 10 – 30, 11 – 50, 12 – 100 μM.  

 

Fig. 2. Action of the AMPA-receptors activator, 5-Fluorowillardiine (FW), on neurons 

isolated from brain cortex (А) and brainstem (В) of the Sip1-mutant mice. 

А – Application of enhancing FW concentrations in the presence of an inhibitor for 

desensitization of the AMPA-receptors, cyclothiazide (CTZ, 5 μM), to the neurons of brain 

cortex isolated from the Sip1wt/wt (black curve, n=107), Sip1fI/wt (red curve, n=137), and Sip1fl/fl 

(blue curve, n=124). В – Application of enhancing FW concentrations in the presence of an 

inhibitor for desensitization of the AMPA-receptors, cyclothiazide (CTZ, 5 μM), to the neurons 



of brainstem isolated from the Sip1wt/wt (black curve, n=111), Sip1fI/wt (red curve, n=106), and 

Sip1fl/fl (blue curve, n=113). С – Dependence of the Са2+-responses amplitude on FW 

concentration in the brain cortex neurons of the Sip1wt/wt (curve 1), Sip1fI/wt (curve 2) and Sip1fl/fl 

(curve 3). For each concentration, average data are represented, obtained from several hundreds 

of neurons in 3 (curve 3) and 5 (curves 1 and 2) independent experiments ±S.E.M. D – 

amplitudes of Ca2+ responses averaged for several hundreds of brain cortex neurons after short-

term depolarization using application of 35mM KCl. Significantly different at p<0.05. 

Differences between Sip1fI/fI and Sipwt/fI, as well as between Sip1wt/wt and Sipwt/fI , were not 

reliable. Application of 5 μM cyclothiazide is shown with arrows. FW concentrations are 

specified with horizontal lines accompanied with correspondent ciphers in the bottom of the 

graph: 1 – 0,001, 2 – 0.005, 3 – 0.01, 4 – 0.03, 5 – 0.05, 6 – 0.1, 7 – 0.5, 8 – 1, 9 – 3, 10 – 5, 11 – 

10 µМ.  

 

Fig. 3. Effect of the KA-receptors activator, domoic acid (DA), on neurons isolated from 

brain cortex (А) and brainstem (В) of the Sip1-mutant mice.  

А – Application of enhancing DA concentrations in the presence of a selective antagonist of the 

AMPA-receptors, GYKI-52466 (30µМ) and an inhibitor for desensitization of the KA-receptors, 

concanavalin A (ConA, 200 μg/ml), to the neurons of brain cortex isolated from the Sip1wt/wt 

(black curve, n=93), Sipwt/fI (red curve, n=117), and Sip1fI/fI (blue curve, n=111). DA 

concentrations are specified with horizontal lines accompanied with correspondent ciphers in the 

bottom of the graph: 1 – 0.001, 2 – 0.01, 3 – 0.05, 4 – 0.1, 5 – 0.3, 6 – 0.5, 7 – 1, 8 – 5, 9 – 10 

µM. Averaged Са2+-responses for neurons from individual experiments are represented. В – 

Dependence of the Са2+-responses amplitude on DA concentration in the brain cortex neurons of 

the Sip1wt/wt (curve 1), Sipwt/fI (curve 2) and Sip1fI/fI (curve 3). С - Dependence of the Са2+-

responses amplitude on DA concentration in the brainstem neurons of the Sip1wt/wt (curve 1), 

Sipwt/fI (curve 2) and Sip1fI/fI (curve 3). It can be observed that sigmoid curves 1 and 2 are almost 

identical both in neurons from brain cortex and brainstem, being indicative of the absence the 

Sip1 mutation effect on the KAR of neurons from Sipwt/fI 
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Table 1 

 

 

EC50/ΔF (Fmax-Fmin) 

NMDAR AMPAR KAR 

Cortex Brainstem Cortex Brainstem Cortex Brainstem 

Sip1wt/wt 0.096µМ/0.19 0.222µМ/0.3  0.018µМ/0.29 0.022µМ/0.27 0.404µМ/0.32 0.642µМ/0.34 

Sip1fI/wt 0.083µМ/0.27 0.289µМ/0.3 0.0084µМ/0.44 0.024µМ/0.26 0.396µМ/0.32 0.636µМ/0.34 

Sip1fI/fI 0.425µМ/0.06 0.197µМ/0.27 0.188µМ/0.15 0.028µМ/0.29 2,55µМ/0.18 0.411µМ/0.29 

 


