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This study provides important insights into the role of the Mid1 gene in hippocampal
development and its implications in Opitz G/BBB syndrome, with much evidence
supporting its impact on synaptic plasticity, neural rhythms, and cognitive functions.
The methods, data, and analyses are solid, supporting the claims, presenting several
minor weaknesses, and establishing Mid1 as a potential therapeutic target for
neurological deficits associated with OS. The conclusions are largely supported by the
results, but additional data are needed.
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Abstract

MID1 is an E3 ubiquitin ligase of the tripartite motif (TRIM) subfamily of RING-containing
protein1. MID1 is involved in many basic biological processes, especially during embryonic
development. Mutation, truncation or complete deletion of MID1 gene is the cause of Opitz
G/BBB syndrome (OS). OS is a rare genetic disease of nervous system, which is characterized
by midline structural development defects during embryogenesis, including structural brain
abnormalities, developmental retardation and mental retardation2. Although the function of
MID1 has been studied for many years, the effect and mechanism of complete deletion of
MID1 gene on OS nervous system still need to be further explored. Here we find that Mid1
gene is necessary for the normal development of hippocampus (HPC), and Mid1 gene
knockout (Mid1-/y) mice showed a significant decrease in α rhythm in HPC and abnormal
synchronization of γ rhythm in prefrontal cortex and hippocampus (PFC-HPC), showing
decreased synaptic plasticity and learning and memory dysfunction.
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Results and Discussion

It has been reported that OS shows developmental and motor retardation3     . In this study, the
body weight and the weight of various organs of Mid1-/y were tested, and it was found that the
average body weight of Mid1-/y were lower than that of Mid1+/y during growth, but there was no
significant difference (Supplementary Fig. S1a), and there was no significant difference in the
weight of liver, lung, kidney and brain in Mid1-/y (Supplementary Fig. S1b-e). Monitoring the
movement behavior of Mid1-/y within 24h showed that the total movement distance, average
movement speed and number of standing were decreased (Supplementary Fig. S1f-k). In order to
further study the effect of Mid1 on nervous system, we first carried out elevated plus maze, open
field and tail suspension tests, and found no negative effect of Mid1-/y on anxiety and depression.
(Supplementary Fig. S2). However, in the Y-maze experiment, the spontaneous alternation score of
Mid1-/y was significantly reduced by 21.0±9.5% (Fig. 1a     ). In the morris water maze, it was found
that after the fifth day of continuous training, the time required for Mid1-/y to find the platform
was significantly increased by 81.4±38.2%. (Fig. 1b     ; Supplementary Fig. S3a). On the sixth day of
the test, it was found that the total distance, staying time and crossing times of Mid1-/y in the
platform area decreased (Fig. 1c, d     ; Supplementary Fig. S3b-e). These results show that Mid1-/y

will lead to the decline of learning and memory ability.

Neuroelectrophysiological technology provdes a more detailed and in-depth method for studying
learning and memory ability through its advantages of direct measurement of neural activity, high
time sequence resolution and objectivity4     . There is a strong neural synchronization between
HPC and PFC to regulate various cognitive functions5     . But we found that the time-frequency
correlation between the two brain regions of Mid1-/y decreased (Fig. 1e     ), and the coherence
between HPC and PFC at 0-100 Hz frequency was also weakened, in which the γ correlation was
significantly decreased by 33.2±16.0% (Fig. 1f, g     ). The cross-coupling degree of θ-γ rhythm in
HPC and PFC related to learning and memory also decreased (Fig. 1h     )6     . We analyzed the
neural rhythms in the HPC and PFC of Mid1-/y, respectively, to determine the important brain
regions affected by Mid1. Through time-frequency analysis and power spectral density
quantitative analysis, it was found that the HPC power of Mid1-/y decreased at 0-100 Hz
(Supplementary Fig. S4a, b). Among them, the power density of α and β rhythm in HPC decreased
significantly by 83.3±10.9% and 57.7±30.9%, respectively (Fig. 1i     ), and the representative
waveform diagram is shown in Fig. 1j     . However, no significant changes were found in the PFC
(Supplementary Fig. S4c, d). To sum up, the results of this part show that Mid1-/y have decreased
synchronization between HPC-PFC of 30-90 Hz, and abnormal neural rhythm in HPC of 8-35 Hz.

To further explore the physiological and pathological effects of Mid1 on HPC, hematoxylin-eosin
staining results showed that the area of ventricles in Mid1-/y were significantly increased by
3.5±1.5 times and the area of HPC were significantly decreased by 15.1±6.6%, but the number of
HPC pyramidal neurons did not change significantly (Fig. 1k, l     ). In order to determine whether
the abnormality of brain tissue structure and motor behavior in Mid1-/y were related to
inflammation, we tested the whole body thermal imaging of Mid1-/y, and there was no significant
change (Supplementary Fig. S5a). The analysis of whole blood showed that the contents of red
blood cells and white blood cells (neutrophils, lymphocytes, eosinophils, basophils and monocytes)
had no obvious change (Supplementary Fig. S5b-i). These results suggest that the abnormalities in
physiological structure and motor behaviour seen in Mid1-/y are not related to inflammation and
may be closely related to their own development. Learning and memory are complex processes of
neural activity, involving information transmission and synaptic connections. Golgi staining
showed that although the number of dendritic spines per unit length in the HPF of Mid1-/y did not
change significantly, the total number and the length of dendritic spines decreased significantly by
30.3±18.0% and 26.8±11.8% respectively, and the intersection points of dendrites and concentric
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Fig. 1

X-linked microtubule-associated protein Mid1 regulates hippocampal
development affects neural rhythm, learning and memory.

a The spontaneous alternate scores of Mid1+/y and Mid1-/y in Y maze test (n = 6 mice). b The time required to find the platform
by training Mid1+/y and Mid1-/y for five consecutive days in the water maze test (n = 6 mice). c The total distance of Mid1+/y and
Mid1-/y moving in the platform area in water maze test (n = 6 mice). d Images of representative tracks of the Mid1+/y and
Mid1-/y tested on the sixth day of the water maze test. e Time-frequency coherence between HPC and PFC in Mid1+/y and
Mid1-/y (n = 6 mice). f-g The synchrony between the PFC and HPC in the frequency range of 0-100 Hz in Mid1+/y and Mid1-/y (n
= 6 mice). h θ-γ cross-frequency coupling in HPC-PFC in Mid1+/y and Mid1-/y, respectively (n = 6 mice). i Power data of
individual rhythms in HPC of Mid1+/y and Mid1-/y under different rhythms (δ:0.5∼3.5 Hz, θ:4∼12 Hz, α:8∼13 Hz, β:14∼35 Hz,
γ:30∼90 Hz, Low-γ:30∼55 Hz) (n = 5-6 mice). j The representative signals of α and β rhythm frequencies in the HPC of Mid1+/y

and Mid1-/y. k Representative pictures of HE staining of brain tissue of Mid1+/y and Mid1-/y. l The ventricle area, HPC area and
the number of HPC pyramidal neurons in Mid1+/y and Mid1-/y were counted (n = 6 mice). f Representative pictures of golgi
staining in Mid1+/y and Mid1-/y. g Changes of the number of dendritic spines, the length of dendritic spines, the number of
dendritic spines per unit length and the number of intersections between dendrites and concentric circles in Mid1+/y and
Mid1-/y (n = 5 mice). o Venn diagram of common and specific genes detected by transcriptome of Mid1+/y and Mid1-/y HPC. p
Differential gene volcano map. The abscissa represents the change of gene expression multiple in Mid1+/y and Mid1-/y, and
the ordinate represents the significant level of gene expression difference between the two groups. q Sankey and bubble
diagram reflects the main pathways enriched by KEGG, and the significant differential genes contained in each pathway. r
The mRNA levels of gene in the HPC were tested via RT-qPCR by normalization to the level of β-actin (n = 6 mice). s Western
Blot results of protein in HPC of Mid1+/y and Mid1-/y (n = 6 mice). t Pairwise comparisons of important genes in the pathway
are shown, with a color gradient denoting Spearman’s correlation coefficients. Different rhythms (θ, α, β) of HPC was was
related to the effect of different genes by partial Mantel tests. Edge width corresponds to the Mantel’s r statistic for the
corresponding distance correlations, and edge color denotes the statistical significance based on permutations. * indicates
highly significant correlation (P < 0.05), ** indicates highly significant correlation (P < 0.01), *** indicates highly significant
correlation (P < 0.001).
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circles decreased (Fig. 1m, n     ). Immunofluorescence staining showed that the positive signals of
synapse markers Syn and Psd95 in Mid1-/y were obviously weakened, and there was no obvious
change in microglia labeled with Iba1 (Supplementary Fig. S5a-c).

In order to fully understand the changes of HPC gene level in Mid1-/y, we carried out RNA-seq
analysis. The results showed that Mid1+/y and Mid1-/y detected the same 12,417 genes (Fig. 1o     ),
including 838 genes significantly up-regulated and 767 genes down-regulated (Fig. 1p     ). Gene
annotation analysis enriched by the kyoto encyclopedia of genes and genomes (KEGG) pathway
shows that the neuroactive ligand-receptor interaction, cAMP signaling pathway, calcium signaling
pathway and other pathways have changed significantly (Fig. 1q     ). Then, we examined the
changes of mRNA levels of genes in the cAMP pathway. The results showed that the mRNA levels of
HPC adenosine A2a receptor (Adora2a), luteinizing hormone (Lhcgr) and G protein subunit α I2
(Gnai2) in Mid1-/y increased significantly, while the mRNA levels of brain-derived neurotrophic
factor (Bdnf), fos proto-oncogene (Fos) and jun proto-oncogene (Jun) decreased significantly (Fig.
1r     ). Many studies have proved that Mid1 knockdown will increase the accumulation of protein
of PP2Ac2     ,7     . However, PP2Acα promoter defines a cAMP response element (CRE) site flanked
by CpG motifs and that methylation controls the binding of p-CREB and the activity of the
promoter8     , thus regulating gene transcription and widely participating in the learning and
memory process of the nervous system9     . Therefore, we further verified at the protein level that
the deletion of Mid1 gene significantly increased the accumulation of Pp2ac protein and inhibited
the activity of p-Creb, which led to the decrease of Bdnf protein expression level in the
downstream cAMP pathway, and finally affected the growth, morphology and function of axons
and dendrites of hippocampal neurons, resulting in the decrease of synaptic density (Fig. 1s     ,
Supplementary Fig. S5d). In addition, we analysed the correlation between rhythms in different
brain regions and behavioural alterations in Mid1-/y and found that HPC θ, α, β were significantly
correlated with abnormal behavioural changes (Supplementary Fig. S6). Mantel tests were
performed on the genes that changes in the pathway and found that the series of alterations
caused by Mid1 gene deletion correlated most significantly with HPC α rhythm changes (Fig. 1t     ).

Generally speaking, our research shows that Mid1-/y are characterized by a significant decrease in
HPC α rhythm and a significant decrease in γ correlation betweenHPC and PFC. The main reason is
that the deletion of Mid1 gene will increase the accumulation of Pp2ac protein, inhibit the activity
of p-Creb, affect the downstream cAMP pathway, lead to the decrease of synaptic density and
plasticity, and ultimately affect the learning and memory ability. This is helpful to understand the
causes of mental retardation in OS and is of great significance for the diagnosis and treatment of
the disease.

Materials and methods

Mid1 KO mice, a kind gift from Zhiqi Xiong and Yiguo Wang, were genotyped as described
previously1     . Mid1+/y and Mid1-/y mouse genotyping results are showed in SI Appendix, Fig. S7. All
the animal experiments conducted in this work gained the approval of the Animal Ethics
Committee of Tianjin University (Approval No. TJUE-2024-164).

Neuroelectro physiological experiment. In prefrontal cortex and hippocampus (PFC-HPC), in vivo
field potentials were recorded simultaneously. The mice were placed in a stereotactic frame and
treated with isoflurane. When the 1 cm long skin incision was generated, each soft tissue from the
skull surface was removed; and an electric cranial drill was used to drill the two small holes with a
diameter of 1 mm. Two sections (each with four tungsten wires closely spaced) of tungsten
recording electrodes were placed in the PFC (1.2 mm mediolateral and 2.2 mm anterior to Bregma,
depth from the dura, 1.4 mm) and HPC (0.4 mm mediolateral and 1.9 mm posterior to Bregma,
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depth from the dura, 2.5 mm) brain regions. In the PFC-HPC regions, the LFP signals were collected
for 5 min simultaneously. In this paper, the LFP data used were collected by using (Blackrock, USA)
a sampling frequency of 20 kHZ.

See the Supplementary Information for a full description of Materials and Methods.
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Reviewer #1 (Public review):

Summary:

The authors demonstrated that a mouse model of Opitz syndrome induced by Mid1 gene
knockout exhibited a significant decrease in α rhythm in HPC and abnormal synchronization
of γ rhythm in the prefrontal cortex and hippocampus, showing decreased synaptic plasticity
and learning and memory dysfunction. All these effects were attributed to the inhibition of p
Creb by PP2Ac.

Strengths:

The authors used Mid1 gene knockout mice as a mouse model of Opitz syndrome. They
carried out RNA seq analysis and found cAMP signaling pathway, calcium signaling pathway,
and 100 other pathways have changed significantly.

Weaknesses:

(1) A Mid1 supplementation experiment in Mid1 knockout mice was lacking in this study.

(2) Enzymes that regulate Creb phosphorylation include not only phosphatases such as PP2A,
but also kinases such as CaMKII, PKA, and ERK1/2. These protein kinases should be detected,
especially CaMKII, their bioinformatics data show calcium signaling pathways have
significantly changed.

https://doi.org/10.7554/eLife.103901.1.sa3

Reviewer #2 (Public review):

Summary:

The manuscript investigates the role of the Mid1 gene in hippocampal (HPC) development
and its contribution to Opitz G/BBB syndrome (OS), which is characterized by neurological
deficits and structural abnormalities. The authors use a knockout mouse model (Mid1-/y) to
elucidate the underlying molecular mechanisms that contribute to learning and memory
impairments. They demonstrate that Mid1 gene deletion leads to reduced synaptic plasticity,
abnormal neural rhythms, and decreased cognitive functions, providing a mechanistic
explanation for the neurological deficits seen in OS patients. This study addresses an
important gap in understanding the neural mechanisms underlying Opitz G/BBB syndrome
and provides substantial evidence that the Mid1 gene plays a critical role in hippocampal
function and cognition.

Strengths:

https://doi.org/10.7554/eLife.103901.1
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Understanding the role of Mid1 in HPC development could have broader implications for
neurodevelopmental disorders beyond OS, particularly in conditions associated with synaptic
dysfunction or memory impairments. The study's focus on the impact of Mid1 on the cAMP
signaling pathway, BDNF expression, and synaptic plasticity offers novel mechanisms
relevant to both neurodevelopment and neurodegeneration. Moreover, the combination of
RNA-seq, electrophysiological measurements, and histological staining provides a
multidimensional approach to understanding how Mid1 influences neuronal function and
structure.

Weaknesses:

(1) The introduction is insufficient, and the number of references is too low. With only nine
references, there isn't enough context to adequately explain the background and previous
evidence.

(2) The specificity of behavioral deficits is lacking. The authors indicate learning and memory
dysfunction, yet the Y-maze and Morris water maze primarily assess spatial memory.
Additional behavioral tests, such as the novel object recognition test for recognition memory
or fear conditioning for associative learning, should be included to provide a more
comprehensive assessment.

(3) The manuscript mentions decreased synaptic plasticity but lacks thorough investigation; a
more detailed analysis of long-term potentiation (LTP) or depression (LTD) would strengthen
the claims. Additionally, while spine morphology is analyzed, incorporating
electrophysiological measurements of synaptic strength would better correlate structural
changes with functional outcomes.

(4) The authors performed H&E staining to count the number of hippocampal pyramidal
neurons; however, H&E lacks specificity for identifying pyramidal neurons. Neuronal-specific
IHC staining would be more appropriate for this quantification. Additionally, the manuscript
does not mention the counting method used, which should be clarified.

(5) Information on the knockout mice used in the study is missing from the Methods section.
Additionally, the sex of the mice should be specified, as exploring potential sex-specific
differences in the impact of Mid1 deletion could significantly enhance the study's findings.

https://doi.org/10.7554/eLife.103901.1.sa2

Reviewer #3 (Public review):

Summary:

The authors tried to characterize the neuronal deficiency in Mid1 knockout mice. They
performed behavioral, neuroelectrophysiological, and pathological experiments to show that
Mid1 knockout mice have cognitive function, impaired synaptic plasticity, and changes in
gene expression.

Strengths:

The evidence provides insight into the mechanisms of cognitive impairments in Opitz
syndrome. Overall, the manuscript is well-organized.

Weaknesses:

(1) The major weakness is that the proposed molecular mechanism is not fully supported by
the current data. The data presented here only show that changes in gene expression levels,
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cognitive impairments, and electrophysiological impairments are correlated with each other,
but do not support causality.

(2) The main conclusion is that "The main reason is that the deletion of Mid1 gene will
increase the accumulation of Pp2ac protein, inhibit the activity of p-Creb, affect the
downstream cAMP pathway, lead to the decrease of synaptic density and plasticity, and
ultimately affect the learning and memory ability". This should be toned down, since
causality is not supported here.

(3) The description of the results should be improved. Only one figure is presented in the
manuscript. Some key information in the supplementary figures should be moved to the
main figures. This is very strange since four display items are allowed even for a short report.

https://doi.org/10.7554/eLife.103901.1.sa1

Author response:

First of all, I'd like to express my heartfelt thanks to you for your meticulous and professional
review comments. Your feedback is very important to our work. It not only helps us identify
the shortcomings in the paper, but also provides valuable guidance for improving the quality
of the paper.

We carefully read every suggestion you made and were deeply inspired. Please rest assured
that we will carefully consider and revise each opinion to ensure that our research work is
more rigorous and clear. We promise to revise the manuscript accordingly to meet the
standards of the journal and enhance the credibility and influence of the research.

The main modifications include the experiment of A Mid1 supplementation experiment in
Mid1 knockout micesupplementing Mid1 in Mid1 knockout mice; Detection of kinases such as
CaMKII, PKA and ERK1/2; Supplementary references; Supplement the behavioral experiment
of new object recognition; Electrophysiological measurement experiment of supplementing
LTP; Supplementary neuron-specific immunohistochemical staining experiment;
Supplementing the information of knockout mice used in the study; Modify the language
expression of the article and the problem of too few pictures.

Thank you again for your valuable time and professional advice. We look forward to
submitting the revised manuscript to you for further review.

https://doi.org/10.7554/eLife.103901.1.sa0
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