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Lay Abstract 

Autism spectrum disorder (ASD) is a condition that is accompanied by challenges in social 

interaction and repetitive behaviors. ASD is a complicated condition because we do not fully 

understand all the details of how it works in the body. Studying ASD is important as it is the most 

challenging condition in children and it is becoming more common, especially in the last two 

decades. While scientists are developing molecular tools to improve ASD diagnosis and 

understand its biology, these tools are not widely used in clinics for ASD diagnosis yet. Also, the 

approved medications available can only help with managing some of the behavioral symptoms 

like self-harming behavior. Despite the pressing need to find a solution, our recent advancements 

have not yet brought us closer to a cure for ASD, mainly because of the complexity of the disorder. 

Therefore, identifying the specific ASD-related mechanisms at the molecular level that contribute 

to ASD-related behaviors is crucial for gaining a deeper understanding of the disease.  

In ASD, there are problems with how brain cells communicate with each other. This 

communication is controlled by certain molecules in the brain, such as brain-derived neurotrophic 

factor (BDNF) and its receptor, tropomyosin-related kinase B (TrkB), along with other molecules. 

There is evidence suggesting a link between these molecules and ASD, but we have not fully 

understood their precise roles because most of the current knowledge is based on observations and 

correlations, rather than on establishing cause-and-effect relationships. To bridge this gap, our 

research focused on understanding TrkB's role in ASD. We required reliable mouse models. Since 

we aimed to induce ASD-like behaviors in mice using an ASD-causing chemical, it was crucial to 

ensure they were healthy beforehand. We needed to confirm that any social deficits or repetitive 

behaviors were not due to other factors, such as adverse infancy experiences or impaired 
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interactions between mother and infant. We discovered that sexually mature dams aged between 3 

to 6 months, with a history of previous pregnancies and motherhood, give birth to healthier litters. 

These litters can serve as a more dependable source for our animal behavioral studies. 

Many cases of ASD in humans are caused by non-genetic factors such as environmental influences 

like pesticides, air pollution, and the use of certain drugs during pregnancy. In cases of human 

ASD triggered by non-genetic factors, there is an increase in proBDNF, the precursor of BDNF. 

However, this proBDNF does not efficiently convert to BDNF. With insufficient BDNF and TrkB 

receptors, molecules like Akt (protein kinase B, also PKB) and Erk (Extracellular Signal-

Regulated Kinase), which are crucial for neuron communication, are also less active downstream. 

This imbalance disrupts neuron connections, leading to ASD behaviors. In our research, the ASD-

causing chemical which we used is valproic acid. It is originally an anti-seizure medication. When 

pregnant women took valproic acid, the chance of their child having ASD increased. Scientists 

used this information to inject pregnant mice with valproic acid, and as a result, all the offspring 

showed ASD-like behaviors. We anticipated that by isolating the brains of these offspring and 

measuring protein levels of BDNF, TrkB, Akt, and Erk, we would observe a similar pattern to that 

seen in humans with non-genetic ASD cases. We focused on studying the cortex, a region of the 

brain responsible for regulating social behaviors in both mice and humans. Since ASD is associated 

with challenges in social behaviors, we isolated the cortex from mouse brains to analyze protein 

levels.  

A chemical known as LM22A-4 with a structure resembling BDNF can bind to TrkB and activate 

it. We expected that the offspring of pregnant dams injected with valproic acid, which led to 

reduced TrkB axis activation in their brains, would show improvement in ASD behavior. This 

anticipation stems from the understanding that LM22A-4 activates the TrkB axis, thus 
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compensating for its reduction, which is thought to be causing ASD-like behaviors. The offspring 

of mothers injected with valproic acid exhibited ASD-like behaviors, unlike the control mice. 

Control mice were offspring of pregnant dams injected with a solution containing only the 

substances used to dissolve valproic acid, typically water and salt (saline). Mice prenatally exposed 

to valproic acid (VPA) exhibited ASD-like behaviors, but treatment with LM22A-4 helped 

alleviate these behaviors, promoting more typical behavior patterns. LM22A-4, by activating TrkB 

receptors, helped to protect the brain from harm caused by exposure to valproic acid before birth. 

This could mean that valproic acid-induced changes in TrkB-related molecular mechanisms are 

involved in social behavior difficulties and increased repetitive behaviors seen in autism. 

Nevertheless, the levels of TrkB, BDNF, proBDNF, Akt, and Erk in the cortex of offspring from 

mothers injected with valproic acid were like those in the offspring from mothers injected with the 

saline solution. Therefore, the BDNF and TrkB signaling pathways remained unchanged in the 

cortex of our valproic acid model in this study, and they differ from those observed in human 

idiopathic ASD.  

We also speculated that a protein, called NURR1 acting upstream of BDNF and TrkB might be 

involved in the process. NURR1 acts as a regulatory protein that binds to the BDNF, increasing 

the production of copies from the BDNF. We also used a small RNA that targets a specific region 

in the Nurr1 and inhibits its protein production We anticipated a reduction in Nurr1 levels. As 

NURR1 acts as an upregulator of BDNF, lower levels of Nurr1 would result in decreased BDNF 

production. Activating NURR1 resulted in increased BDNF mRNA levels. However, when 

NURR1 was reduced, BDNF mRNA levels remained unaffected. This led us to conclude that if 

NURR1 levels decrease, other proteins may step in to maintain BDNF mRNA levels. Therefore, 
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in the cortex, unlike in some other brain regions, the presence of NURR1 is not essential for 

regulating Bdnf. 

In summary, before inducing ASD-like behavior in mice using valproic acid, it is crucial to ensure 

the health of the mice. We used sexually mature mothers with prior pregnancy experience to 

provide a healthy baseline. We showed valproic acid induced ASD-like behaviors in mice 

offspring. We also observed that LM22A-4 treatment alleviated ASD-like behaviors of offspring. 

In our study, we demonstrated that the levels of BDNF, TrkB, Erk, and Akt proteins in the cortex 

of mice exposed to valproic acid were not affected. For this reason, our mouse model does not 

resemble human non-genetic ASD. Finally, NURR1's role in BDNF regulation varies by brain 

region. Lowering NURR1 did not affect BDNF mRNA levels, suggesting compensatory 

mechanisms. Our findings suggest new directions for further research to better understand the roles 

of TrkB and BDNF in non-genetic ASD. Overall, this study provides valuable knowledge that can 

contribute to advancing our understanding of idiopathic ASD-related molecular mechanisms. 

 



Abstract 

Autism spectrum disorder (ASD) is a neurodevelopmental disorder characterized by challenges in 

social interactions and repetitive behaviors. Prevalence of ASD is estimated to be 1 in 54 globally 

and is rising recently in many countries including Canada. ASD affects individuals differently, 

making diagnosis challenging. At present, no molecular diagnosis of ASD is available. Further, 

available medications only manage some symptoms of the disease and have adverse side effects 

in children. Therefore, there is a need for accurate molecular diagnostic tools to aid in molecular 

detection and treatment of ASD. To this end, a better understanding of the underlying molecular 

mechanisms that link ASD etiology to ASD-related behavior is crucial.  

While genetic factors contribute to syndromic ASD, most cases of ASD are idiopathic with 

unknown causes, influenced by a combination of epigenetic and environmental factors. TrkB and 

its downstream signaling pathways, such as Akt and Erk, are hyper-activated in syndromic ASD 

and hypo-activated in idiopathic cases. Therefore, drugs like rapamycin that inhibit the mTOR 

pathway downstream of TrkB are beneficial for syndromic ASD but not idiopathic cases. 

Additionally, insulin-like growth factor 1 (IGF-1), which mitigates ASD-related synaptic 

disruptions via Akt and Erk signaling, shows unchanged mRNA and protein levels along with its 

receptor in the idiopathic ASD fusiform gyrus. 

In ASD with either genetic or epigenetic/environmental causes, disruptions in synaptic 

connectivity are observed. Synaptic function is regulated by signaling pathways involving brain-

derived neurotrophic factor (BDNF) and its receptor, tropomyosin-related kinase B (TrkB), as well 

as their downstream signaling cascades such as MAPK and Akt. The existing literature suggests 

that there is an association between BDNF and TrkB signaling pathways and ASD. However, a 
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serious gap in knowledge about the precise molecular role of TrkB in ASD pathology is that our 

current understanding is correlational in nature and based on observational studies that lack causal 

experiments. This underscores the importance of further research to understand the causative role 

of TrkB and its related molecular events in idiopathic ASD. The present work aims to provide a 

deeper understanding about the causative role of molecular mechanisms underlying TrkB 

signaling in ASD.  

ASD mouse models exhibit behaviors and molecular features resembling those observed in human 

ASD. Therefore, these mouse models are helpful tools for studying ASD. However, understudied 

physiological confounding factors, such as maternal age and parity, can introduce biases and add 

to data variability, thus negatively impacting the reproducibility and translational value of ASD 

mouse models. To achieve a reliable mouse model of ASD, we conducted our first study that 

examines the impact of maternal age and parity on pregnancy complications, neurodevelopment, 

and social behavior in mice. Results demonstrate that older maternal age and prior motherhood 

interact to ensure a normal, steady developmental rate and provide protective effects against 

anxiety, social impairment, and olfactory deficits.  

Given the current lack of clarity regarding the causative impact of TrkB on ASD pathology, our 

subsequent investigation sought to establish a causal relationship between TrkB signaling and 

ASD. We used the TrkB agonist, LM22A-4 treatment in a validated ASD mouse model. Our results 

demonstrate that treatment with LM22A-4 effectively rescues the core symptoms associated with 

ASD (social impairment and repetitive behavior). These findings indicate that impaired TrkB 

signaling is responsible for ASD-like behavior of valproic acid (VPA)-exposed mice. However, 

unlike TrkB-related molecular events occurring in the fusiform gyrus of idiopathic ASD, TrkB 

isoform protein levels, BDNF species, Akt, and Erk total protein levels and activation remained 
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unchanged in VPA-exposed cortices compared to healthy control mice. Since our VPA mouse 

model does not replicate human idiopathic ASD, our study cannot draw a conclusion on how 

disruptions in these signaling pathways may contribute to the development and manifestation of 

ASD symptoms.  

Cortex is responsible for various aspects of social behavior that are impaired in ASD. However, 

regulatory mechanisms that are involved in ASD upstream of cortical TrkB and BDNF are not 

well known. BDNF expression is highly cell-and tissue-specific and is regulated by different sets 

of transcription factors in specific tissues. While NURR1, the BDNF regulator in midbrain 

neurons, is associated with ASD pathology, its specific role in regulation of cortical BDNF is not 

yet well-established. Our third study aimed to understand the role of NURR1 in regulating BDNF 

specifically in the cortex. We showed that in resting and depolarized neurons, when NURR1 is 

knocked down, BDNF mRNA levels remained unchanged, suggesting that NURR1 does not 

regulate BDNF in cortical neurons and highlighting the tissue-specificity of BDNF regulation. 

In summary, we address the understudied effects of maternal factors on mouse models, which 

enhances the reliability of ASD research. Further, our studies significantly enhance the 

understanding of ASD by elucidating the role of TrkB and its downstream signaling pathways in 

the behavioral aspects of the disorder. We also contribute to the knowledge of BDNF regulation 

in the cortex, a brain tissue with crucial roles in various aspects of social behavior. In a forward-

looking approach, the results of our studies provide valuable insights into mouse modeling of 

idiopathic ASD and the potential role of TrkB in ASD behavioral symptoms. 

 



Preface 

This doctoral dissertation is presented as a sandwich thesis that includes three manuscripts 

prepared for publication during the authorôs Ph.D. One manuscript has been published (chapter 4), 

and the other two manuscripts are prepared for publication and submission (Chapters 2 and 3). 

Each manuscript is presented as a separate chapter.  

Chapter 1 presents a comprehensive overview of my three studies in a logically coherent manner. 

I have provided a comprehensive background, as well as my hypothesis, research goals, and 

objectives. Chapter 2 of my research highlights how my findings highlight the need to improve 

research techniques in mouse-based ASD modeling. I demonstrate the significance of considering 

mouse strain, maternal history, and precise behavioral evaluations to enhance the accuracy and 

reproducibility of ASD-related research. Chapter 3 emphasizes studied tropomyosin-related kinase 

B (TrkB) signaling and downstream pathways in ASD, especially the involvement of Akt and 

Erk1/2 as key proteins that act upstream and downstream of TrkB. I demonstrate that LM22A-4, 

the TrkB an agonist, rescued ASD-like behaviors in the valproic acid (VPA) mouse model without 

affecting brain-derived neurotrophic factor (BDNF) and TrkB isoform protein levels and their 

downstream signaling targets including Akt and Erk. Chapter 4 investigates NURR1's significance 

in BDNF regulation, as a potential upstream regulator particularly in the cortexðan area relevant 

to ASD in mice. Chapter 4 highlights the importance of investigating key signaling molecules in 

ASD in a tissue-and-context-dependent manner, as the nature of the disease and regulation of such 

molecules are complex. A concluding chapter (Chapter 5) summarizes and concludes this 

dissertation and discusses promising future directions to follow up on the findings presented here. 



vii 
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the APA Formatting and Style Guide (7th Edition). APA style offers clear directives for formatting 

research papers, encompassing regulations for decimals, p-value significance levels, and the 

presentation of numerical data. However, in the supplementary tables, the values were directly 

extracted from the SPSS statistical package, resulting in minor deviations from APA style. 

 

 



Acknowledgements 

I was told that Ph.D. would drain me of my sense of humor, to prove them wrong: 

 

I would like to extend my heartfelt gratitude for the abundant love and unwavering support, I have 

been showered with throughout my Ph.D. journey. Thank you to my supervisor for your generosity 

of time, enthusiasm, and unparalleled curiosity. Thank you also to my supervisory committee Dr. 

Thomas Hawke and Dr. Ram Mishra, also, Dr. West-Mays for your interest, support, and critical 

analysis.  

Thanks to all my friends in the lab; without you, this PhD would have been completed in 3 years 

instead of 5. Most importantly, thank you to my family for your love and support. Shout out to my 

brother, Adrian, I love you and appreciate you - you make me a better person every day.  

In the immortal words of Snoop Dogg: I wanna thank me for é never quitting, é trying to do 

more right than wrong, and for the impressive levels of Patience I have cultivated over the past 5 

years. Please note that I have put the 'P' in 'Patienceô, and it is still an understatement. 

 

Thank you, my reader, for indulging my personality peeking through in this section. 

 

 

 

 



ix 
 

Table of Contents 

 

Chapter 1 ........................................................................................................................................ 25 

Autism Spectrum Disorder .............................................................. 26 

1. Definition ................................................................................................................. 26 

2. ASD core characteristics ...................................................................................... 27 

3. Prevalence ................................................................................................................ 28 

4. Brain anatomy in ASD ................................................................................................ 28 

5. Sex differences .......................................................................................................... 30 

6. Diagnosis ................................................................................................................. 31 

7. Etiology of ASD ........................................................................................................ 32 

8. Mouse models of ASD ................................................................................................ 33 

9. Pharmacological treatments ......................................................................................... 34 

9. BDNF, TrkB, and their downstream signaling pathways in ASD ........................................ 36 

Purpose and Scope of the Present Work ................................................ 53 

1. Hypotheses ............................................................................................................... 53 

2. Specific aims............................................................................................................. 54 

References ................................................................................ 59 

Chapter 2 ........................................................................................................................................ 81 

Abstract  .................................................................................. 82 

Introduction  .............................................................................. 84 

Methods  .................................................................................. 87 

Animals  .................................................................................... 87 

Assessment of neurodevelopmental characteristics ............................................ 89 

Behavioral assay ............................................................................ 89 

Statistical analysis ........................................................................... 92 

Results  .................................................................................... 94 

1. Young age pregnancy and nulliparity was accompanied by gestational implications .......... 94 



x 
 

2. Young primiparous mothers' offspring had delayed neurodevelopment on early postnatal days, 

followed by an abnormal rapid growth in adulthood éééééééééééé.ééééé.119 

3. Advanced maternal age and parity had a positive effect on offspring behavior ...................... 118 

Discussion ................................................................................. 135 

Limitations and future directions ....................................................... 141 

Conclusion ................................................................................ 143 

References ................................................................................ 143 

Appendix ......................................................................................................................................... 155 

 

Chapter 3 ........................................................................................................................................ 163 

Abstract ................................................................................... 164 

Introduction  .............................................................................. 167 

Methods ................................................................................... 172 

Animals.................................................................................................................. 172 

Assessment of neurodevelopmental characteristics......................................................... 174 

Behavioral assays  .................................................................................................... 174 

Protein analysis  ....................................................................................................... 177 

Statistical analysis .................................................................................................... 180 

Results ..................................................................................... 183 

1. Assessment of neurodevelopmental somatic features in response to prenatal exposure to VPA....183 

2. Assessment of ASD-like behaviors in response to prenatal exposure to VPA and LM22A-4 

treatment ..................................................................................................................... 190 

3. Investigating BDNF species, TrkB isoforms, and their downstream signaling pathways including 

Akt and Erk within the cortex .......................................................................................... 207 

Discussion ................................................................................. 237 

Limitations and future directions ....................................................... 252 

Conclusion ................................................................................ 254 

References ................................................................................ 254 

Appendix .................................................................................. 297 

 



xi 
 

 

Chapter 4 ........................................................................................................................................ 342 

Abstract  .................................................................................. 344 

1. Introduction  ........................................................................... 344 

2. Materials and Methods ................................................................ 346 

2.1. Chemical reagents ....................................................................... 347 

2.2. Procedures .............................................................................. 347 

2.3. Statistical analysis ....................................................................... 350 

3. Results  ................................................................................. 351 

3.1. Pharmacological stimulation of NURR1 increases Nurr1 and Bdnf gene expression . 351 

3.2. Membrane depolarization induces Nurr1 and bdnf gene expression .................................. 352 

3.3. Basal Bdnf gene expression is not regulated by NURR1 ................................................. 354 

3.4. Activity-dependent BDNF gene expression is not regulated by NURR1 ............................ 355 

4. Discussion .............................................................................. 356 

5. Conclusion.............................................................................. 358 

References ................................................................................ 359 

Appendix .................................................................................. 367 

 

 

Chapter 5 ........................................................................................................................................ 370 

Significance ............................................................................... 371 

Synopsis ................................................................................... 373 

Conclusions ............................................................................... 381 

Limitations  ................................................................................ 383 

Future directions ......................................................................... 384 

References ................................................................................ 386 



List of Tables 

 
Table 1. Percentages of successful and failed copulatory events in the three different 

experimental groups. 
97 

Table 2. Perinatal mortality rate and preterm pregnancy in different groups. 97 

Table 3. Frequency of pregnancy outcome on each gestational day in the three groups 

of mothers. 

102 

Table 4. Comparative body weight measurement during development with one-way 

ANOVA and Gabriel post-hoc test results from PD7 to PD10. 

107 

Table 5. Comparative tail length measurement during development with Gabriel post-

hoc test results from PD7 to PD10. 

110 

 

 
 

 

 

 

 

 

  



xiii 
 

List of Supplementary Tables 

 

Chapter 2: 

Table S 1. Body weight and Tail length data. .................................................................................. 155 

Table S 2. Crosstabulation data of eye-opening status. .................................................................. 156 

Table S 3. Anxiety-like behavior data from step-down test. ......................................................... 157 

Table S 4. Locomotor activity data. .................................................................................................. 157 

Table S 5. Assessment of olfactory function data.. ......................................................................... 158 

Table S 6. Repetitive behavior data. ................................................................................................. 158 

Table S 7. 3-chambers test (sociability) data of male groups. ....................................................... 159 

Table S 8. 3-chambers test (sociability) data of female groups. ................................................... 159 

Table S 9. 3-chambers test (social novelty) data of male groups. ................................................. 160 

Table S 10. 3-chambers test (social novelty) data of female groups. ........................................... 160 

Chapter 3: 

Table S 1. Crosstabulation data of eye-opening status of control and VPA-exposed mice during 

postnatal development. ........................................................................................................................ 307 

Table S 2. Body weight data of VPA-exposed and control saline-exposed mice during postnatal 

development (PD7ï12). ....................................................................................................................... 308 

Table S 3. Tail length data of VPA-exposed and control saline-exposed mice during postnatal 

development (PD7ï12). ....................................................................................................................... 308 

Table S 4. Body weight data (in grams) for mice exposed to prenatal saline and VPA on weaning 

day (PD22). ........................................................................................................................................... 309 

Table S 5. Body weight data (in grams) for mice exposed to prenatal saline and VPA at the 

endpoint (PD37). .................................................................................................................................. 310 

Table S 6. Repetitive behavior data in female mice. ...................................................................... 311 

Table S 7. Repetitive behavior data in male mice. .......................................................................... 312 



xiv 
 

Table S 8. 3-chambers test (sociability) data for female mice. ..................................................... 313 

Table S 9. 3-chambers test (sociability) data for male mice. ......................................................... 314 

Table S 10. 3-chambers test (social novelty) data for female mice. ............................................. 315 

Table S 11. 3-chambers test (social novelty) data for male mice. ................................................ 316 

Table S 12. Locomotor activity data for female mice. ................................................................... 317 

Table S 13. Locomotor activity data for male mice. ....................................................................... 318 

Table S 14. Anxiety-like behavior data from step-down test in female mice. ............................ 319 

Table S 15. Anxiety-like behavior data from step-down test in male mice. ................................ 320 

Table S 16. Assessment of olfactory function data in female mice. ............................................. 321 

Table S 17. Assessment of olfactory function data in male mice. ................................................ 322 

Table S 18. Quantification of GAPDH using Western blotting in the cortices of male and female 

VPA-exposed and control mice. ......................................................................................................... 323 

Table S 19. Quantification of TrkB isoforms relative to GAPDH using Western blotting in the 

cortices of female VPA-exposed and control mice. ........................................................................ 323 

Table S 20. Quantification of TrkB isoforms relative to GAPDH using Western blotting in the 

cortices of male VPA-exposed and control mice. ............................................................................ 324 

Table S 21. Quantification of BDNF isoforms relative to GAPDH using Western blotting in the 

cortices of female VPA-exposed and control mice. ........................................................................ 324 

Table S 22. Quantification of BDNF isoforms relative to GAPDH using Western blotting in the 

cortices of male VPA-exposed and control mice. ............................................................................ 325 

Table S 23. Quantification of Akt relative to GAPDH and p-Akt/Akt using Western blotting in the 

cortices of female VPA-exposed and control mice. ........................................................................ 325 

Table S 24. Quantification of Akt relative to GAPDH using Western blotting in the cortices of 

male VPA-exposed and control mice. ............................................................................................... 326 

Table S 25. Quantification of phospho-Erk relative to total Erk using Western blotting in the 

cortices of female VPA-exposed and control mice. ........................................................................ 326 

Table S 26. Quantification of total Erk proteins relative to GAPDH using Western blotting in the 

cortices of female VPA-exposed and control mice. ........................................................................ 327 

Table S 27. Quantification of phospho-Erk relative to total Erk using Western blotting in the 

cortices of male VPA-exposed and control mice. ............................................................................ 327 



xv 
 

Table S 28. Quantification of total Erk proteins relative to GAPDH using Western blotting in the 

cortices of male VPA-exposed and control mice. ............................................................................ 328 

Table S 29. Managing outliers in neurodevelopmental assessment data. .................................... 329 

Table S 30. Managing outliers in behavioral assessment data. ..................................................... 330 

Table S 31. Managing outliers in molecular signaling data........................................................... 334 

 

 

 

 

 

 

 

 

 

 

 

 



List of Figures 

Chapter 1: 

 
Figure  1. Intracellular signaling cascades induced by BDNF/TrkB are involved in spine protein 

synthesis and actin remodelling at synapses. ..................................................................................................... 36 

Chapter 2: 

 
Figure 1. A meaningful association was found between the outcome of copulation and maternal 

factors.  ....................................................................................................................................... 96 

Figure 2. Regardless of parity, young primiparous pregnant dams had shorter gestational periods 

compared to adult pregnant dams. ..................................................................................................... 98 

Figure 3. At conception, young nullipara exhibited lower weights compared to the adult 

secundipara. ........................................................................................................................................... 100 

Figure 4. A difference in weight gain during pregnancy was not observed between the different 

dam groups.  .......................................................................................................................................... 101 

Figure 5. Maternal weight at weaning day (PD22) remained the same between different groups.

 ................................................................................................................................................................ 102 

Figure 6. No effects of maternal age and parity were observed for the sex ratio of offspring, but 

in adult secundipara, litter size increased compared to young primipara. .................................... 104 

Figure 7. Offspring of young primiparous mothers had lower initial body weight but recovered 

by PD11. ................................................................................................................................................ 106 

Figure 8. Initially, offspring of young primiparous mothers had short tail length, which 

recovered by PD10. .............................................................................................................................. 109 

Figure 9. Eye-opening onset showed a strong association with maternal age and parity on 

postnatal days 11 and 12, especially in offspring of adult secundipara. ....................................... 112 

Figure 10. Offspring of young primiparous dams were significantly heavier post-lactation 

compared to adult secundiparous dams' offspring. .......................................................................... 116 



xvii 
 

Figure 11. Offspring of young primiparous dams were significantly heavier at PD37 compared 

to the offspring of adult secundiparous dams. .................................................................................. 117 

Figure 12. Young primiparous male offspring demonstrated elevated anxiety-like behavior 

compared to offspring of adult secundipara. .................................................................................... 121 

Figure 13. Moved distance was unchanged between the groups in the 3-chambers test. .......... 123 

Figure 14. The average velocity of movement remained unchanged between the groups in the 3-

chambers test. ........................................................................................................................................ 125 

Figure 15. Offspring of young primipara exhibited olfaction deficit compared to adult 

secundipara offspring. .......................................................................................................................... 127 

Figure 16. Adult secundipara's offspring buried fewer marbles than primipara's ...................... 129 

Figure 17. The sociability of offspring is negatively impacted by maternal nulliparity and young 

age during pregnancy........................................................................................................................... 132 

Figure 18. Offspring of adult secundipara prefer novel over familiar mice; young primipara 

offspring show no preference. ............................................................................................................ 134 

Chapter 3: 

 
Figure 1. Battery of behavioral assays and experimental timeline. ....................................................... 173 

Figure 2. VPA exposure significantly delayed eye-opening in mice. .......................................... 184 

Figure 3. VPA-exposed mice showed significant reduced body weight on PD8ï9 and shorter 

tails across postnatal period (PD7ï12) compared to the saline-exposed control group. ............ 186 

Figure 4. VPA-exposed groups showed significantly reduced weights on PD22. ..................... 188 

Figure 5. VPA-exposed groups showed significantly reduced weights on PD37. ..................... 189 

Figure 6. VPA exposure induced repetitive behavior in female mice, mitigated by LM22A-4 

daily treatment. ..................................................................................................................................... 191 

Figure 7. The marble-burying test revealed increased repetitive behavior in response to VPA in 

male mice, but this effect was mitigated by LM22A-4. .................................................................. 192 



xviii 
 

Figure 8. VPA exposure induced sociability impairments in female mice that was reversed by 

LM22A-4 treatment. ............................................................................................................................ 194 

Figure 9. VPA exposure induced sociability impairments in male mice, effectively rescued by 

LM22A-4 treatment. ............................................................................................................................ 195 

Figure 10. VPA exposure induced social novelty impairments in female mice, effectively 

rescued by LM22A-4 treatment. ........................................................................................................ 197 

Figure 11. Prenatal VPA exposure disrupted social novelty in male mice, with LM22A-4 

treatment effectively rescuing impaired social preference. ............................................................ 198 

Figure 12. VPA and LM22A-4 did not affect locomotion in female groups. ............................. 200 

Figure 13. No changes in locomotion were found in response to VPA and LM22A-4 in male 

mice in the three-chamber social approach task............................................................................... 202  

Figure 14. Female mice did not exhibit anxiety-like behavior in response to VPA or LM22A-4, 

as determined by the step-down test. ................................................................................................. 203 

Figure 15. Male mice did not exhibit anxiety-like behavior in response to VPA or LM22A-4, as 

determined by the step-down test. ...................................................................................................... 204  

Figure 16. A deficit in olfactory sense was not found in female mice in response to VPA and 

LM22A-4 using buried food seeking test. ........................................................................................ 205 

Figure 17. A deficit in olfactory sense was not found in male mice in response to VPA and 

LM22A-4 using buried food seeking test. ........................................................................................ 206 

Figure 18. The Western blotting analysis showed that GAPDH protein levels remained unaltered 

between the groups............................................................................................................................... 209 

Figure 19. Western blotting analysis revealed consistent TrkB isoforms protein levels relative to 

GAPDH across all groups in the cortices of female mice..  ........................................................... 212 

Figure 20. Western blotting analysis indicated consistent TrkB isoforms protein levels relative to 

GAPDH in the cortices of male mice across all groups. ................................................................. 212 

Figure 21. BDNF isoforms remained consistent across the female groups in response to prenatal 

VPA exposure and LM22A-4 treatment. .......................................................................................... 215 

Figure 22. Mature BDNF relative to GAPDH was reduced because of VPA and LM22A-4 

interaction in male mice, while the other BDNF isoforms remained consistent across the groups.

 ................................................................................................................................................................ 218 



xix 
 

Figure 23. Akt protein expression remained unchanged in response to VPA and LM22A-4 in 

females, while Akt activation increased in response to LM22A-4 treatment in VPA-exposed mice.

 ................................................................................................................................................................ 221 

Figure 24. Phosphorylated Akt and total protein levels remained unaltered in the cortices of male 

VPA-exposed and control group as determined by Western blotting. .......................................... 224 

Figure 25. Erk activation remained unaltered in females in response to prenatal exposure to VPA 

and LM22A-4 treatment. ..................................................................................................................... 226 

Figure 26. Erk protein expression levels remained unchanged in response to VPA prenatal 

exposure and LM22A-4 treatment in females. ................................................................................. 228 

Figure 27. Erk activation showed a meaningful increasing trend in response to LM22A-4 in VPA-

exposed males. ...................................................................................................................................... 231 

Figure 28. Erk protein expression remained unchanged in response to VPA prenatal exposure and 

LM22A-4 treatment in males.............................................................................................................. 233 

 
 

Chapter 4: 

 
Figure 1. Changes of Nurr1 and Bdnf gene expression in response to AQ treatment. ................. 352 

Figure 2. Gene expression of Nurr1 and Bdnf in response to membrane depolarization. ......... 353 

Figure 3. Gene expression of NURR1 and Bdnf in response to Nurr1 siRNA knockdown. .... 355 

Figure 4. KCl-induced BDNF gene expression in response to Nurr1 knockdown. ................... 356 

 

 

 



List of Supplementary Figures 

Chapter 3: 

Supplementary Fig. 1. Verifying TrkB isoforms in Western blotting. ....................................... 297 

Supplementary Fig. 2. Verifying Akt and phospho-Akt in Western blotting. ........................... 298 

Supplementary Fig. 3. Verifying total Erk in Western blotting. ................................................. 299 

Supplementary Fig. 4. Representative Western blots of the entire membrane with GAPDH signal.

 ................................................................................................................................................................ 300 

Supplementary Fig. 5. Representative Western blots of the upper portion of the membrane, with 

signals for full-length and truncated isoforms of TrkB. .................................................................. 301 

Supplementary Fig. 6. Representative Western blots of the entire membrane with BDNF isoforms 

signals. ................................................................................................................................................... 302 

Supplementary Fig. 7. Representative Western blots display the upper section of the membrane, 

highlighting both phospho- and total Akt signals obtained from female samples. ..................... 303 

Supplementary Fig. 8. Representative Western blots highlighting the upper section of the 

membrane, presenting both phospho- and total Akt signals obtained from male cortical samples.

 ................................................................................................................................................................ 304 

Supplementary Fig. 9. Representative Western blots presenting both phospho- and total Erk 

signals obtained from female cortical samples. ................................................................................ 305 

Supplementary Fig. 10. Representative Western blots presenting both phospho- and total Erk 

signals obtained from male cortical samples. ................................................................................... 306 

Chapter 4: 

Supplementary Fig. 1. Changes of Nurr1 and Bdnf mRNA levels in response to membrane 

depolarization in primary hippocampal neurons. ............................................................................. 367 

Supplementary Fig. 2. Changes of Nurr1 gene expression in response to transfection of primary 

cortical neurons with 35 pmol siRNAs for 24 h. ............................................................................. 368 

Supplementary Fig. 3. Changes of mGapdh and mNurr1/mGapdh quantities in response to 

prolonged transfection duration.......................................................................................................... 369  



xxi 
 

List of Abbreviations 

 

Akt RAC-alpha serine/threonine-protein kinase (also known as protein kinase B, PKB) 

AQ Amodiaquine 

ASD Autism Spectrum Disorder 

ATP Adenosine triphosphate 

BDNF Brain-derived neurotrophic factor 

CNS Central nervous system 

DMEM Dulbeccoôs Modified Eagle Medium 

DNA Deoxyribonucleic acid 

EDTA Ethylenediaminetetraacetic acid 

eIF5b Eukaryotic translation initiation factor 4B 

eIF4E Eukaryotic translation initiation factor 4E 

EPS8 Epidermal growth factor receptor pathway substrate 8 

ERK 
Extracellular signal-regulated kinase (also known as mitogen-activated protein kinase, 

MAPK) 

FBS Fetal bovine serum 

FDA Food and Drug Administration 

FL Full-length 

GFAP Glial fibrillary acidic protein 

GSK3ɓ Glycogen synthase kinase 3 beta 

HBSS Hankôs Balanced Salt Solution 

i.p. Intraperitoneal 

ICR(CD-1) Institute for Cancer Research; Caesarean Derived-1 

IL  Interleukin 

KD Knockdown 

LTD Long-term depression 

LTP Long-term potentiation 

MAPK Mitogen-Activated Protein Kinase 

mBDNF Mature BDNF 

MeCP2 Methyl-CpG-binding protein 2 

MMP Matrix metalloproteinase 

MMP-7 Matrix metalloprotease-7 

mTOR Mammalian target of rapamycin 

NR4A2 Nuclear Receptor Subfamily 4 Group A Member 2 

NSAID Non-steroidal anti-inflammatory drug 

NTRK2 

Neurotrophic tyrosine kinase receptor type 2 (also known as tyrosine kinase receptor B, 

TRKB) 

P or PD Postnatal day 

p70S6K p70 kDa-Ribosomal protein S6 kinase 



xxii 
 

p75NTR p75 kDa-Neurotrophin receptor 

PBS Phosphate-buffered saline 

PI3K Phosphoinositide-3ô-kinase 

proBDNF Precursor brain-derived neurotrophic factor 

PSD-95 Postsynaptic density protein 95 

PTEN Phosphatase and tensin homolog on chromosome ten 

PVDF Polyvinylidene difluoride membrane 

qPCR Quantitative real-time polymerase chain reaction 

RAC RAS-related C3 botulinum toxin substrate 

RAS Rat sarcoma 

RHOA RAS homolog gene family member A 

RT-PCR Reverse transcription polymerase chain reaction 

RTT Rett syndrome 

S6 Ribosomal protein S6 

SD Standard deviation 

SDS Sodium dodecyl sulfate 

SE(M) Standard error (of means) 

Shc Src homology 2 domain containing 

siRNA small interfering Ribonucleic Acid 

SKI-1 Subtilisin-kexin-like isozyme-1 

SNP Single nucleotide polymorphism 

BDNF-T truncated BDNF 

TGF-ɓ Transforming growth factor-ɓ 

TNF- Ŭ Tumour necrosis factor-Ŭ 

TrkA Tropomyosin receptor kinase A 

TrkB Tropomyosin related kinase B 

VGCC Voltage-gated calcium channel 

VPA Valproic acid 

WHO World Health Organization 

 

 

 

 

 

 

 

 

 

 



xxiii 
 

Declaration of Academic Achievement 

This dissertation is presented as one published paper and two publishable manuscripts. 

 

¶ Abdollahi, M., and Fahnestock, M. (2022). NURR1 is not an essential regulator of Bdnf 

in mouse cortical neurons. International Journal of Molecular Sciences, 23(12), 6853. 

 

 

 

 

 

 

 

 

 





xxv 
 

Chapter 1  

Introduction



26 
 

Autism Spectrum Disorder 

1. Definition 

Autism spectrum disorder (ASD) is a heterogeneous group of lifelong neurodevelopmental 

disorders with diverse symptoms. ASD is caused by both hereditary and epigenetic/environmental 

factors (Jick and Kaye, 2003; Landrigan, 2010). While there is robust evidence supporting the 

genetic component of ASD, the exact proportional contribution of epigenetic/environmental 

factors to its aetiology is still unclear (Jick and Kaye, 2003; Landrigan, 2010). Two terms often 

used to describe certain types of ASD are "syndromic" and "idiopathic" (Casanova et al., 2020). 

Syndromic ASD refers to cases where ASD occurs due to known genetic factors (Casanova et al., 

2020). Idiopathic ASD is a type of ASD that has no known cause and is caused by a combination 

of genetic and epigenetic/environmental variables (Casanova et al., 2020). When modeling 

idiopathic ASD in animal models using approaches based on environmental or epigenetic factors, 

the appropriate terms are "ASD environmental animal models" and "idiopathic ASD-like" 

(Casanova et al., 2020). ASD environmental animal models are the preferred term because we are 

aware of the environmental/epigenetic factors that lead to ASD-like phenotypes when modeling 

the disorder in the animals, such as prenatal exposure to drugs. The differences between idiopathic 

autism and syndromic (genetic) autism are not limited to their underlying causes. Idiopathic ASD 

is more complex and heterogenous in representation of symptoms due to its multifactorial nature. 
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2. ASD core characteristics 

Although disorders classified as ASD differ in course, symptom pattern, and level of functioning, 

they are all characterized by two core symptoms: (1) social interaction and social communication 

challenges and (2) restricted and repetitive patterns of behavior/interests/activities. Other related 

symptoms observed in both syndromic and idiopathic ASD include anxiety, seizures, 

hyperactivity, sleep disruptions, and intellectual disability (Faras et al., 2010; Polyak et al., 2015; 

Rivet and Matson, 2011; Van Naarden Braun et al., 2015; Zeidan et al., 2022). 

Social interaction challenges: Children with ASD frequently face difficulties in modalities like 

attention, eye contact, expressing distress, and developing and maintaining friendships. This 

combination of essential abilities enables social engagement, and its impairments pose difficulties 

in creating and maintaining social intercalations, making it the most challenging issue faced by 

children with ASD (Goldsmith and Kelley, 2018). Children with ASD often present with a wide 

range of social skill deficiencies, requiring interventions that are targeted, individualized, and 

flexible (Kasari and Patterson, 2012). Although social difficulties can improve slightly with age 

(Pandina et al., 2020), adolescents with ASD continue to struggle with engaging with peers in 

unstructured situations (Goldsmith and Kelley, 2018).  

Repetitive behaviors and interests: Repetitive behavior is an umbrella term used to describe a wide 

range of behaviors that may appear to be unrelated (Turner, 1999). Repetitive behaviors include 

hand flapping, lining up things, and strict adherence to routines (Turner, 1999). Some repetitive 

behaviors can also be observed in normally developing children. Children with ASD, on the other 

hand, exhibit more intense and frequent repetitive behaviors. For example, stereotyped movements 

and repetitive item arrangement may be particularly important in the ASD. However, there are 
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some other classes of repetitive behavior that are related to locomotor activities, such as 

spontaneous dyskinesias, tics, or repetitive self-injurious behavior which are not especially 

prevalent, severe, or characteristics of ASD.  

Presentation of repetitive behavior in ASD is less noticeable compared to the social behavior 

difficulties and appears to be persistent and stable over time. Repetitive behavior is a major source 

of distress for people living with ASD and interferes with their daily functioning. Therefore, 

understanding the underlying molecular mechanisms is important in diagnosing and promoting 

ASD behaviors (Honey et al., 2007; Turner, 1999). 

 

3. Prevalence 

The prevalence of ASD in United States is recently 1 in 36 (Staff, 2023). In recent decade in 

Canada, especially in Southeastern Ontario, the prevalence of ASD is rising and is currently 1 in 

66 (Chiarotti and Venerosi, 2020; Nohr Dawydiuk, 2021). 

4. Brain anatomy in ASD 

Both syndromic and idiopathic ASD are characterized by similar structural and functional changes 

of various brain regions including, amygdala, and cortical regions like fusiform gyrus and superior 

temporal sulcus (STS), midbrain, and cerebellum (Nomi et al., 2015).  

The amygdala is involved in emotional expression perception (Wang et al., 2014). In ASD, 

structural and functional differences in cortex, notably fusiform gyrus, and STS, are related to 

difficulties in face discrimination, theory of mind perception, identity, and expression recognition 

(Pessoa et al., 2014). The structural and functional differences of midbrain ventral tegmental area 
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(VTA) are associated with repetitive behaviors in ASD (Subramanian et al., 2017). Further, various 

symptoms of ASD including difficulties in motor learning, motor coordination, and language and 

executive functions are related to structural differences of cerebellum (Becker et al., 2013). 

Structural and functional differences in other cortical areas including the orbitofrontal-amygdala 

circuit (Girgis et al., 2007), anterior cingulate cortex (Agam et al., 2010), and medial prefrontal 

cortex (Gilbert et al., 2008) may contribute to the social and language difficulties observed in 

individuals with ASD. 

One important cortical region that is implicated in ASD is fusiform gyrus (Hadjikhani et al., 2004; 

Oblak et al., 2010; Van Kooten et al., 2008). A key function of the fusiform gyrus is facial 

recognition (McCarthy et al., 1997). In ASD, reduced activation of fusiform gyrus is associated 

with diminished ability of individuals in recognizing and interpreting facial expressions that 

contributes to social communication difficulties (Bölte et al., 2006). From ASD post-mortem 

brains, it has been revealed that different cellular architecture of fusiform gyrus may be responsible 

for ASD-related facial recognition differences (Hadjikhani et al., 2004; Oblak et al., 2010; Van 

Kooten et al., 2008). For example, reduced neuron density and mean perikaryal volumes in specific 

layers of the fusiform gyrus were observed in ASD brain (Van Kooten et al., 2008).  

It is essential to emphasize that structural differences in the brains are not consistent across all 

individuals with ASD, and they may be specific to stages of life rather than present throughout all 

age ranges. (Ecker et al., 2015). For example, a study built on structural analysis of brain images 

stored in the ABIDE (Autism Brain Imaging Database Exchange) revealed that enlarged brain and 

gray matter volume in ASD that was also reported by other studies (Carper and Courchesne, 2005; 

Courchesne et al., 2001, 2007) are specific to childhood and absent in adult ASD brain (Riddle et 

al., 2017). This brain enlargement is most prominent in specific brain areas of in 2 4-year-old 
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ASD children including frontal and temporal lobes and the amygdala (Carper et al. 2002; 

Courchesne et al. 2001; Sparks et al. 2002).  

Implicated brain structures in human ASD and ASD animal models may differ, warranting caution 

when designing experiments to ensure appropriate translation of findings. Mice show some levels 

of social behaviors that are like those in humans since they are social animals (Hui et al., 2020). 

However, the brain areas orchestrating these behaviors may differ in human and mice. Fusiform 

gyrus, for example, is not well-defined in non-primate mammals, including rodents. In mice, 

interactions between a network of different brain regions are responsible for social recognition of 

another mouse. Olfactory bulb and several areas of the cortex including piriform cortex (Richter 

et al., 2005), prefrontal cortex, perirhinal cortex, and the entorhinal cortex are part of this network. 

Results from ASD rodent models highlight that these brain areas are involved in ASD (Hui et al., 

2020). 

 

5. Sex differences  

In ASD, there is a sex difference in the prevalence of the condition, which is male-biased (Schaer 

et al., 2015). ASD is more prevalent in males than females, with males having a 4.5-fold higher 

occurrence rate (Redfield et al., 2019). Therefore, it is likely that sex differences play a role in the 

development and symptomatic presentation of the cases of ASD (Schaer et al., 2015; Schuck et 

al., 2019). Some studies showed that males exhibit higher levels of external ASD-related 

behavioral differences (for example, repetitive and social behavior difficulties) and females 

present with more internalizing symptoms (for example, language and communication difficulties) 

(Werling and Geschwind, 2013). As a result, because some ASD symptoms can be disguised in 
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females due to their less disruptive expression, there is a gender bias in diagnosis (Schuck et al., 

2019). Conversely, there is a body of evidence suggesting that there are biological differences in 

sexes including sex-specific gene expression profiles, proteins involved in inflammation (Vargas 

et al., 2005), and hormonal signaling (Werling and Geschwind, 2013). In addition, there are 

reports, especially from studying twins, that suggest sex differences also affect brain structure in 

ASD and cause a subsequent sex-specific clinical severity of certain symptom domains of ASD 

(Baron-Cohen et al., 2005; Cauvet et al., 2019, 2020; VanôT Westeinde et al., 2019). For example, 

female ASD children but not males, show reduced volume of temporal and frontal cortices (Craig 

et al., 2007; Ecker et al., 2017).  

Worthy to mention that from animal studies, we know that males may be more vulnerable than 

females to epigenetic changes that play a role in ASD pathology (Ferri et al., 2018). However, the 

number of such studies is limited due to historical use of male animals in research because they 

were thought to generate more consistent data than females (Wald and Corinna, 2010). However, 

as it is important to understand sex differences in ASD, the present work included both sexes to 

contribute comprehensive insights into this complex disorder.  

 

6. Diagnosis  

 Diagnosis of ASD, whether stemming from genetic causes or epigenetic/ environmental etiology, 

is primarily based on assessment of behavior and functional abilities of the individual. However, 

due to a lack of standalone molecular diagnostic techniques, an accurate diagnosis of the disease 

is challenging as symptoms of ASD differ from one individual to the other and due to changes in 

symptoms across the lifespan. Although there is currently no cure for ASD, early detection of the 

disease can improve the quality of life for ASD individuals in terms of the medical and social 
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services they may receive (Baird et al., 2003). A behavioral-based diagnosis can be made at the 

age of 2-3 years (Baird et al., 2003). Therefore, there is an urgent need for development of accurate 

molecular diagnostic tools like biomarkers to aid ASD diagnosis and treatment. However, 

development of such diagnostic tools is in its initial stages, and future efforts are needed for 

validation of the biomarkers that have shown promising preliminary evidence (Jensen et al., 2022). 

7. Etiology of ASD 

Syndromic ASD has been shown to be associated with hundreds of genes, including those involved 

in synaptic function, neuronal development, neurotransmitter systems, and neurodevelopmental 

pathways, which have been identified as potential contributors to syndromic ASD (Muhle et al., 

2004). Recent studies have revealed that 65 genes (including both de novo and loss-of-function 

mutations) are causative in syndromic ASD (Sanders et al., 2015). Of note, syndromic ASD is 

caused by the interplay of multiple genes including NLGN3, NLGN4, SHANK3, FMR1, NRXN1, 

CNTNAP2, GABRB3, HOXA1, RELN and MET (Muhle et al., 2004; Persico and Napolioni, 2013; 

Szatmari et al., 1998). In addition, copy number variations and single nucleotide polymorphisms 

have also been linked to syndromic ASD (Muhle et al. 2004; Persico and Napolioni 2013). 

However, by further exome sequencing studies, it is estimated that 400 to several hundred genes 

are involved in syndromic ASD vulnerability (Gilman et al., 2011; Ronemus et al., 2014). 

Several environmental risk factors that are linked to idiopathic ASD include maternal exposure to 

chemicals, air pollution, viral infections, maternal stress, and immunological dysfunction during 

pregnancy (Bölte et al., 2018; Szatmari et al., 1998; Taylor et al., 2020). Certain classes of 

medication use (for example antiepileptic drugs) during pregnancy have also been linked to an 

increased risk of idiopathic ASD in offspring (Taylor et al., 2020). In summary, the etiology of 
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ASD is complex, involving a combination of genetic factors and environmental influences that 

contribute to the development of the disorder (Yasuda et al., 2023).  

 

8. Mouse models of ASD 

     ASD genetic animal models:  ASD genetically modified animal models are useful for studying 

the genetic mutations or variations linked to the disorder, as well as potential treatments that target 

a specific ASD-associated signaling pathway (Brown et al., 2018). However, ASD genetic animal 

models may not adequately capture the disorder's heterogeneity and complexity of human disease 

(Ergaz, Weinstein-Fudim, and Ornoy 2016). However, they are helpful to understand the effects 

of a specific genetic manipulation in a controlled environment (Ergaz et al., 2016). 

     ASD environmental animal models: The most common ASD environmental animal models that 

mimic idiopathic ASD include maternal immune activation, maternal exposure to drugs (like 

valproic acid), and early postnatal exposure to stress (Ergaz et al., 2016). In maternal immune 

activation animal models, pregnant animals (rodents and non-human primates) are injected with 

immune-stimulating compounds like lipopolysaccharides or pathogens (viruses or bacteria). 

Neurobiological research investigates the impact of maternal immune activation on ASD-like 

symptoms and fetal brain development in these animals' offspring. This model mimics the effects 

of maternal immunological activation during pregnancy, as found in some cases of human 

idiopathic ASD (Careaga et al., 2017).  

Animal models induced by valproic acid (VPA) are considered relevant for studying molecular 

mechanisms associated with idiopathic ASD. VPA is a short-chained fatty acid (2-propylpentanoic 

acid) used as a mood stabilizer and an antiepileptic drug (Gould et al., 2002). VPA consumption 

during pregnancy increases the risk of neurodevelopmental implications including idiopathic 
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ASD. This condition, also known as fetal valproate syndrome, is manifested by 

neurodevelopmental changes such as craniofacial anomalies, neural tube defects, and major organ 

malformations, as well as social behavior difficulties (Ornoy, 2009). It is confirmed that in utero 

exposure to VPA is responsible for 10% of idiopathic ASD cases (Christensen et al., 2013).  

The choice of ASD-like mouse models indeed hinges on the specific research question at hand. 

For instance, as elaborated further in this chapter, VPA mouse models have been utilized in 

previous studies to investigate the role of TrkB (tropomyosin-related kinase B) in the context of 

idiopathic ASD and were preferred over the immune activation models. 

9. Pharmacological treatments 

Currently, there is no universally efficient treatment for ASD available (Ming et al., 2008). 

Medication treatments currently available for ASD do not cure the core characteristics of ASD. 

There are some available FDA ([US] Food and Drug Administration)-approved ASD drugs for 

general use that manage symptoms such as insomnia and nightmares (Chen et al., 2021; Ming et 

al., 2008), attention difficulties/hyperactivity (Antshel and Russo, 2019), eating disorders (Beygui 

and Cascio, 2022), irritability and aggression (Bartram et al., 2019; Owen et al., 2009), and 

hypercholesterolemia or hyperlipidemia (Osterweil et al., 2013). However, these medications are 

accompanied by undesired side effects. For example, selective serotonin reuptake inhibitors 

including fluoxetine, luvoxamine, and citalopram have been shown to be effective in managing 

anxiety and irritability in adults living with ASD, but they were accompanied by adverse side 

effects in children with ASD (Genovese and Butler, 2020). Other examples include oxytocin 

(Guastella et al., 2022; Huang et al., 2021), bumetanide (Crutel et al., 2021), and vasopressin 

(Parker et al., 2019) that have been shown to be beneficial in promoting social skills (but not ASD-
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related stereotypy) in ASD. These medications cause some side effects in adults, including GI 

problems, anxiety and sleep problems that limit their therapeutic applications in different age 

groups (Parker et al., 2019; Crutel et al., 2021; Aishworiya et al., 2022; Stepanova et al., 2022). 

Therefore, there is an urgent need to focus on finding potential treatments with minimal to no side 

effects that can target core symptom domains including repetitive behavior and social behavior 

difficulties (Hong and Erickson, 2019).  

Another significant aspect often overlooked in the field of ASD pharmacological intervention is 

the significant variation in underlying genetic and molecular mechanisms between syndromic and 

idiopathic ASD. These differences can result in varied responses to treatment. Targeting specific 

molecular signaling pathways for ASD treatment necessitates a nuanced comprehension of these 

distinctions. For instance, a particular molecular pathway may be upregulated in one type of ASD 

and downregulated in another. Hence, distinguishing between ASD types and comprehending the 

molecular underpinnings of each subtype are critical stages in the development of targeted and 

efficacious pharmacological interventions. A notable example is rapamycin, which has 

demonstrated beneficial effects in alleviating symptoms of ASD including social difficulties and 

anxiety (Sato et al., 2022). Rapamycin functions by inhibiting the mechanistic target of rapamycin 

(mTOR) pathway, downstream of TrkB. Since TrkB and its downstream signaling pathways are 

hyper-activated in syndromic ASD, ongoing trials are currently focused on targeting mTOR (Akt-

mammalian target of rapamycin), MAPK (mitogen-activated protein kinase, also known as Erk), 

and RAS (Rat sarcoma) signaling pathways (Baribeau and Anagnostou, 2022). However, in cases 

of idiopathic ASD, where mTOR is hypo-activated (Nicolini et al., 2015), targeting mTOR with 

drugs like rapamycin may not be effective or could potentially be harmful. 
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IGF-1 (Insulin-like Growth Factor 1) is another relevant example in this context. IGF-1 and its 

receptors play crucial roles in the regulation of synaptic events by modulating signaling pathways 

such as Akt (protein kinase B) and Erk (extracellular signal-regulated kinase) (Bramham and 

Messaoudi, 2005). IGF-1, which has been shown to increase synaptic protein levels, is now linked 

with promoting therapeutic outcomes of ASD (Linker et al., 2020; Riikonen, 2016). An analog of 

the IGF-1 molecule is currently FDA approved for therapeutic applications (ClinicalTrials.gov 

identifier: NCT01253317) (Chapleau et al., 2013). However, mRNA and protein expression levels 

of IGF-1 and its receptor remain unchanged in the fusiform gyrus of individuals with idiopathic 

ASD (Cioana et al., 2020).  

10. BDNF, TrkB, and their downstream signaling pathways in ASD 

 

Figure 1. Intracellular signaling cascades induced by BDNF/TrkB are 

involved in spine protein synthesis and actin remodelling at synapses 

[Fahnestock and Nicolini, 2015]. 

 

 

https://clinicaltrials.gov/
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Role of BDNF species in healthy brain  

BDNF has a widespread expression in the developing and adult mammalian brain (Murer et al., 

2001), particularly in regions with a high degree of plasticity, such as the hippocampus and the 

cortex (Tapia-Arancibia et al., 2008). There are strong lines of evidence in favor of BDNFôs central 

roles in neuronal growth (Duman and Monteggia, 2006), development (Duman and Monteggia, 

2006), plasticity (Luikart et al., 2008; McAllister et al., 1999; Vaynman et al., 2003), survival 

(Johnson-Farley et al., 2007), repair (Bawari et al., 2019), hippocampal neurogenesis, and neural 

circuit formation (Baroncelli et al., 2011; Porcher et al., 2018).  

Mature BDNF (119 amino acids, 14 kDa), is generated from a precursor protein called proBDNF 

(32 kDa) by the action of proteolytic enzymes including furin, matrix metalloproteases or plasmin 

[Fig. 2]. ProBDNF is highly expressed in the dorsal root ganglion and cortical neurons (Zhou et 

al., 2004). ProBDNF can also be processed to a truncated form (28 kDa) by mammalian 

subtilisin/kexin isozyme (SKI-1) (Mowla et al., 2001; Seidah et al., 1999). Truncated BDNFôs 

precise biological role is still the topic of active research (Carlino et al., 2011). It is not further 

processed to mature BDNF. Thus, truncated BDNF is considered as a true final proteolytic product 

of proBDNF (Carlino et al., 2012). 

Mature BDNF, like other neurotrophins, binds to two different kinds of receptors: tropomyosin-

related kinase (Trk) family with a high affinity and p75NTR pan-neurotrophin receptor (p75NTR) 

with a lower affinity (Klein et al., 1991). BDNFôs major receptor, TrkB, plays key roles in the 

regulation of neuronal survival, differentiation, and plasticity (Deinhardt and Chao, 2014). It is 

primarily expressed in neurons of the central and peripheral nervous systems (Muragaki et al., 

1995). TrkB is abundantly expressed in neurons of the hippocampus and cortex of the brain 

(McAllister, 2002; Meng et al., 2019; Seil and Drake-Baumann, 2000; Vega et al., 2003). 
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ProBDNF and mature BDNF are both secreted molecules but with distinct and opposite functions 

(Fig. 1) (Borodinova and Salozhin, 2017; Koshimizu et al., 2009; Sun et al., 2012). BDNF 

positively regulates neurite outgrowth and neuronal survival (Sun et al., 2012). proBDNF is 

responsible for synapse elimination (Sun et al., 2012). ProBDNF has a high affinity for p75NTR 

receptors and inhibits neurite outgrowth by activating downstream signaling through a small 

GTPase protein, RhoA (Ras homolog gene family member A) and its effector ROCK (Rho kinase) 

(Sun et al., 2012). ProBDNF is required for long-term depression (von Bohlen und Halbach and 

von Bohlen und Halbach, 2018), neuronal apoptosis (Teng et al., 2005), and regulation of dendritic 

pruning (An et al., 2008). Long-term depression and dendritic pruning shape neuronal circuits in 

response to environmental changes, most notably during postnatal brain development (Henson et 

al., 2017), as well as experience-dependent process like learning and memory throughout 

adulthood (Piochon et al., 2016). Dysregulation of protein synthesis and processing in neurons 

causes an imbalance between synaptic strengthening and weakening (Kelleher and Bear, 2008). 

This phenomenon is known to be a common mechanism underlying both syndromic and idiopathic 

ASD (Chao et al., 2007; Cline, 2005; Dani et al., 2005; Hanson and Madison, 2007). Conversion 

of proBDNF to mature BDNF is highly regulated, since a proper concentration of both mature 

form and proBDNF are crucial for normal brain functions (Garcia et al., 2012). Since both mature 

BDNF and proBDNF have biological roles in function of normal brain, imbalanced ratio of these 

molecules leads to incorrect concentrations of them and contributes to dysfunctional neuronal 

circuits (Egan et al., 2003; Hariri et al., 2003) leading to neuropsychiatric disorders such as ASD 

(Garcia et al. 2012). For example, excess amounts of proBDNF and insufficient amounts of mature 
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BDNF lead to bias toward biological functions such as synaptic pruning and weakening (Egan et 

al., 2003; Hariri et al., 2003).  

In summary, BDNF binds to TrkB and p75NTR receptors with high and low affinity, respectively. 

TrkB plays a key role in neuronal regulation. proBDNF and mature BDNF have distinct functions, 

and a balance between them is required for normal functioning of neuronal circuits. Truncated 

BDNF's precise role is still unclear. This work includes detection and assessment of truncated 

BDNF, as well as proBDNF and the mature isoform, to provide a better understanding of roles of 

BDNF isoforms in different contexts (syndromic and idiopathic ASD). 

Dysregulation of BDNF in idiopathic ASD 

     BDNF isoforms: Our lab has shown increased proBDNF levels and unchanged mature BDNF 

in fusiform gyrus of individuals with idiopathic ASD, as well as decreased truncated BDNF 

(Fahnestock and Nicolini, 2015; Garcia et al., 2012). Further, preliminary results suggest that SKI-

1 (the enzyme responsible for processing of proBDNF to truncated BDNF) mRNA is decreased in 

idiopathic ASD fusiform gyrus versus controls, while there is no significant change in furin mRNA 

levels (unpublished data). These findings suggest dysregulation of BDNF species in idiopathic 

ASD at post-translational levels.  

In summary, BDNF dysregulation in idiopathic ASD involves an imbalance between different 

BDNF isoforms through potential post-translational changes that negatively impact normal brain 

functions. These findings, in general, suggest that proBDNF processing may be the key player in 

idiopathic ASD etiology. 

      BDNF mRNA:  Garcia et al. 2012 showed that there are no changes in BDNF mRNA levels in 

fusiform gyrus between healthy controls and people with idiopathic ASD (Garcia et al. 2012). In 
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line with this human study, in environmental ASD mouse models that resemble idiopathic cases 

of ASD, in utero exposure to VPA caused an increase in mRNA levels of BDNF in fetal whole 

brain shortly after exposure (Almeida et al., 2014a; Konopko et al., 2017). However, there was a 

decrease in BDNF mRNA observed in the somatosensory cortex of young adult VPA mice, but 

not in the hippocampus (Roullet et al., 2010). In VPA rats, increased levels of hippocampal BDNF 

mRNA and activation of its upstream transcription factor phospho-CREB (cAMP response 

element-binding protein) was reported (Gao et al., 2016). BDNF has a complex structure with 

multiple exons, regulatory sites, and promoters each responding to different sets of regulatory 

proteins in specific tissues in a context-dependent manner (Bishop et al., 1994; Tapia-Arancibia et 

al., 2004; Timmusk et al., 1993). Therefore, the inconsistency between these findings may be due 

to the tissue-specific nature of Bdnf regulation (Aid et al., 2007). In summary, BDNF mRNA levels 

in ASD show inconsistency across brain regions, species, and developmental stages, reflecting 

complex regulation.  

     NURR1:  Also known as NR4A2 (HZF-3, RNR1, NOT, and TINUR) is one of the three 

members of the orphan nuclear receptor subfamily 4, group A (nuclear receptor subfamily 4A; or 

NR4A). The NR4A family members are considered as orphan nuclear receptors because the 

endogenous ligands of these receptors are not identified. NURR1 is crucial for the neurogenesis 

(Chen et al., 2001), differentiation and maintenance of gene expression of midbrain dopaminergic 

(mDA) neurons (Lallier et al., 2016), both during development and in adult life (Bannon et al., 

2004; Eells et al., 2002; Zetterström et al., 1997a). NURR1 is also expressed in brain regions 

unrelated to DA neurons, including the hippocampus and cerebral cortex (both important in 

learning and memory). This suggests that NURR1 may play functional roles beyond those in DA 

neurons (Xiao et al., 1996; R. Zetterström et al.,1996). Recent studies suggest that NURR1 
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expression, especially in the hippocampus, is critical for synaptic plasticity and other 

hippocampus-dependent cognitive functions (Bridi et al.,2013). Altogether, these findings support 

the role of NURR1 for normal brain function and development.  

Only a few NURR1 regulated genes have been identified thus far, which include neural plasticity-

related genes, notably BDNF (Hawk et al., 2012.; Volpicelli et al., 2007). A study used genome

wide expression profiling in primary cultures of rat midbrain, enriched in DA neurons which 

control movement and emotional behavior. Following up regulation of NURR1 expression by 

depolarization, transcriptional profiling of NURR1 and BDNF expression in vitro and in vivo 

revealed that midbrain BDNF mRNA increases following the NURR1 expression peak Volpicelli 

et al. 2007). Also, in rat midbrain neurons, following NURR1 specific gene silencing, BDNF 

mRNA and protein expression levels are reduced, suggesting that in these neurons BDNF is a 

downstream target of NURR1 (Volpicelli, Caiazzo, Greco, Consales, Leone, Perrone-Capano, 

Colucci Dôamato, et al., 2007). Another study showed that Bdnf upregulation is a consequence of 

CREB-dependent NURR1 activation in primary cultures of rat cerebellar granule cells (CGCs) 

and that NURR1 is responsible for n-methyl-D-aspartic acid (NMDA)-mediated increases in 

BDNF (Barneda-Zahonero et al., 2012). Also, NURR1 expression is regulated by CREB in non-

neuronal and in neuronal cells (Darragh et al., 2005; McEvoy et al., 2002; Ravnskjaer et al., 2007). 

Treatment of CGC cultures with NMDA produces a time-dependent increase in the 

phosphorylation levels of phospho-Ser133-CREB and CREB binding to the NURR1 promoter. 

Equally, reducing CREB levels leads to a reduction in NURR1 promoter activity as well as 

decreased NURR1 protein expression in NMDA-treated neurons (Barneda-Zahonero et al.,2012). 

Silencing of NURR1 leads to a decrease in BDNF protein levels and a reduction of NMDAôs 

neuroprotective effect. Accordingly, these observations provide support for the model that 
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NMDA promotes the binding of NURR1 to certain Bdnf promoters (Barneda-Zahonero et al., 

2012).  

In general, these findings indicate that NURR1 is an upstream regulator of BDNF in midbrain 

dopaminergic neurons, and cerebellar granule cells. However, BDNF expression is highly cell-

and tissue-specific and is regulated by different sets of transcription factors in a specific tissue 

(Aid et al., 2007). While NURR1 is associated with BDNF regulation in midbrain neurons, the 

specific role of NURR1 in regulation of BDNF in the cortex is not yet well-established. The present 

work attempts to expand our understanding of the regulation of Bdnf by NURR1 in cortical 

neurons. Recent data support the involvement of NURR1 in syndromic ASD (Guo et al., 2019), 

emphasizing the need to further explore the interplay between NURR1, BDNF, and ASD, 

particularly in cortical neurons, to gain a better understanding of the underlying molecular 

mechanisms. 

The midbrain, caudate nucleus, and striatum play important roles in the dopaminergic pathway 

(Hu et al. 2014). Striatal NURR1 is related to both types of ASD. There are differences in the 

structure and function of the striatum in individuals with ASD (Fuccillo, 2016). For example, in 

ASD, weaker connections are formed between the striatum and several regions of the cortex 

involved in social communication (Langen et al., 2011). In idiopathic-like VPA-exposed mice, 

and associated with ASD-related social deficits, striatal NURR1 is increased (Kim et al., 2022). 

Further, individuals with syndromic ASD have larger striatal volumes as they age, with the 

increased volume of the caudate nucleus associated with repetitive behavior (Langen et al., 2011). 

There are also links between NURR1, BDNF, and ASD pathology within midbrain and 

cerebellum. NURR1 regulates bdnf expression in dopaminergic neurons, which are located 

primarily in the midbrain ventral tegmental area (Koo et al., 2015), and cerebellar granule cells 
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(Barneda-Zahonero et al., 2012). The evidence suggests a role of cellular and molecular 

imbalances both in midbrain and cerebellum in ASD pathology (Brambilla et al., 2003). Several 

functional and structural studies have suggested a role for midbrain and cerebellum in ASD 

(Becker and Stoodley, 2013; Freeman et al., 2018; Hashimoto et al., 1991). Particularly, the 

midbrain ventral tegmental area plays a key role in the processing of social reward such as social 

interaction and affiliation (Gil et al., 2013). 

Striatum, midbrain, and cerebellum communicate with cortex and hippocampus through afferent 

(incoming) and efferent (outgoing) neural pathways (Beitz, 1982; Fabbro, 2000; Smith et al., 

1994). Altered connectivity between different brain regions and cortical areas has been reported 

in ASD (Rane et al., 2015). Individuals with ASD have reduced activity in certain regions of their 

cortex when processing social information such as facial expressions and eye gaze (Hadjikhani et 

al., 2017; Zilbovicius et al., 2006). The role of NURR1 in the regulation of BDNF signaling 

pathways and ASD in cortical neurons has not been investigated.  

In summary, from recent studies, we know that NURR1 transcription factor plays functional roles 

beyond those in DA neurons (Voss et al., 2013; Xiao et al., 1996; Zetterström et al., 1996) and in 

different brain regions, including cortex (Rojas et al., 2010). Despite the importance of cortex in 

ASD and ASD mouse models, the role of NURR1 in tissue-specific regulation of BDNF has not 

been investigated previously. Investigating the regulation of BDNF in cortical regions is required 

to provide a better understanding of how NURR1 may contribute to ASD-related symptoms and 

behaviors through regulation of potential downstream signaling pathway such as BDNF and TrkB. 

The present work attempts to address this critical knowledge gap by investigating the role of 

NURR1 in in Bdnf regulation specifically in cortical regions. 
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Role of TrkB species and downstream signaling in healthy brain 

TrkB has different splice variants, including full-length receptors (TrkB-FL) and the truncated 

isoforms, TrkB-T1 and TrkB-Shc (Cao et al., 2020). Binding of BDNF to TrkB-FL leads to 

autophosphorylation of the receptor and exposure of the binding domains for phospholipase C 

gamma (PLCɔ), and proto-oncogene tyrosine-protein kinase Src homology 2 domain containing 

(Shc), suc1-associated neurotrophic factor target (SNT) protein, and growth factor receptor-bound 

protein 2 (GRB2) (Cao et al., 2020) and downstream signaling pathways including 

PI3K/Akt/mTOR, Erk, and Eps8 [Fig. 1] (Fresno Vara et al., 2004; Hers et al., 2011; Wang et al., 

2017). The truncated forms of TrkB (TrkB-T1 and TrkB-Shc) lack kinase activity, cannot bind to 

PLC, and do not activate canonical downstream signaling pathways including PI3K/Akt and 

MAPK cascades (Eide et al., 1996; Haapasalo et al., 2001). Formation of TrkB-FL TrkB-T1 

heterodimer does not lead to cross-autophosphorylation of TrkB-FL. However, TrkB-T1 and 

TrkB-Shc can bind and internalize BDNF (Eide et al., 1996; Haapasalo et al., 2001). TrkB-T1 can 

sequester BDNF and store it in transport vesicles. Therefore, the truncated isoforms act as negative 

regulators of TrkB-FL signaling in response to BDNF binding (Carim-Todd et al., 2009; Vidaurre 

et al., 2012). However, findings suggest TrkB truncated isoforms may mediate ligand-dependent 

signal transduction via unknown non-canonical signaling pathways (Baxter et al., 1997). TrkB-

Shc is the least investigated TrkB species (Wong and Garner, 2012). However, existing findings 

suggest that TrkB-Shc encoding mRNA is decreased in the fetal brain of ASD-like mouse model 

(Almeida, Roby, and Krueger 2014). 

Changes in TrkB isoforms manifest in downstream signaling pathways, including PI3K-Akt and 

MAPK/Erk that play crucial roles in brain development and neuronal functions (Fig. 1). The PI3K-

Akt signaling pathway regulates cellular processes such as survival, proliferation, growth, and 
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motility in response to extracellular signals and is essential in brain normal development (Fresno 

Vara et al., 2004; Hers et al., 2011; Wang et al., 2017). When PI3K is activated, it catalyzes the 

phosphorylation of the phosphatidylinositol (PI) lipids and generation of PI (3,4) P2 and PI (3,4,5) 

P3 in the cell. Increased concentrations of PI (3,4) P2 and PI (3,4,5) P3 creates a gradient of these 

phosphoinositides that recruit proteins that have a pleckstrin homology (PH) domain such as Akt 

and PDK1(3-phosphoinositide-dependent protein kinase 1) (Fresno Vara et al., 2004). Activated 

Akt plays a key role in neuronal growth by phosphorylating and inactivating different substrates. 

For example, Akt phosphorylates and activates a downstream signaling molecule, mTOR (the 

serine/threonine protein kinase mammalian target of rapamycin). mTOR regulates a variety of 

neuronal processes, such as size of neurons, protein synthesis in dendrites, and synaptic plasticity 

(Jaworski et al., 2005).  

MAPK/Erk signaling pathway is crucial in neurodevelopment due to its key roles in regulation of 

neurogenesis and neurite outgrowth (Blüthgen et al., 2017; Ortuño-Sahagún et al., 2014). Upon 

binding of BDNF to TrkB-FL, Erk/2 as the major protein hub of the cascade is activated (Innocenti 

et al., 2002). TrkB-FL phosphorylation promotes the docking of guanine nucleotide exchange 

factors such as SOS1 (Innocenti et al., 2002). RAS is then activated by the docked SOS1 via GDP-

GTP exchange. RAS causes the phosphorylation of downstream targets in the MAPK signaling 

pathway, Raf-MEK1/2-Erk. Raf phosphorylates and activates MEK1 and MEK2, which are dual-

specificity kinases that can be phosphorylated at serine/threonine and tyrosine residues. MEK1/2 

then activates Erk1/2. When Erk1/2 is activated, it can phosphorylate a Ser/Thr residue followed 

by a proline in a variety of targets including several transcription factors, signaling mediators, and 

protein kinases (Pearson et al., 2001). Erk1/2 controls a variety of neurodevelopmental and 
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physiologic activities including neuronal differentiation, plasticity, cell proliferation, and neuronal 

survival by acting on different downstream molecules (Hetman et al., 2000; Iroegbu et al., 2021).  

Another signaling molecule that is activated downstream of TrkB and PI3K is epidermal growth 

factor receptor substrate 8 (EPS8). EPS8 is abundantly expressed in the prefrontal cortex, 

hippocampus, amygdala, and cerebellum (Sekerková et al., 2007). Through protein-protein 

interactions, EPS8 forms protein complexes that transduce signals from Erk1/2 and PI3K signaling 

to the downstream molecules such as RAC (Innocenti et al., 2003). EPS8 binding sites for protein-

protein interactions include an N-terminal phosphotyrosine-binding domain, a central Src 

homology 3 domain and a C-terminal effector domain (Di Fiore and Scita, 2002). EPS8 is 

necessary for a variety of neuronal functions including dendritic spine formation, formation of 

axonal filopodia, and activity-mediated synaptic plasticity (Menna et al., 2009; Stamatakou et al., 

2013). 

In summary, truncated and full-length variants of TrkB receptor regulate brain development. 

BDNF activates PI3K/Akt/mTOR, Erk, and EPS8 pathways through TrkB-FL, while truncated 

forms modulate TrkB-FL signaling. These pathways play vital roles in neuronal functions and 

neurodevelopment. 

Dysregulation of TrkB and its downstream signaling in ASD 

Imbalance in TrkB downstream signaling molecules correlates with both syndromic and idiopathic 

ASD prevalence and severity. It has been shown that inactivating mutations of the negative 

regulators of mTOR and the MAPK pathways, such as FMRP, NF1, PTEN, and TSC1/2 are 

responsible for high prevalence of syndromic ASD (Kelleher and Bear, 2008). Similarly, 

hyperactivation of some other proteins belonging to these signaling pathways including p-eIF4E, 
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rpS6, Erk1/2, and p-MNK1 correlate positively with severity of symptoms in humans (Rosina et 

al., 2019). Furthermore, genetic mutations of proteins belonging to the PI3K/Akt/mTOR signaling 

pathway (such as PTEN, PIK3CA, PIK3R2, mTOR, CCND2, and PPP2R5D) are associated with 

brain volume overgrowth, also observed in syndromic ASD (Yeung et al., 2017). In contrast to 

syndromic ASD, TrkB signaling pathways through BDNF is decreased in idiopathic ASD. Our lab 

has also shown that TrkB and the effector molecules of the PI3K/Akt/mTOR signaling pathway 

downstream of TrkB and BDNF are downregulated in idiopathic ASD (Nicolini, 2016; Nicolini 

and Fahnestock, 2018). We showed that in fusiform gyrus of idiopathic ASD individuals, reduced 

protein levels of TrkB-FL isoform are present (Nicolini et al. 2015). This decrease is at the post-

transcriptional level, suggesting that molecular mechanisms like RNA binding proteins and 

miRNA may play a role in TrkB-FL regulation in ASD. Beside the changes of TrkB isoforms, 

TrkB downstream signaling is also dysregulated in human ASD as well as animal models (Nicolini 

et al. 2015). The findings of our lab showed that PI3K, Akt, phosphorylated and total mTOR, 

p70S6 kinase, and eIF4B were reduced at the protein level in the postmortem fusiform gyrus of 

individuals with idiopathic ASD (Nicolini et al. 2015). Furthermore, phosphorylated, and total 

Akt, mTOR, and 4E-BP1, as well as phosphorylated S6 protein, were decreased in the VPA-

exposed rat neocortex (Nicolini et al. 2015). Also, the results showed the BDNF/TrkB signaling 

changes present in postmortem idiopathic ASD fusiform gyrus are associated with reductions in 

PSD-95 and EPS8 (Menna et al. 2013). PSD-95 is an excitatory postsynaptic marker and EPS8 is 

an actin-capping molecule that controls spine stability and filopodial motility in response to BDNF 

(Hertzog et al., 2010; S. Kim et al., 2006). Rodent models of ASD have similar TrkB signaling 

changes as human ASD. Mice deficient in the signaling molecule EPS8 exhibit ASD-like behavior 

as well as synaptic deficits (Menna et al, 2013). In VPA-exposed rats decreased p-Akt/Akt 
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expression ratio was reported when whole brain was used (Gao et al., 2016). In VPA-exposed 

mice, increased p-Akt levels in the cerebral cortex and hippocampus compared to control group 

were reported (Yang et al., 2016). The differences in results between these studies could be 

attributed to several factors, including different brain tissues and species differences. These studies 

in general indicate that TrkB and its downstream signaling cascades are involved in idiopathic 

ASD, affecting synaptic function and behavior. The study of altered TrkB downstream signaling 

in the mouse VPA cortex is of utmost importance for understanding ASD pathogenesis. By 

investigating the alterations in TrkB downstream signaling pathways within specific cortical 

regions affected by VPA exposure, we can uncover important contributors to ASD pathogenesis 

and potentially identify novel therapeutics, such as specific agonists targeting the TrkB receptor. 

In summary, the role of TrkB downstream signaling molecules such as Akt, PI3K, mTOR, and 

Erk1/2 has been revealed from studying the idiopathic ASD brain (Nicolini 2016; Nicolini et al. 

2015). Nevertheless, our acquired knowledge from idiopathic ASD human brains and ASD 

environmental rodent models is limited when it comes to the role of TrkB signaling and its 

regulation at different levels including molecular (e.g., post-translational mechanisms like isoform 

processing and involved transcription factors), cellular (e.g., synaptic morphology, cell type- and 

tissue-specific regulation of BDNF and TrkB), and behavioral (correlation between ASD/ASD-

like behavior and involved molecular and cellular mechanisms). Overall, these gaps in knowledge 

highlight the need for further research to explore the molecular, cellular, and behavioral aspects of 

TrkB signaling in idiopathic ASD.  
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Investigating TrkB in VPA mouse models 

In response to VPA in utero exposure, axonal remodelling and several signaling pathways, 

including AKT/mTOR, WNT, ɓ-catenin-RAS-Erk-p21, and GABA signaling pathways, are also 

dysregulated (Taleb et al., 2021) leading to altered synaptic plasticity and connectivity, as well as 

changes in neurotransmitter signaling. Further, VPA-induced oxidative stress and inflammatory 

responses may contribute to the development of ASD-related behaviors (Matsuo et al., 2020). 

However, not all VPA-exposed children with idiopathic ASD will develop these differences. The 

risk and severity of outcomes of VPA exposure may be affected by factors such as VPA dosage 

and timing during pregnancy, as well as individual genetic and environmental factors (Zhang et 

al., 2012).  

In rodents, all offspring in the litter that were prenatally exposed to VPA show ASD-like 

phenotypes including social interaction challenges and stereotyped, repetitive behavior (Nicolini 

and Fahnestock, 2018). VPA rodent models exhibit both face and construct validity (resemblance 

to human idiopathic ASD in underlying causes and symptoms). Like all the other animal models 

in general, VPA rodents do not completely mirror the human disease. However, these models are 

essential to perform experimental manipulations (e.g., test of drugs) that cannot be carried out in 

human subjects (Nicolini and Fahnestock, 2018). In our lab, a VPA mouse model was generated 

by applying 500 mg/kg VPA intraperitoneal injection in young primiparous CD1 mice (Nicolini, 

2016). The data extracted from this study were accompanied by technical and methodological 

issues. The maternal challenge with VPA did not negatively impact sociability in male offspring 

(three-chamber sociability test) or digging activity/repetitive behavior in female offspring (marble-

burying test). Therefore, to achieve reliable results, it is important to detect and subsequently 

resolve confounding factors that may influence the success of the VPA mouse model as a platform 
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to study idiopathic ASD. In summary, VPA use during pregnancy increases idiopathic ASD risk 

in human offspring, affecting neurodevelopment and signaling pathways, but outcomes vary due 

to dosage, timing, genetics, and environment. Similarly, prenatal VPA exposure in rodents leads 

to ASD-like behaviors, but further refinement of VPA mouse models is necessary for reliable 

results.  

Besides well-known factors such as the strain of mice and dosage of treatment, there are less 

studied confounding effects that can pose a threat to successful autism mouse modeling. 

Adolescent pregnancy and lack of parity is associated with poor maternal care, small litter, and 

overfeeding of offspring that may negatively impact offspring physiology and behavior (Mooney-

Leber and Brummelte, 2017; Salari et al., 2018; Tanaka, 1998). These factors can complicate 

reliable ASD mouse modeling with VPA due to unknown effects on health and behavior. Despite 

the importance of maternal factors, the topic is neglected when modeling human disorders in mice 

which represent a significant knowledge gap in the field of ASD, highlighting the need for further 

investigation and exploration. The present work attempts to optimize Nicolini 2016 work by 

modulating a variety of factors including strain, VPA dosage, maternal factors including parity 

and age, as well as using more sensitive behavioral tasks to assay social behavior. Further, we 

include both sexes to better understand the presence or absence of sex differences in ASD-like 

behavior and BDNF and TrkB signaling pathways. 

For years, understanding the connection between the etiology of ASD and ASD-related behavior 

and symptoms has been an interest of researchers in the ASD field of study. In ASD brain, there 

are observed disturbances in synaptic connectivity and functions (Grabrucker, 2013). Synaptic 

processes in the brain, including formation, differentiation, repair, connectivity, and function are 

regulated through different signaling pathways but are heavily dependent upon neurotrophies, 
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notably BDNF (Bramham and Messaoudi, 2005). Dysregulation of BDNF, its receptor TrkB, and 

their downstream signaling pathways are related to the altered neural connectivity, and brain 

development characterized in individuals with ASD (Hetman et al., 2000; Linker et al., 2020; 

Miyazaki et al., 2004; Poduslo and Curran, 1996; Robinson-Agramonte et al., 2022; Sahay et al., 

2020). Binding of BDNF to TrkB receptors supports brain connectivity via PI3K-Akt-mTOR and 

Erk signaling pathways (Linker et al., 2020).  

Correcting alterations of TrkB signaling pathway: role of LM22A-4:  

TrkB is a receptor tyrosine kinase that binds to brain-derived neurotrophic factor (BDNF) (Klein 

et al., 1989). LM22A-4 ((N,Nô,Nô-tris [2-hydroxyethyl])-1,3,5-benzene tricarbox-amide) is a 

BDNF loop 2 domain mimetic and partial TrkB agonist. LM22A-4 phosphorylates TrkB and 

activates multiple downstream targets both in vivo and in vitro (Kajiya et al. 2014a; Massa et al. 

2010; Pardridge, Kang, and Buciak 1994). The loop 2 domain of BDNF is the binding domain for 

TrkB (Fletcher and Hughes, 2006). LM22A-4 mimics BDNF loop 2 and can selectively and 

specifically target the TrkB receptor at nanomolar affinity, without binding to TrkA or TrkC 

(Massa et al. 2010). Induction of prosurvival processes through MAPK and Akt signaling 

pathways by LM22A-4 in neurons (Massa et al. 2010; Yu and Wang 2015) and non-neuronal cells 

(Kajiya et al., 2014; Nguyen et al., 2019) has been reported previously. LM22A-4 increases 

survival of TrkB-transfected cells and cultured mouse hippocampal neurons through activation of 

MAPK and Akt signaling pathways (Massa et al. 2010). RTT or Rett syndrome is also known as 

a prototypical neurodevelopmental disorder that can provide general information about both 

syndromic and idiopathic ASD (Neul, 2012; Percy, 2011). RTT is classified as one form of 

syndromic ASD but shares similarities to idiopathic ASD such as heterogeneity in symptoms 
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(Neul, 2012; Percy, 2011) and impaired TrkB signaling pathways (Schmid et al., 2012). In 

hippocampi of LM22A-4-treated RTT-like mouse model (Mecp2 heterozygous mice), MAPK and 

PLCɔ cascades are upregulated (Li et al., 2017). These molecular changes are also consistent with 

increased hippocampal BDNF, hippocampal-dependent memory, and rescue of hippocampal long-

term potentiation (Li et al., 2017). Comparable results are reported in mouse models of spinal cord 

injury (Yu and Wang, 2015). Beside increased neuron survival through TrkB, Akt and MAPK 

phosphorylation, LM22A-4 also reduced apoptosis by suppressing the expression of cleaved 

caspase-3 and increased the expression of anti-apoptotic protein BCL-2 (G. Yu and Wang, 2015). 

In summary, from Mecp2 heterozygous mice, we know that LM22A-4 has already demonstrated 

its potential to activate TrkB and its downstream signalling (in vivo) (Kajiya et al. 2014). However, 

the effects of this TrkB agonist on TrkB signaling pathways is missing the context of 

environmental ASD-like mouse models that mimic human idiopathic ASD. The present work 

investigates the effects of LM22A-4 in VPA mouse model to obtain better mechanistic insights 

about the causative role of TrkB and its signaling pathways in non-syndromic ASD. Including 

LM22A-4 in idiopathic ASD research allows us to investigate the specific molecular mechanisms 

through which downregulated TrkB signaling causes ASD-related behavior. Further, if LM22A-4 

proves to be effective in improving ASD-related behavior such as social behavior difficulties and 

excess repetitive behavior, it opens new windows to development of novel pharmaceutical 

interventions that modulate TrkB signaling pathways. Also, assessing the effects of LM22A-4 on 

TrkB signaling in idiopathic ASD helps us to better understand the complex interplay between 

molecular signaling pathways and the behavioral manifestations of ASD.  
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Purpose and Scope of the Present Work  

Besides well-known factors such as the strain of mice and dosage of treatment, there are less 

studied confounding effects that can pose a threat to successful autism mouse modeling. 

Adolescent pregnancy and lack of parity is associated with poor maternal care, small litter, and 

overfeeding of offspring that may negatively impact offspring physiology and behavior (Mooney-

Leber and Brummelte, 2017; Salari et al., 2018; Tanaka, 1998). These factors can complicate 

reliable ASD mouse modeling with VPA due to unknown effects on health and behavior. Despite 

the importance of maternal factors, the topic is neglected when modeling human disorders in mice 

which represent a significant knowledge gap in the field of ASD, highlighting the need for further 

investigation and exploration. The present work attempts to optimize Nicolini 2016 work by 

modulating a variety of factors including strain, VPA dosage, maternal factors including parity 

and age, as well as using more sensitive behavioral tasks to assay social behavior. Further, we 

include both sexes to better understand the presence or absence of sex differences in ASD-like 

behavior and BDNF and TrkB signaling pathways.  

 

Purpose and Scope of the Present Work  

1. Hypotheses 

(1) Offspring of fully sexually developed dams with a previous history of pregnancy and 

motherhood compared to the offspring of young and primiparous mothers have advantageous 

developmental, and health characteristics that promote their normal social behavior. Further, 

comparing offspring of sexually developed dams with and without previous pregnancy and 

motherhood experience can provide valuable insights into the effects of maternal parity on 

offspring development, social behavior, and health outcomes. 
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(2) LM22A-4 restores ASD-like behavior and alterations in BDNF/TrkB signaling pathways in 

the VPA mouse model.  

(3) NURR1 has a role in ASD by regulating cortical BDNF. 

 

2. Specific aims 

Specific aim 1: Determines the influence of maternal age and parity on neurodevelopment, health, 

and behavior of offspring. The result of this study is specifically important in the context of 

obtaining reliable mouse models, especially for studying disorders that focus on social behavior, 

including ASD. By ruling out the role of potential confounders such as maternal age and parity, 

we can identify the optimal conditions for breeding mice that will yield healthy offspring usable 

for mouse modeling. Understanding the influence of maternal age and parity on 

neurodevelopment, health, and behavior of offspring is also crucial for our next specific aims and 

studies similar to our work, mainly for two reasons. It helps establish a reliable and valid control 

group of healthy mice whose health and behavior are not masked by the negative confounding 

effects of maternal factors. Since these mice serve as a reliable baseline for comparison with the 

VPA groups, we can accurately assess and interpret the social behavior deficits observed in the 

ASD-like groups. Further, specifically in the case of VPA administration, the findings from this 

specific aim enable the creation of accurate ASD-like mouse models that exhibit behavioral and 

neurodevelopmental characteristics associated with VPA and not solely as an artifact of maternal 

factors. In general, we specifically aim to examine gestational outcomes in different age and parity 

groups of mice, evaluate offspring development during early postnatal days, and assess various 

behavioral parameters such as anxiety-like behaviors, locomotor activity, social and repetitive 
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behavior, and olfaction in the offspring. The ultimate goal is to understand the interactions between 

maternal age and parity to consider them as confounding factors when breeding mice for 

behavioral studies. Our results enhance the translatability and relevance of findings in ASD mouse 

modeling studies. 

Specific aim 2: Investigate the effect of LM22A-4 on ASD-like core behaviors and on the BDNF 

and TrkB downstream signaling pathways in the VPA mouse model. Investigates the effect of 

LM22A-4 on alleviating ASD-like core behaviors and on BDNF/TrkB signaling pathways in the 

offspring of VPA-injected dams. Given the differences in the etiology of syndromic and idiopathic 

ASD, investigating its underlying molecular mechanisms is crucial. In syndromic ASD, TrkB 

signaling pathways are hyper-activated, while in idiopathic ASD, they are hypo-activated. 

Rapamycin has shown promising results in improving ASD-like behaviors by inhibiting abnormal 

activation of the mTOR pathway downstream of TrkB. In contrast, rapamycin use in idiopathic 

ASD cases may not yield positive outcomes. In cases of idiopathic ASD where mTOR signaling 

may be hypo-activated, targeting mTOR with drugs like rapamycin may not be effective or could 

potentially be harmful. Similarly, IGF-1 has been shown to improve symptoms associated with 

syndromic ASD by acting through the Akt and Erk signaling pathways. It has been shown that  

mRNA and protein expression levels of IGF-1 and its receptor remain unchanged in the idiopathic 

ASD fusiform gyrus, a brain region important in the regulation of social behaviors, notably face 

recognition, related in ASD.  

TrkB is a prime candidate that is involved in idiopathic ASD. The links between TrkB and 

idiopathic ASD are deduced from correlational studies. For example, TrkB and its downstream 

signaling pathways are hypo-activated in the idiopathic ASD fusiform gyrus. Therefore, activating 

TrkB with its agonist, LM22A-4, expands our understanding about the causative role of TrkB in 
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idiopathic ASD pathology. By exploring the efficacy of LM22A-4 in mitigating ASD-like 

symptoms and molecular mechanisms in the cortex VPA mouse model, our study aimed to 

establish a causal link between TrkB signaling deficits and idiopathic ASD. Unlike genetic mouse 

models of ASD, VPA mouse models are built on environmental/epigenetic causes that resemble 

idiopathic cases of ASD in etiology. We chose to study the TrkB-related molecular events within 

the cortex of these mice as the fusiform gyrus is not well-defined in rodents. 

To this end, pregnant C57Bl/6N mice are injected intraperitoneally (i.p.) with valproic acid or 

saline on embryonic day 12.5. At weaning (PD22), offspring from different litters are allocated to 

four experimental groups, differing in prenatal and postnatal treatments: Prenatal exposure 

includes VPA (600 mg/kg, i.p.) or the vehicle (saline). Postnatal exposure includes LM22A-4 (50 

mg/kg, i.p.) or vehicle (saline) once daily from weaning day until sacrifice. Previously, in RTT-

like Mecp2 deficient mice, it was shown that a dose of 50 mg/kg LM22A-4 activated TrkB and its 

downstream signaling protein, Akt, accompanied by improved phenotypic representation of RTT, 

including respiratory function (Schmid et al., 2012). Further, Nicolini (Nicolini, 2016, doctoral 

dissertation) demonstrated that in mice, 50 mg/kg LM22A-4 treatment (15 days: PD20ï35) 

restored sociability and reduced repetitive and, in combination with behavioral enrichment, 

improved TrkB signaling deficits. 

Behavioral assays include tests of anxiety (step-down test on postnatal days [PD] 29), repetitive 

behavior (marble-burying on PD31), sociability and locomotor activity (3-chamber test on PDs 

32-33), and olfaction (buried food-seeking test on PD34). BDNF and TrkB isoforms, as well as 

the levels of phosphorylated and total Akt and Erk proteins, are analyzed via Western blotting in 

the temporal/parietal neocortices on PD37. We expected to observe that Erk and Akt signaling to 

be downregulated in cortices of VPA exposed mice. Studies using animal models exposed to VPA 
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have revealed extensive brain structural differences at cellular levels (Nicolini et al., 2018). For 

example, exposure to VPA at day 12.5 of gestation led to a reduction in neuronal cell number in 

the prefrontal and somatosensory cortices in murine embryos (Kataoka et al., 2013). These 

alterations serve as indicators of downregulation of neurotrophic factors including BDNF and 

dysregulated downstream signaling pathways, such as Erk and Akt (Kim et al., 2006). Of note, 

Nicolini et al., 2015 reported that VPA-exposed rats exhibit decreased activation of key proteins 

involved in the Akt/mTOR pathway, including Akt itself, mTOR, 4E-BP1, and S6. LM22A-4, 

being a TrkB agonist, was anticipated to activate the TrkB receptor and subsequently stimulate 

downstream signaling pathways, including Akt and Erk. By activating these pathways, LM22A-4 

treatment may counteract the adverse effects of VPA exposure on neuronal signaling and function. 

The goal of this specific aim is to investigate the behavioral effects of VPA prenatal exposure and 

the potential rescue of these effects through the administration of the TrkB agonist LM22A-4. 

Additionally, the study analyzes TrkB signaling pathways, including Erk and Akt, to understand 

the molecular mechanisms underlying the observed behavioral changes in response to VPA 

prenatal exposure and the potential rescue by LM22A-4 treatment. The goal is to determine if TrkB 

agonist treatment can mitigate the behavioral and molecular changes (TrkB signaling pathways) 

induced by VPA exposure, providing insights into the causative role of TrkB signaling in 

idiopathic ASD. By investigating the effect of LM22A-4 on BDNF and TrkB and their signaling 

pathways, we aim to understand how the activation or modulation of TrkB influences ASD-related 

behavior. Since LM22A-4 is a specific agonist of TrkB, the result of this aim helps us to understand 

the role of TrkB signaling at molecular and behavioral levels in idiopathic ASD, beyond an 

association found in previous studies. This specific aim involves the assessment of protein levels 

of TrkB signaling hub molecules, including Erk1/2 and Akt. 
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Specific aim 3: Investigates the relationship between NURR1 and BDNF expression in mouse 

primary cortical cell culture: This aim seeks to elucidate the molecular mechanisms that regulate 

the BDNF/TrkB pathway in idiopathic ASD. We aimed to understand the potential role of the 

NURR1 transcription factor in cortical BDNF regulation and its effects on BDNF expression under 

different conditions. Specifically, we investigated the correlation between cortical NURR1 and 

Bdnf expression in response to both activity-dependent (membrane depolarization) and 

independent (resting membrane potential) states. Additionally, we treated primary cortical neurons 

with amodiaquine (AQ), a known stimulator of NURR1's transcriptional function, to explore the 

causal relationship between NURR1 and BDNF and assess NURR1's potential regulatory role on 

BDNF expression. Silencing NURR1 allowed investigation of the specific effects of NURR1 

downregulation on Bdnf expression. We employed siRNA to silence NURR1 expression in cortical 

neurons. The results enabled us to gain a comprehensive understanding of the relationship between 

NURR1 and Bdnf expression at the transcriptional level. 
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Chapter 2  

Impact of Birth Order and Maternal Age on Offspring's 

Development and Social Behavior
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Abstract 

Introduction: The common practice of using nulliparous young (8 12-week-old) mice in animal 

studies for breeding may lead to pregnancy complications and negatively affect offspring 

development. Further, the lack of maternal experience could potentially affect maternal care and 

influence the social behavior of offspring. The present study aimed to investigate the impact of 

maternal age and parity on pregnancy complications, neurodevelopment, and social behavior in 

mice.  

Methods: Three groups of C57BL/6N mice included offspring of young primipara (<3 months 

old), adult (3 6-month-old) primipara, and adult secundipara. In mothers, gestational outcome 

including success of copulations, gestation period, litter size, and miscarriages were assessed. 

Offspring development (tail length, weight gain, and eye-opening onset) were assessed on 

postnatal days (PD)7 19. Behavioral assays for offspring included assessment of anxiety-like 

behaviors by the step-down test on PD29 and marble-burying test on PD31, locomotor activity and 

social behavior by the 3-chamber test on PD32-33, and olfaction by the buried food-seeking test 

on PD34.  

Results:  First time pregnancy in young dams was linked with complications including high rate 

of failed copulations, premature birth, smaller litter size, and litter loss. On early postnatal days, 

offspring of young primiparous dams showed delayed development compared to the offspring of 

older primiparous and secundiparous dams. However, these differences disappeared as 

development progressed. Parity did not influence body weight or tail length of young offspring of 

older dams, but older offspring of young primipara were significantly bigger than those of older 
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secundipara. Offspring of young primipara exhibited significantly more olfactory fs, anxiety, and 

repetitive behaviors compared to the offspring of older secundiparous dams, but no locomotor 

difficulties. Sociability was impaired in offspring of young primiparous mice. Interest in social 

novelty was also impaired in these mice, as well as in female offspring of older primipara. 

Conclusions: Older maternal age and prior motherhood provide protective effects against anxiety, 

social impairment, and olfactory deficits. In contrast, young-age pregnancy and nulliparity are 

associated with gestational complications and delayed offspring development. Therefore, when 

breeding mice for behavioral studies, it is important to consider the impact of parity and maternal 

age as confounds. 
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Introduction  

In mouse modeling applications, confounding effects introduce misinterpretations of findings 

that can challenge the translational value (Canales and Walz, 2019). Data variability due to 

physiological confounders negatively impacts the reproducibility, repeatability, and replicability 

of animal behavioral studies which has been an acknowledged concern for decades (Farine and 

Whitehead, 2015; National Academies of Sciences, 2019; Schellinck et al., 2010). Detecting and 

ruling out the sources of confounders is especially crucial in research that studies the social 

behavior of mice, including autism spectrum disorder, social anxiety disorder, and schizophrenia 

(Silverman et al., 2010; Yee and Singer, 2013). For example, anxiety decreases sociability and 

exploratory activity in mice, and thus, making the data from behavioral assays like 3-chamber 

sociability task unreliable (Silverman et al., 2010).  

To improve the quality of the study and reduce data variability, researchers usually plan their 

experiments considering different variables including physiological factors such as species, 

strain, age, and sex, as well as estrous cycle of mammalian females (Bie and Debrabant, 2020). 

Most importantly, using inbred strains of mice, notably the most used strain C57BL/6 (also 

referred to as ñBlack6," "B6," or "C57Black), has allowed researchers, specifically in the field of 

neurobiology of social behavior, to reduce the variability of their data. C57BL/6 mice are widely 

considered as the gold standard inbred strain for genetic, pharmacological, and behavioral 

experiments, as well as for human disease modeling and as a background for creating knockout 

and transgenic mice in various fields (Foldi et al., 2011; Mekada et al., 2009; Zurita et al., 2011). 

However, not only do inbred strains differ genetically from one another, but also individual mice 

within a strain may show interlitter and intralitter differences in behavioral assays, regardless of 
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their identical genetic background (Gridgeman et al., 1951). One example that introduces such 

variations is the effect of parental physiological condition on offspring behavior and health, 

notably maternal age and parity. Notwithstanding the impact of maternal factors including 

maternal age at pregnancy and parity on several aspects of offspring development and behavior, 

both in humans and rodents (Banik et al., 2017; Denenberg et al., 1962; Ehrenthal et al., 2013; 

Kagohashi et al., 2005; Richetto and Riva, 2014), maternal early pregnancy and parity have been 

relatively understudied in animal behavioral research and mouse modeling of neuropsychiatric 

disorders.  

While pregnancy can occur after the onset of puberty in both humans and rodents, it is essential 

to distinguish between the ability to reproduce and the optimal conditions for offspring support. 

An optimal pregnancy is supported by a fully developed reproductive system (Kapadia et al., 

2021; Wahyuni and Miftahussurur, 2020). Adolescent pregnancy (defined as younger than 20 

years old in humans and younger than 3 months old in mice) (Kapadia et al., 2021; Wahyuni and 

Miftahussurur, 2020) is often accompanied by gestational complications in humans and rodents 

(Yang et al., 2021; Gaeva et al., 2019; Shaklycheva-Kompanets, 2011; Yang et al., 2021). 

However, pregnancy effects on physical health are not only limited to the length of parturition 

but rather last for a significant period post-reproduction (Deems and Leuner, 2020). Adolescent 

pregnancy is associated with short- and long-term effects on health of mothers and offspring and 

is mainly a topic of interest in human studies. In rodents, the effects of advanced maternal age (> 

8 months) on offspring development, growth, health, and reproduction (Holmes et al., 2005; 

Khurana et al., 2022; Kokorudz et al., 2023) has attracted relatively more attention than 

pregnancy at a young age. In fact, when it comes to the impact of pregnancy at young age on 

offspring health and behavior, there are few studies available in the literature. One study, 
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conducted in mice, showed that adolescent pregnancy is linked to high levels of cortisol and low 

levels of brain-derived neurotrophic factor (BDNF) in newborn mice, a condition that leads to 

apoptosis of neurons (Bayo et al., 2023). Considering the key roles of BDNF in brain growth and 

cognition (Sahay et al., 2020), it is possible that adolescent pregnancy has long-term negative 

impacts on offspring social behavior (Berry et al., 2015; Sahay et al., 2020).  

It is also known that a single pregnancy in mice, rats, and humans provides lifelong physiological 

advantages such as modified gene expression profiles and resilience to injuries and insults 

(Boulanger et al., 2004; Breyere and Barrett, 1961; Dall et al., 2017; Deems and Leuner, 2020). 

A successful pregnancy can reduce the risk of mammary cancer due to hormonal imbalances 

(Boulanger et al., 2004). Since mice are an altricial species, pup survival is highly dependent on 

the ability of mothers to care for their litters. Dam-mediated behaviors such as cannibalism and 

neglect can result in litter loss shortly after birth (Elwood, 1991). Poor maternal behavior (for 

example, nest building) can also lead to hypothermia or malnutrition in the offspring (Nowak et 

al., 2000; Nowak and Lévy, 2010). Such adverse early-life experiences are associated with short- 

and long-term negative effects on offspring behavior in rodents (Hava et al., 2006; Holmes et al., 

2005; Pallarés et al., 2007) and in humans (Dube et al., 2003; Gilmer and McKinney, 2003; Scott 

et al., 2010; Skeer et al., 2009). We hypothesized that young nulliparous dams experience 

pregnancy complications, leading to delayed development and poorer social behavior in their first 

litter compared to offspring of older dams with a previous experience of pregnancy and 

motherhood. 
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Methods 

Animals 

Eight-week-old C57BL/6N mice were purchased from Charles River Laboratories (Cuebec, 

Canada) and subjected to breeding at 12 weeks of age to maintain a colony. Male mice were 

housed singly, and female mice were group-housed in plastic cages (4 per cage), under standard 

lighting (12-hour light/dark cycle, lights on at 6:00 am), ambient temperature (20ï25°C), and 

humidity (40%ï70%) with ad libitum access to food and water at McMaster Central Animal 

Facility (Hamilton, ON, Canada). The Animal Research Ethics Board at McMaster University 

approved all animal research in this study (# 22ï12-37).  

Experimental groups: The current study used three groups of mice to investigate the 

impact of maternal age and reproductive history on outcomes in the offspring (explained later in 

this section). The first group comprised offspring of young nulliparous dams (6 12-week-old). 

The second group consisted of offspring of fully sexually mature (3 6-month-old) nulliparous 

dams. These mothers had never been pregnant or given birth, allowing us to investigate the 

potential impact of maternal age when compared to the first group on behavioral outcomes and 

health characteristics of the offspring. Finally, the third group included offspring of fully sexually 

mature dams that were coupled for breeding at the same age as the second group but had 

previously undergone one pregnancy and motherhood. Offspring of these mothers were included 

to determine the impact of a previous maternal reproductive experience on offspring of 

subsequent pregnancies. For behavioral assessments of offspring, a maximum of two animals per 

sex was used from each litter per group to avoid litter effects. The number of animals used in 

each experiment is specified in the figure legends (n =3 9). 



 

88 
 

Breeding protocol: For breeding, female mice were paired with male mice of the same 

age. When we assessed the gestational complications in dams, we categorized mice in three 

groups. Young nulliparous dams referring to young dams that have not given birth before and 

were paired for breeding. This group were paired for breeding after reaching puberty (6 7 weeks 

of age). The sexually fully matured (adult) groups were paired when they were 3 6 months old. 

Adult dams include two groups based on their history of pregnancy: (1) Adult nulliparous dams, 

indicating older dams that have not given birth before and were paired for breeding for the first 

time; and (2) Adult Primiparous dams, indicating older dams that have given birth once and were 

paired for breeding a second time. Female mice were exposed to the bedding from male cages 

and evaluated daily for vaginal opening. Stages of the estrous cycle were determined by vaginal 

morphological observation (Ajayi and Akhigbe, 2020). When female mice were at proestrus 

phase (the vaginal entrance appears large, swollen, and moist with pink tissue and striations on 

the vulva's dorsal and ventral lips) or at the initial onset of estrus phase (a wider opening 

compared to the proestrus phase, but less pink/swollen/moist tissues, and more visible striations), 

one female mouse was moved to each male cage for breeding overnight (16 hours). We checked 

the presence of a copulatory plug 2, 4, and 14 16 hours after pairing. Paired females were 

separated from males and caged individually upon detection of the copulatory plug or 16 hours 

after pairing. We further confirmed a positive pregnancy by measurement of weight gained after 

copulation and during the gestational period, 5,7,10, and 13 days after copulation. We considered 

animals to have had a miscarriage if there was a significant weight gain from gestational day 5 to 

13 (GD5ï13) relative to their pre-copulation state, followed by weight reduction. A missing 

sperm plug, and no weight gain 5-13 days post-copulation indicated a failed mating event. We 

kept the mice in their cages for 23 days after pairing to ensure there were no pups in the cage. 
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Furthermore, each episode of copulation resulting in a pregnancy was counted as a successful 

copulation, regardless of whether it resulted in the birth of a litter or a miscarriage. 

Assessment of neurodevelopmental characteristics 

Mouse growth curves were generated by analyzing age-specific traits, including mouse body 

weight during infancy, the juvenile stage, and young adulthood, as well as postnatal tail length 

and onset of eye opening (Rhees and Atchley, 2000; Roubertoux et al., 1985). For maternal 

weight gain analysis, we further measured the weight of pregnant mice at GD13 and after birth 

and lactation on weaning day (PD22). We verified the presence of a litter and counted the number 

of pups at postnatal day (PD) 0.5 to determine the litter size. We conducted the assessments at 

9:00 am, 2:00 pm, and 6:00 pm to ensure that the dams had already given birth by the time of our 

observation. We counted the number of viable pups in each litter upon detection of the litter in 

the cage. We measured the weight of each pup in the litter and used the average weight per litter 

to calculate the weight of the offspring. We also calculated and reported the average weight per 

litter normalized to the maternal weight at conception. Eye opening onset was measured based 

on daily observations from PD10 to 19, twice per day at 9:00 am and 6:00 pm. 

Behavioral assays  

Animals underwent a 5-day habituation period involving handling by both experimenters' hands 

and an enrichment tube, with each habituation session lasting 2 minutes per mouse. 

Step-down test (PD29): This test quantifies acrophobia, an anxiety-related behavior in mice 

(Anisman et al., 2001). Mice were individually placed on a raised platform (12.5 × 8.5 cm2, 8 cm 
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high). The platform was positioned in the center of a dark box (46 × 46 cm2, 31 cm high). The 

tests were conducted under dim light. The entire session was video recorded and the latency for 

all four paws to step down from the platform was measured. The duration of the test was set at 

15 minutes. Mice that did not pass the test were excluded from subsequent tests and substituted 

with a littermate. 

Marble burying test (PD31): The marble-burying test measures digging repetitive behavior, was 

conducted following a previously described protocol (Kraeuter et al., 2019). Briefly, the cages 

were filled with clean bedding material (3.5 cm height). To prevent anxiety induction (Njungôe 

and Handley, 1991), mice were habituated to the cage setup for 5 minutes before temporarily 

being placed in another cage. In the absence of mice, fifteen cleaned and dried glass marbles in a 

3 × 5 arrangement were laid on top of the bedding. Flat lids were used to cover the cages during 

5-minute habituation and duration of experiments. We observed that using flat lids to cover the 

cages during marble burying tests helps reduce competitive repetitive behaviors, including 

jumping. The total duration of the test was 30 min. A marble was considered buried if more than 

75% of its surface was covered by bedding material. To ensure unbiased assessment, one 

experimenter conducting the test was blind to the experimental group, minimizing potential 

influences on the interpretation of results. Further, pictures were taken of the cage setup with 

marbles laid on top of it using a camera fixed on a tripod from a specific distance. After the test, 

a second picture was taken from the same distance of the lens to the surface of the cage. The 75% 

coverage requirement of a marble to be considered buried was confirmed based on the surface of 

the marble calculated from the before and after test pictures. The blinded experimenter's 

interpretation of the data and the surface calculation matched in our experiments. However, if 
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discrepancies had arisen, involving a second blinded assessor to independently evaluate the data 

and images would be a prudent approach. 

Three-chamber test (PD32-33): To assay social behavior, we followed a procedure of the 3-

chamber sociability test called the three-phase ñSocialïNovel Socialò protocol (Kraeuter et al., 

2019). Briefly, the test consists of four trials each lasting for 10 minutes. Trials 1 and 2 were for 

habituation and were not video recorded. Trials 3 and 4 were used to test sociability and social 

novelty and were video recorded. In trial 1, the focal mouse was habituated to the apparatus 

containing an empty pencil cup on each side of the apparatus. In trial 2, the mouse was allowed 

to interact with identical inanimate objects placed under each pencil cup. In trial 3, the mouse 

was allowed to interact with a stranger mouse (same strain and sex; similar age and weight) as a 

social stimulus, and a novel object as a non-social stimulus in the other cup. In trial 4, the novel 

object from trial 3 was replaced with another stranger mouse. Therefore, the focal mouse was 

free to interact with the novel mouse and now the familiar mouse from trial 3. We reversed the 

location of the novel object/novel mouse (trial 3) and novel mouse/familiar mouse (trial 4) 

between right and left sides of the apparatus between mice. The time spent in each chamber, the 

distance moved, and the velocity of movement were quantified by EthoVision software (version 

6.1, Noldus, Netherlands). Moreover, the data analysis extracted from trials 3 and 4 using 

EthoVision software includes locomotor activities, specifically total distance moved and average 

velocity. This entails the cumulative measure of the distance covered by the mouse during trials 

3 and 4, serving as an indication of the overall activity level of the mouse. The mean speed of 

movement exhibited by the mouse during these trials offers insights into the typical pace at which 

the mouse navigates the environment. Since the analysis was conducted using software without 

the involvement of a human experimenter, blinding was not deemed necessary for the experiment. 
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Buried food-seeking test (PD34): Animals were habituated to palatable food (Marshmallow, No 

Name Brand) in their cages for 5 days before testing. Animals were monitored during habituation 

to the palatable food to ensure they exhibited a tendency to eat the food. Importantly, we did not 

observe any animal in our study showing aversion to the palatable food. This test measures the 

ability of mice to use their sense of olfaction for foraging. Animals were deprived of food for 5.5 

hours prior to the test but had ad libitum access to water. The test mouse was allowed to explore 

the cage containing 3.5 cm of clean bedding for 5 minutes. Subsequently, the test mouse was 

transferred to a new cage with a lid and covered with a black cloth. The palatable food 

(marshmallow with a 2 cm diameter and 1 cm height) was buried 2 cm beneath the bedding 

material of the original cage. The test mouse was then returned to the cage and the time measured 

until it uncovered the hidden food. The duration of the test was 15 minutes. Assessments were 

conducted by experimenters who were blinded to the conditions, ensuring unbiased evaluation.  

 

Statistical analysis 

Statistical analyses were performed using SPSS software (Version 26, IBM Corp, Armonk, NY). 

GraphPad Prism (Version 9.0.0, GraphPad Software, LCC, San Diego, CA) was used to generate 

graphs. A power calculation using G*Power (version 3.1.3) was performed when trends were 

evident in the data. We provided comprehensive details of the power analysis within the context. 

Homogeneity of variances was assessed by Leveneôs test. Shapiro-Wilk test of normality was 

used to test the normal distribution of data. When homogeneity of variances was confirmed, we 

employed ANOVA analysis to discern distinctions among groups. Upon detecting significant 

differences, we pursued either Tukey's post hoc analysis, in instances of equal sample sizes, or 
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Gabriel's test, when sample sizes varied across groups. Conversely, when homogeneity of 

variances was not met, ANOVA's assumptions were deemed violated, leading to the adoption of 

Welch analysis as a more suitable alternative. Subsequently, to identify significant group 

disparities, the Games-Howell post hoc test was employed, accommodating both unequal sample 

sizes and variance heterogeneity. 

Repeated measures ANOVA was conducted where the same mouse was assessed for 

neurodevelopmental characteristics at different time points during postnatal period. To analyze 

eye-opening data, we performed a three-way Chi-Square statistical analysis, considering the 

independent variable as the counts associated with the binary outcome (eye-opening). The 

analysis examined the interaction of group, eye-opening status, and postnatal duration. Further, 

we conducted a Fisher-Freeman-Halton (FFH) Exact Test (2×3 contingency tables) to detect an 

association between the eye-opening status of mice and the experimental group for each postnatal 

day. The FFH Exact Test p-value determines whether there is statistically significant association 

between the groups. 

The marble burying data entails counting the number of marbles animals bury, represented as 

non-negative integers, with values bounded below by zero and above by the total number of 

marbles present. Due to this inherent characteristic, we refrained from using normal linear models 

like the t test and ANOVA. These models assume unbounded data and constant variance between 

groups, making them susceptible to generating misleading p-values (Lazic, 2015). This decision 

was based on analysis that showed these models yield misleading p-values in this context (Lazic, 

2015). Instead, we employed generalized linear models (GLMs), specifically utilizing either 

Poisson regression or a negative binomial distribution based on goodness of fit (Lazic, 2015; 
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Zuur et al. 2009). This approach is suitable for count data and effectively addresses the specific 

characteristics of marble burying data, as recommended by Lazic (2015). 

Given the small group sizes and natural variation in this animal study, we did not exclude the 

outlier values from the analysis to maintain the integrity of our dataset. p꜡Ò꜡0.05 was considered 

statistically significant.  

 

Results 

1. Young age pregnancy and nulliparity was accompanied by gestational 

implications 

Maternal age and parity jointly increase the likelihood of successful copulation 

Before exploring the developmental and behavioral aspects related to offspring, we initially 

investigated the influence of parity and young age pregnancy on parameters in pregnant dams. 

Our study involved three distinct experimental groups: (1) Young P1 (young nulliparous dams): 

This group comprised young dams that had not given birth before and were paired to give birth 

to their first litter. Notably, the number of dams paired in this group that failed to achieve 

pregnancy was significantly higher compared to the older primiparous dams. (2) Adult P1 (adult 

nulliparous dams): This group consisted of older dams that had not given birth before and were 

paired for breeding for the first time. (3) Adult P2 (Adult Primiparous Dams): This group included 

older dams that had given birth once and were paired for breeding a second time. We paired these 

three different groups of dams at their early estrous or proestrus phases with a same-age male 

animal for 16 h. To understand if maternal factors and the outcome of copulation were associated, 
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we conducted a two-tailed Fisher-Freeman-Halton Exact Test (Fig. 1). The outcome of copulation 

was represented as a binary variable, with 0 indicating copulations that did not result in pregnancy 

and 1 indicating copulations that did lead to pregnancy. The strength of observed associations 

was determined based on Cramerôs V test analysis and interpreted as it has been previously 

explained (Akoglu, 2018). We found a significant (p = .015) and a moderate to strong association 

(Cramerôs V coefficient = .428) between the outcome of copulation and group. Using the 

Bonferroni correction (Ŭ = .008), it was revealed that adult dams with a previous history of 

pregnancy had a significantly (p = .005) smaller number of unsuccessful copulations and a larger 

number of copulations that led to pregnancy compared to the young dams without a previous 

history of pregnancy. As presented in Table 1, young dams that were paired for their first 

pregnancy had a greater percentage of failed copulations versus successful copulations (73.1% 

failed vs. 26.9% successful). Similarly, the portion of failed copulatory events in older mice for 

their first pregnancy was still larger than the percentage of successful copulations (63.6% failed 

vs. 36.4% successful). In contrast, most copulatory events for older dams with a previous history 

of pregnancy and motherhood led to pregnancy (14.3% failed vs. 85.7% successful).  
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Figure 1. A meaningful association was found between the outcome of copulation 

and maternal factors. A two-tailed Fisher-Freeman-Halton Exact Test was performed 

to determine the association. The results suggest a significant association between 

the outcome of copulation and the different groups of dams (FFH Exact Test, p = 

.015). Young P1 (n = 16, number of dams): young nulliparous dams, referring to 

young dams that have not given birth before and were paired for breeding. The 

number of dams paired that failed to get pregnant in this group was significantly 

greater compared to the older primiparous dams; Adult P1 (n = 7): adult nulliparous 

dams, indicating older dams that have not given birth before and were paired for 

breeding for the first time; Adult P2 (n = 7): adult primiparous dams, indicating older 

dams that have given birth once and were paired for breeding a second time.  
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Table 1. Percentages of successful and failed copulatory events in the three different experimental 

groups. 

Copulatory events Groups Total 

Young P1 Adult P1 Adult P2 

Failed Count 19 7 1 27 

% within total failed copulations 70.4% 25.9% 3.7% 100.0% 

% within Group 73.1% 63.6% 14.3% 
 

% of Total copulations 43.2% 15.9% 2.3% 61.4% 

Successful Count 7 4 6 17 

% within total successful copulations 41.2% 23.5% 35.3% 100.0% 

% within Group 26.9% 36.4% 85.7%  

% of Total copulations 15.9% 9.1% 13.6% 38.6% 

 

 

Perinatal mortality was higher in adult damsô first pregnancies compared to younger dams, 

but no significant association was found between pregnancy outcome and group 

Perinatal mortality rate in embryos of adult dams experiencing their first pregnancy was two-fold 

higher than in those of younger nulliparous dams (Table 2, 40% versus 20%). Further, the chance 

of spontaneous pregnancy loss in young and adult dams experiencing their first pregnancy was 

greater compared to adult primiparous dams (1.4-fold and 2.8-fold, respectively) with 14.3% 

failed pregnancy events.  

 

Table 2. Perinatal mortality rate and preterm pregnancy in different groups. 

Group N Successful (number) Miscarriage (number) 

Young P1 15 12 (80.0%) 3 (20.0%) 

Adult P1 5 3 (60.0%) 2 (40.0%) 

Adult P2 7 6 (85.7%) 1 (14.3%) 
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Young primiparous pregnant dams exhibited shorter gestational periods than adult pregnant 

dams, irrespective of parity 

A FFH analysis found a significant (p = .024) and a strong (pCramerôs V coefficient = 0.580) association 

between pregnancy length and group on GD18.5 (Fig. 2). Young primiparous mothers had shorter 

pregnancy lengths compared to the adult pregnant dams, regardless of parity. As shown in Table 

3, 53.8% of pregnant dams in this group gave birth as early as GD18.5, while 25.0% of older 

first-time mothers and 33.3% of adult parous mothers gave birth a day later, on GD19.5.  

 

Figure 2. Regardless of parity, young primiparous pregnant dams had shorter gestational 

periods compared to adult pregnant dams. The x-axis represents the gestational age, while the 

y-axis represents the index of pregnancy (0 = still pregnant, 1 = gave birth). Young P1 (n = 

13, Number of mothers): young primiparous dams; Adult P1 (n = 4): adult primiparous dams; 

Adult P2 (n = 6): adult secundiparous dams. For each gestational day, Fisher-Freeman-Halton 
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Exact Test (p = .024) followed by Cramer's V coefficient analysis (0.580, indicating the 

strength of the association). Error bars: Ñ SEM. 

Table 3. Frequency of pregnancy outcome on each gestational day in the three groups of mothers. 

Group GD18.5 GD19.5 GD20.5 GD21.5  

Pregnant Partum Pregnant Birth Pregnant Birth Pregnant Partum 

Young P1 46.2% 53.8% 7.7% 92.3% 0.0% 100.0% 0.0% 100.0% 

Adult P1 100.0% 0.0% 25.0% 75.0% 0.0% 100.0% 0.0% 100.0% 

Adult P2 100.0% 0.0% 33.3% 66.7% 16.7% 83.3% 0.0% 100.0% 

 

* Pregnant: mice were still pregnant at a specific gestational day. Partum: mice gave birth to 

their litters at a specific gestational day.  

 

Young dams had lower weights at conception compared to older parous dams 

We found a significant difference between the groups for maternal weigh at conception (p < .001, 

one-way ANOVA; Fig. 3). The weight of young dams at the time of first conception was 

significantly lower than that of older dams with one previous history of pregnancy and 

motherhood (p < .001, Gabrielôs test; Fig. 3). We found no difference between the young and 

adult primipara (p =.151, Gabrielôs test; Fig. 3) or adult primiparous and secundiparous dams (p 

=.101, Gabrielôs test; Fig. 3). 

During pregnancy, the gained weight at day 10 and 13 did not differ between the groups (pGD10 

= .244, Welch test; Fig. 4a and pGD13 = 0.923, one-way ANOVA; Fig. 4b). As depicted in Fig. 5, 

body weight of dams in three groups remained unchanged on weaning day (PD22, p =.263, Welch 

test; Fig. 5). Therefore, the initial weight difference between young primipara and adult 

secundipara groups was no longer observed after the 22-day nursing and lactation period.  
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Figure 3. At conception, young nullipara exhibited lower weights compared to 

the adult secundipara. The x-axis represents the groups, while the y-axis 

represents the weight at the time of conception. Young P1: Young Nulliparous 

dams; Adult P1: Adult Nulliparous dams; Adult P2: Adult Primiparous dams. 

One-way ANOVA (p < .001) and Gabriel post-hoc tests were performed to 

analyze the data. ***p < .001. Error bars: Ñ SEM. 
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Figure 4. A difference in weight gain during pregnancy was not observed between the different 

dam groups. The x-axis represents the dam groups, while the y-axis represents the weight 

gain. (a) gained weight at GD10, and (b) gained weight at GD13. Young P1: young nulliparous 

dams; Adult P1: adult nulliparous dams; Adult P2: adult primiparous dams. Welch (pGD10 = 
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.244, a) and one-way ANOVA (pGD13 = 0.923, b) were performed to detect the differences 

between the groups. Error bars: Ñ SEM.  

 

Figure 5. Maternal weight at weaning day (PD22) remained the same between 

different groups. The x-axis represents the groups, while the y-axis represents 

the body weight on weaning day. Young P1: Young primiparous dams; Adult 

P1: adult primiparous dams; Adult P2: adult secundiparous dams. Welch test 

was performed to detect the differences between the groups (p = .263). Error 

bars: Ñ SEM. 

Maternal age and parity influenced litter size, with larger litters observed in adult 

secundiparous mothers compared to the young primipara 

In our study, advanced maternal age and parity had no effect on the sex ratio of offspring (p 

=.444, one-way ANOVA; Fig. 6a). In our study, no sex ratio distortions at birth were observed 

in offspring of young or old primiparous dams. Our power analysis (1-ɓ = 0.8) suggests that the 

actual power of our analysis (d = 0.802) was adequate to reach the conclusion. Additionally, the 

observed medium effect size (F = 0.350) using Cohen's (1988) criteria, indicates that a small 
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effect may achieve statistical significance with a sufficiently large sample size (N = 147). 

However, increasing the sample size does not guarantee an increase in practical significance, 

since the observed effect size is small. 

In contrast, maternal factors had a considerable effect on litter size (p =.041, one-way ANOVA; 

Fig. 6b). In mice, ñlitter sizeò refers to the number of offspring born in a single birth event, often 

referred to as a litter. The litters of adult secundiparous mothers at birth were substantially larger 

than the litters of young first-time mothers (p = .036, Gabrielôs test; Fig. 6b). However, we found 

no difference in litter sizes between young and adult primiparous dams (p = 0.500, Gabrielôs test; 

Fig. 6b) or between adult primipara and secundipara (p = 0.542, Gabrielôs test; Fig. 6b).  
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Figure 6. No effects of maternal age and parity were observed for the sex ratio of offspring, but 

in adult secundipara, litter size increased compared to young primipara. The x-axis represents 

the different maternal age and parity groups, while the y-axis represents the (a) sex ratio or (b) 

the litter size. Young P1: offspring of young primiparous mothers; Adult P1: offspring of adult 

primiparous mothers; Adult P2: offspring of adult secundiparous mothers. One-way ANOVA 

(pSex ratio = .444, pLitter size = .041) followed by Gabriel post-hoc analysis was performed to detect 

the differences between the groups. *p Ò .05. Error bars: Ñ SEM. 
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2. Young primiparous mothers' offspring had delayed neurodevelopment on early 

postnatal days, followed by an abnormal rapid growth in adulthood 

Young primiparous mothers' offspring had lower body weight initially but recovered by PD11 

To gain a more complete understanding of a mouse's developmental progress, we monitored a 

combination of developmental factors, including body weight, tail length, and eye opening 

(Rhees et al., 2000).  

Significant body weight differences appeared from PD7 to PD10 between the experimental 

groups, as it is shown in Fig. 7. The results of the repeated measure ANOVA analysis 

(Greenhouse-Geisser) indicate that there is a significant effect of time on body weight (ptime = 

.008), suggesting that body weight changes over the postnatal period. However, there is no 

significant interaction between time and group (ptime x group = .471), indicating that the rate of 

change in body weight over time does not differ significantly between the three groups of mice. 

In simpler terms, it means that as the mice progress through the postnatal period, their body 

weights change significantly. This change is not influenced differently by the group they belong 

to. However, performing a one-way ANOVA for each day clarifies whether there are significant 

differences in body weight among the three groups of mice at each specific day of the postnatal 

period. This information can provide more detailed insights into the dynamics of body weight 

changes over time and how they differ between the groups. A one-way ANOVA followed by 

Gabrielôs test found significant differences between the groups for specific postnatal days (PD7, 

8, 9, and 10; Fig. 7 and Table 4) between the groups. Offspring of young primiparous mothers 

showed significantly lower body weight compared to the offspring of adult secundiparous 
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mothers at this early stage of postnatal development (Fig. 7 and Table 4). No significant 

differences were observed between the two groups of offspring of primiparous dams (young and 

adult mothers) during development, regardless of their difference in maternal age. However, due 

to increasing weight gain of young primipara offspring, the observed differences between the 

groups disappeared on PD11 and remained unchanged at PD12 (Fig. 7 and Table 4). 

 

Figure 7. Offspring of young primiparous mothers had lower initial body weight on 

PD7,8,9, and 10 but recovered by PD11. Repeated measures ANOVA (Greenhouse-

Geisser) was performed to detect the difference between the groups in weight during 

the postnatal period (ptime = .008, ptime x group = .471). One-way ANOVA analysis 

followed by Gabriel post hoc test were performed to detect the differences between the 

groups for each postnatal day. Significant changes were detected between the groups 

for postnatal days 7 to 10. Young P1: offspring of young primiparous mothers; Adult 
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P1: offspring of adult primiparous mothers; Adult P2: offspring of adult secundiparous 

mothers. n (Group size) indicates the number of litters born from individual mothers. 

Group sizes included nYoung P1 = 6, nAdult P1 = 4, and nAdult P2 = 3 (Table S1). *p Ò .05, 

**p Ò .01. Error bars: Ñ SEM. 

 

 

Table 4. Comparative body weight measurement during development with one-way ANOVA 

and Gabriel post-hoc test results from PD7 to PD10.  

Experimental Groups PD7 PD8 PD9 PD10 

Young P1 Adult P1 0.296 0.665 0.935 0.770 

Adult P2 0.049 0.006 0.028 0.044 

Adult P1 Young P1 0.296 0.665 0.935 0.770 

Adult P2 0.484 0.044 0.096 0.227 

Adult P2 Young P1 0.049 0.006 0.028 0.044 

Adult P1 0.484 0.044 0.096 0.227 

* The provided values in the table represent p-values. 

** The bold numbers are statistically significant p-values. 

Young primiparous mothers' offspring had short tail length initially which recovered by PD10 

In mice, tail length can be a factor considered in assessing development, particularly during the 

early stages of life (Rhees et al., 2000).  

Repeated measure ANOVA analysis found a significant difference between the groups for tail 

length measurements over time (p < .001). However, there is no significant interaction between 

time and group (ptime x group = 0.988), indicating that the rate of change in tail length over time 

does not differ significantly between the three groups of mice. 

Similar to body weight changes, significant tail length differences between the groups were 

observed in early postnatal development, from PD7, 8, and 9 (p = .014, p = .013, p = .048, 
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respectively, one-way ANOVA; Fig. 8). However, after PD9, tail length of the three groups of 

mice did not differ significantly (pPD10 = .437, pPD11 = .247, pPD12 = 0.695, respectively, one-way 

ANOVA; Fig. 8). Offspring of young primipara had significantly shorter tails compared to those 

of adult primipara (Table 5) on PD7 (p = .015, Gabrielôs test) and 8. At PD9 (p = .038, Gabrielôs 

test). We detected an increasing trend in the tail length measurement of young primipara offspring 

when compared to the adult primipara group (p = .067, Gabrielôs test; table 5). When the tail 

length was compared between the offspring of young primipara and adult secundipara on PD8, 

we observed a significant difference (p = .027, Gabrielôs test; table 5). No significant differences 

were observed for tail length measurements between the groups during development, regardless 

of their difference in maternal age (Table 5). 
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Figure 8. Initially, offspring of young primiparous mothers had short tail length on 

PD7, 8, and 9, but this difference was no longer apparent by PD10. The x-axis 

represents postnatal days 7 to 12, while the y-axis represents tail length 

measurements. Repeated measures ANOVA was performed to detect the difference 

between the groups during the postnatal period (ptime < .001, ptime x group = 0.988). 

Significant changes in tail length from postnatal days 7, 8, and 9 were detected 

between the groups using one-way ANOVA. Young P1: offspring of young 

primiparous mothers; Adult P1: offspring of adult primiparous mothers; Adult P2: 

offspring of adult secundiparous mothers. Group sizes (number of litters from 

individual mothers) included nYoung P1 = 6, nAdult P1 = 4, and nAdult P2 = 3 (look at Table 

S1). *p Ò .05. Error bars: Ñ SEM. 
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Table 5. Comparative tail length measurement during development with 

Gabriel post-hoc test results from PD7 to PD10.  

Experimental Groups PD7 PD8 PD9 

Young P1 Adult P1 0.015 0.038 0.067 

Adult P2 0.105 0.027 0.101 

Adult P1 Young P1 0.015 0.038 0.067 

Adult P2 0.598 0.996 0.981 

Adult P2 Young P1 0.105 0.027 0.101 

Adult P1 0.598 0.996 0.981 

* The numbers in the table represent p-values. 

** The bold numbers are statistically significant p-values. 

 

Eye-opening onset showed a strong association with maternal age and parity on postnatal days 

11 and 12, particularly in offspring of adult secundipara 

To investigate whether the onset of eye-opening (categorized into three levels: both eyes closed, 

only one eye opened, and both eyes opened) varied between the groups during postnatal 

development (PD10ï19), a three-way Chi-Square statistical analysis (group × eye-opening status 

× time) was performed. The Pearson Chi-Square analysis revealed that the eye-opening was 

significantly differed between the groups across postnatal development (p <.001). 

For each postnatal day, we used a three-way Chi-Square statistical analysis test for PD14, and 

the 2-taile Fisher-Freeman-Halton Exact Test for other postnatal days (as the assumptions of Chi-

Square test were not met on these days) to understand if there is any association between eye 

opening onset and maternal age and parity (Fig. 9; Table S2). We found moderate association 

between eye-opening onset and group on PD11 (.397) and PD12 (.316).  
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Using the Bonferroni correction (calculated as Ŭ = .006), our results showed that the offspring of 

adult secundipara significantly differed from the other two groups in terms of eye-opening onset 

on PD11. The number of adult secundipara offspring opening their eyes on PD11 were 20% of 

the total number of offspring. None of the offspring of the other two groups opened their eyes on 

PD11. 2.9% of offspring of adult primipara, and 3.2% of young primipara, opened one eye for 

the first time on PD12 (pAdultP1 = .007 and pYoungP1 = 0.8).  

12.0% of offspring in the adult secundipara group opened both of their eyes on PD12. The number 

of mice in the young primipara offspring group that opened both of their eyes was 80.7% of the 

total number of mice in this group on PD12. However, offspring of adult primipara opened both 

of their eyes later than these two groups (PD13, 38.2%).  
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Figure 9. Eye-opening onset showed a strong association with maternal age 

and parity on postnatal days 11 and 12, especially in offspring of adult 

secundipara. We found a significant association between age and parity and 

eye-opening onset in the offspring of mice across postnatal day (p < .001, 

3-way Chi-Square analysis). 2-tailed Chi-Square test was employed for 

PD14, while the 2-tailed Fisher-Freeman-Halton Exact Test was used for 

other postnatal days. Onset of eye opening was affected by the maternal 

factors on PD 11 and 12. Group sizes (number of offspring in each group) 

included nYoung P1 = 43, nAdult P1 = 34, and nAdult P2 = 20 (Table S2). The 

offspring are born from 6 (Young P1), 4 (Adult P1), and 3 (Adult P2) 

mothers. Young P1: offspring of young primiparous mothers; Adult P1: 

offspring of adult primiparous mothers; Adult P2: offspring of adult 

secundiparous mothers. ***p < .001. Error bars: Ñ SEM. 
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Offspring of young primiparous dams were significantly heavier after the lactational period 

compared to the offspring of adult secundiparous dams 

We used average weight of all offspring in each litter on weaning day (PD22) for multiple 

comparison analysis between the groups (Fig. 10a and c). We identified a significant distinction 

among the groups concerning body mass measurements using one-way ANOVA in males (p = 

.034; Fig. 10a). We also found a trend in females (p = .048, one-way ANOVA, Fig. 10c). Further, 

we normalized offspring wean weight to the maternal weight at conception (Fig. 10b and d). This 

method, provides insights into the influence of maternal factors present at the beginning of 

pregnancy on offspring growth and development, allowing for a more comprehensive 

understanding of the interplay between maternal conditions and offspring outcomes. For the 

analysis of normalized weaning weight of male offspring, significant differences between the 

groups were observed using the Welch test (p = .005), and for females, differences were detected 

by one-way ANOVA (p = .003). 

Our data show that the male offspring of young primiparous dams were significantly heavier than 

those of adult secundipara (p = . 035, Gabrielôs test; Fig. 10a). No differences between offspring 

of young and adult primipara or adult primipara and secundipara were detected in males (p = 

.275, p = 0.722, respectively, Gabrielôs test; Fig. 10a). Following normalization to maternal 

weight at conception, we observed a discernible impact of maternal advanced age at conception 

on the litter weight of the primipara group (Fig. 10b). Offspring of young primiparous dams were 

significantly heavier than offspring of fully sexually matured secundiparous dams (p = .041, 

Games-Howellôs test; Fig. 10b). 
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Female offspring of young primiparous dams were significantly heavier than offspring of fully 

sexually matured secundiparous dams when their body mass were normalized to maternal body 

mass at conception (p = .003, one-way ANOVA; Fig. 10d). There were no discernible differences 

between the offspring of primipara (p = .145, Gabrielôs test; Fig. 10d) or offspring of adult 

primipara and secundipara (p = .143, Gabrielôs test; Fig. 10d). 
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Figure 10. Offspring of young primiparous dams were significantly heavier post-lactation 

compared to adult secundiparous dams' offspring. The x-axis represents the three groups of 

offspring categorized based on their motherôs age and parity status, while the y-axis represents 

the average body weight of each litter per group in (a, b) males and (c, d) females. For weaning 

weight body mass, one-way ANOVA (pMales = .034, pFemales = .048) followed by Gabriel post-

hoc analysis (males) was performed to detect the differences between the groups. For analysis 

of weaning weight of litters normalized to their motherôs weight at conception, we used the 

Welch test (p = .005) followed by Games-Howell multiple comparison analysis to detect the 

differences between the male groups. Further, for females, one-way ANOVA (p = .003) 

followed by Gabriel post-hoc analysis was performed, since the data showed normal 

homogeneity of variances. The litters are born from individual mothers: 9 (Young P1, we did 

not record the conception weight of two mothers in this group), 3 (Adult P1), and 3 (Adult P2) 

mothers. Young P1: offspring of young primiparous mothers; Adult P1: offspring of adult 

primiparous mothers; Adult P2: offspring of adult secundiparous mothers.  *p Ò .05, **p Ò 

.01. Error bars: Ñ SEM. 
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Offspring of young primiparous dams were significantly heavier at young adulthood compared 

to the offspring of adult secundiparous dams 
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By analyzing the weight of offspring on PD37 via one-way ANOVA, we found significant 

differences between the groups (pMales = .043, pFemales = .012). In the case of males, offspring 

born to adult secundiparous dams were significantly heavier compared to the offspring of 

young primiparous dams (p = .049, Gabrielôs test; Fig. 11a). In females, offspring of both 

young and adult primipara were heavier than the offspring of adult secundipara (p = .017 

and p = .032, respectively, Gabrielôs test; Fig. 11b). 
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Figure 11. Offspring of young primiparous dams were significantly heavier at PD37 compared 

to the offspring of adult secundiparous dams. The x-axis represents the three groups of offspring 

categorized based on their motherôs age and parity status, while the y-axis represents the average 

body weight of each litter per group in (a) males and (b) females. The litters are born from 

individual mothers: 6 (Young P1), 3 (Adult P1), and 4 (Adult P2) mothers. Young P1: offspring 

of young primiparous mothers; Adult P1: offspring of adult primiparous mothers; Adult P2: 

offspring of adult secundiparous mothers. For weaning weight analysis, one-way ANOVA 

(pMales = .043, pFemales = .012) followed by Gabriel post-hoc analysis was performed to detect the 

differences between the groups. *p Ò .05. Error bars: Ñ SEM. 

 

3. Advanced maternal age and parity had a positive effect on offspring behavior 

Young primiparous male offspring exhibited increased anxiety-like behavior compared to the 

offspring of adult secundipara 

We examined acrophobia-like behavior, a form of anxiety in mice [and humans], using the step-

down test (Fig. 12; Table S3). We found significant differences between the male groups (Fig. 

12a) using one-way ANOVA analysis, but not in females (Fig. 12a) (pmales = .039, pfemales = . 052). 
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A power analysis (1-ɓ = 0.8) for female data, suggests that the actual power of our analysis (d = 

0.821) is adequate to predict statistically significant differences or effects with a high degree of 

confidence, given the chosen sample size and effect size (f=.368, medium according to Cohen's 

(1988) criteria). Adding 6 more samples to the young P1 and Adult P2 groups, and 5 more 

samples to the Adult P1 group may lead to statistically significant differences between the groups. 

Male offspring of young primiparous mothers spent more time on the platform before descending 

compared to the offspring of adult secundipara (pmales = .091, Tukeyôs test; Fig.12a). A power 

analysis (1-ɓ = 0.8) suggests that the actual power of our analysis (d = 0.811) was adequate to 

reach the conclusion. Additionally, the observed medium effect size (f =.376) using Cohen's 

(1988) criteria, indicates that adding one sample to each group may lead to a statistically 

significant p value. 

In male offspring of primiparous mothers, advanced maternal age significantly reduced anxiety 

(p = .047, Tukeyôs test; Fig.12a). No significant differences were observed between the offspring 

of the two groups of adult mothers (pmales = 0.933, Tukeyôs test; Fig.12a). 
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Figure 12. Young primiparous male offspring demonstrated elevated anxiety-like behavior 

compared to offspring of adult secundipara. The x-axis represents the groups, while the y-axis 

represents the time spent on the platform before descending in (a) males and (b) females. Male 

and female offspring of young primipara spent a significantly longer duration on the platform 
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before descending compared to adult secundiparous mothers using ANOVA (pMales = .039, 

pFemales = .052). In male offspring of primipara, advanced maternal age significantly reduced 

anxiety levels (p = .047). We observed a decreasing trend in levels of basal anxiety in male 

offspring of adult secundipara compared to the offspring of young primipara (p = .091). No 

significant differences were found when comparing offspring of adult secundipara and 

primipara (p = 0.933). Young P1: offspring of young primiparous mothers; Adult P1: offspring 

of adult primiparous mothers; Adult P2: offspring of adult secundiparous mothers. One-way 

ANOVA, followed by Tukey post-hoc analysis. Males: n = 6, N = 3 (3 litters from 3 different 

mothers). Females: (nYoung P1 = 6, nAdult P1 = 5, nAdult P2 = 6), N = 3 (3 litters from 3 different 

mothers). *p Ò .05. Error bars: Ñ SEM. 

 

Locomotor activity was not affected in offspring by maternal factors 

Two main features of locomotor activity in mice that were measured in three-chambers task are 

the total distance moved in a specific duration of time (three-chamber social task, trial 3 and 4, 

20 min) and the average velocity of walking (Table S4). 

We did not observe any significant differences between the groups when we measured the total 

distance moved by males (p = 0.820, one-way ANOVA; Fig. 13a) and females (p = .192, Welch 

analysis; Fig. 13b). 
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Figure 13. Moved distance was unchanged between the groups in the 3-chambers test. The x-

axis represents the three groups of offspring, while the y-axis represents the total distance 

moved by (a) male and (b) female offspring. No significant differences were noted between 
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the groups in terms of total distance moved during our measurements (pMales = 0.820, pFemales 

= .192). Young P1: offspring of young primiparous mothers; Adult P1: offspring of adult 

primiparous mothers; Adult P2: offspring of adult secundiparous mothers. Males: n = 6, N = 

3 (3 litters from 3 different mothers). Females: (nYoung P1 = 6, nAdult P1 = 5, nAdult P2 = 6), N = 3 

(3 litters from 3 different mothers). One-way ANOVA (males) and Welch test (females), error 

bars: Ñ SEM. 

 

 

No significant differences were detected between the groups in terms of the average walking 

velocity of males (p = 0. 741, one-way ANOVA; Fig. 14a) and females (p = 0. 170, one-way 

ANOVA; Fig. 14b) based on our data extracted from trial 3 and 4 of three-chambers task. 
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Figure 14. The average velocity of walking remained unchanged between the groups in the 3-

chambers test. The x-axis represents the three groups of offspring, while the y-axis represents 

the average velocity of movement in (a) male and (b) female offspring. No significant 

differences were observed between the groups in terms of average walking velocity for males 

(p = 0.741) and females (p = .170). Young P1: offspring of young primiparous mothers; Adult 

P1: offspring of adult primiparous mothers; Adult P2: offspring of adult secundiparous 

mothers. Males: n = 6, N = 3 (3 litters from 3 different mothers). Females: (nYoung P1 = 6, nAdult 

P1 = 5, nAdult P2 = 6), N = 3 (3 litters from 3 different mothers). One-way ANOVA, error bars: Ñ 

SEM. 

 

Offspring of young primipara showed olfaction deficit compared to the offspring of adult 

secundipara 

Among males, we identified significant differences between the groups during the assessment of 

latency to uncover the palatable food in the hidden food seeking test (one-way ANOVA analysis, 

p = .05, Table S5). As depicted in Fig. 15a, olfactory sensitivity was decreased in the offspring 
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of young primipara compared to the offspring of adult secundipara (p = .045, Tukeyôs test; Fig. 

15a). No significant differences were detected between the offspring of young and adult 

primipara (p = .200, Tukeyôs test; Fig. 15a), or between the offspring of adult primipara and 

secundipara (p = 0.681, Tukeyôs test; Fig. 15a). 

In females, also, a notable distinction among the groups emerged during the evaluation of 

olfactory sensitivity (p = .025, Welch analysis, see Table S5). Olfactory deficits were observed 

in the offspring of young primipara compared to the offspring of adult secundipara (p = .037, 

Games-Howell test; Fig. 15b). However, no changes were detected between offspring of young 

and adult primipara (p = .100, Games-Howell test; Fig. 15b) or offspring of adult primipara and 

secundipara (p = .271, Games-Howell test; Fig. 15b). 
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Figure 15. Offspring of young primipara exhibited olfaction deficit compared to adult 

secundipara offspring. The x-axis represents the three groups of offspring categorized based 

on their motherôs age and parity status, while the y-axis represents the time spent before the 

palatable food was uncovered by (a) male and (b) female offspring. Significant olfactory 

sensitivity differences were noted among both male (p = .05, one-way ANOVA) and female 

(p = .025, Welch test) groups. Young P1: offspring of young primiparous mothers; Adult P1: 

offspring of adult primiparous mothers; Adult P2: offspring of adult secundiparous mothers. 
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Males: n = 6, N = 3 (3 litters from 3 different mothers). Females: (nYoung P1 = 6, nAdult P1 = 5, 

nAdult P2 = 6), N = 3 (3 litters from 3 different mothers). One-way ANOVA followed by Tukey 

(males) and Welch test followed by Games-Howell post-hoc analysis (females) were 

conducted. *p Ò .05. Error bars: Ñ SEM. 

 

Maternal lack of parity induces repetitive behavior in male and female offspring 

Repetitive behavior was tested using the marble-burying task for both sexes (Fig. 16 and Table 

S6). In male groups, we found a significant main effect of group (Fig. 7a, p < .001) by using a 

generalized linear model (GLM) with negative binomial regression. The fitness of the model was 

evaluated through the Chi-square test, yielding an appropriate value-to-degrees-of-freedom ratio 

(value/DF) of 0.678. Male offspring of adult secundipara dams buried significantly fewer marbles 

(p < .001), indicating a 27.1% reduction compared to offspring of adult primipara. Same results 

were obtained when this group was compared to male offspring of young primipara, they buried 

significantly fewer marbles (p < .001), reflecting a 27.1% reduction compared to male offspring 

of young primipara. The buried marble performance between offspring of young primipara and 

young secundipara was comparable. 

Similarly, in female groups we found a significant main effect of group (Fig. 7b, p < .001) by 

using a GLM test with Poisson regression. The fitness of the model was evaluated through the 

Chi-square test, yielding an appropriate value/DF of 1.298.  Offspring of adult secundipara dams 

buried significantly (p = .014) fewer marbles (40% reduction) than the female offspring of adult 

primipara. They also buried significantly (p = .002) fewer marbles (50% reduction) than the 

female offspring of young primipara. The buried marble performance between offspring of young 

primipara and young secundipara were comparable. 
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Figure 16. Adult secundipara's offspring buried fewer marbles than primipara's. The x-axis 

represents different groups, while the y-axis represents the number of marbles that were buried 
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by (a) male and (b) female offspring. Male offspring of adult secundipara dams buried 

significantly fewer marbles (p < .001), indicating a 27.1% reduction compared to offspring of 

adult primipara. Same results occurred when compared to male offspring of young primipara. 

Female offspring of adult secundipara dams buried significantly fewer marbles (p = .014, 40% 

reduction), compared to female offspring of adult primipara and compared to female offspring 

of young primipara (p = .002, 50% reduction). In both sexes, the buried marble performance 

between offspring of young primipara and young secundipara was comparable. Young P1: 

offspring of young primiparous mothers; Adult P1: offspring of adult primiparous mothers; 

Adult P2: offspring of adult secundiparous mothers. Males: n = 6, N = 3 (3 litters from 3 

different mothers). Females: (nYoung P1 = 6, nAdult P1 = 5, nAdult P2 = 6), N = 3 (3 litters from 3 

different mothers). Generalized linear model, *p Ò .05, **p Ò .01, ***p < .001. Error bars: Ñ 

SEM.  

Offspring's sociability is adversely affected by maternal nulliparity and young age at 

pregnancy 

We observed a significant difference among the groups when comparing the time spent in the 

chamber containing a novel object and the chamber containing a novel mouse in both males (p = 

.024, two-way ANOVA; Table S7) and females (p = .040, two-way ANOVA; Table S8). 

Sociability in male offspring appeared unaffected by maternal age or parity, as all mice displayed 

a greater inclination towards interaction with the stranger mouse compared to the novel object. 

This preference for the novel mouse was significant in the offspring of adult primipara and adult 

secundipara (pAdult P1 < .001, pAdult P2 = .002, 2-tailed independent samples t test; Fig. 17a). We 

observed an increasing trend in the time spent in the chamber with a novel mouse compared to 

the chamber with a novel object for male offspring of young primiparous mothers (p = .069, 2-

tailed independent samples t test; Fig. 17a). A power analysis (1-ɓ = 0.8) suggests that the actual 

power of our analysis (d = 0.811) was adequate to reach the conclusion. Additionally, the 

observed medium to large effect size (f = 0.455) using Cohen's (1988) criteria. Increasing the 

sample size to 10 samples in this group may lead to a statistically significant p value. 
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In females, offspring of adult primipara (p = .004, 2-tailed independent samples t test) and adult 

secundipara (p = .003, 2-tailed independent samples t test) did not exhibit sociability deficits (Fig. 

17b). However, offspring of young primiparous mothers exhibited no inclination toward either 

the novel object or the novel mouse, suggesting sociability deficits (p = . 05, 2-tailed independent 

samples t test; Fig. 17b). 
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Figure 17. The sociability of offspring is negatively impacted by maternal nulliparity and 

young age during pregnancy. The x-axis represents the three groups of offspring categorized 

based on their motherôs age and parity status, while the y-axis represents the time spent in the 

chamber containing a novel object (white) and the stranger mouse (gray) by the focal (a) male 

and (b) female offspring. Significant differences in social preference were observed among 

male and females between the groups (pMales = .024, pFemales = .040, two-way ANOVA). 

Primiparous mothers' male offspring showed trends towards social interaction (p = .069), 

while, in females, social deficits were observed in this group (p = 0.914). Sociability was 

unaffected in male (pAdult P1 < .001, pAdult P2 = .002) and female (pAdult P1 = .004, pAdult P2 = .003) 

offspring of adult mothers. Young P1: offspring of young primiparous mothers; Adult P1: 

offspring of adult primiparous mothers; Adult P2: offspring of adult secundiparous mothers. 

Males: n = 6, N = 3 (3 litters from 3 different mothers). Females: (nYoung P1 = 6, nAdult P1 = 5, 

nAdult P2 = 6), N = 3 (3 litters from 3 different mothers). Two-way ANOVA (group Ĭ chamber) 

followed by 2-tailed independent samples t test when comparing the time spent in chambers, 

**p Ò .01 and ***p < .001. Error bars: Ñ SEM.  
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The results of social novelty assessments are shown in Fig. 18 (also Table S9 and 10). Significant 

differences between the groups in males (p = .019) but not females (p = .261) were observed 

when comparing the time spent in the chamber with a familiar mouse and the novel mouse. This 

means that, collectively, the groups of female mice do not show consistent and significant 

differences in their behavior across the different chambers. However, as we show later by 

conducting independent samples t test, this does not preclude the possibility of finding differences 

within specific groups when analyzed separately. 

It was found that both male and female offspring of young primiparous mothers exhibited no 

preference towards either the novel mouse or the familiar mouse (pmales = 0.525, pfemales = 0.678, 

2-tailed independent samples t test; Fig. 18a and b). In both sexes, offspring of adult secundipara 

exhibited a preference for the novel mouse over the familiar mouse, suggesting the absence of 

social behavior deficits (pmales = .007, pfemales = .05, 2-tailed independent samples t test; Fig. 18a 

and b). In male offspring of adult primipara, no social deficits were observed (p = .003, 2-tailed 

independent samples t test; Fig. 18a).  Conversely, in females, this group showed no preference 

towards either the novel mouse or the familiar mouse, unlike males (p = .348, 2-tailed 

independent samples t test; Fig. 18a).  
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Figure 18. Offspring of adult secundipara prefer novel over familiar mice; young primipara 

offspring show no preference. The x-axis represents the three groups of offspring categorized 

based on their motherôs age and parity status, while the y-axis represents the time spent in the 
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chamber containing a familiar mouse (white) and a novel mouse (gray) by the focal (a) male and 

(b) female offspring. Significant group differences were found in males (p = .019, two-way 

ANOVA); but not in females (p = .261, two-way ANOVA). However, further analysis revealed 

significant differences within specific groups. Both (p = 0.525) male and female (p = 0.678) 

offspring of young primiparous mothers showed social novelty deficits (2-tailed independent 

samples t test). Offspring of adult secundipara preferred to spend time in the novel mouse 

chamber compared to the familiar mouse chamber, suggesting no social deficits (pMales = .007, 

pFemales = .05, 2-tailed independent samples t test). Similar results were found for male offspring 

of young primipara (p = .003). In contrast, females lacked such preference (p = .348, 2-tailed 

independent samples t test). Young P1: offspring of young primiparous mothers; Adult P1: 

offspring of adult primiparous mothers; Adult P2: offspring of adult secundiparous mothers. 

Males: n = 6, N = 3 (3 litters from 3 different mothers). Females: (nYoung P1 = 6, nAdult P1 = 5, nAdult 

P2 = 6), N = 3 (3 litters from 3 different mothers). Two-way ANOVA (group Ĭ chamber) followed 

by 2-tailed independent samples t test when comparing the time spent in chambers, *p Ò .05 and 

**p Ò .01. Error bars: Ñ SEM. 

 

Discussion 

We demonstrated that influence of maternal factors including pregnancy at young age and lack 

of parity goes beyond gestational implications and offspring delayed development. Far-reaching 

impact of these maternal factors negatively shape offspring social behavior. 

Our data suggest that the physiology of a young nulliparous dam is not optimized for a successful 

pregnancy or for supporting a large litter. Young nulliparous dams are more vulnerable to 

gestational complications in their first pregnancy, including failure of conception, loss of 

pregnancy, and premature birth, compared to older and parous dams. Pregnancy at a young age 

and nulliparity compromise sexual receptivity and the success of pregnancy due to several 

reasons including an immature reproductive system (Yang et al., 2021; Hill, 1932; McCallum et 

al., 2018), hormonal imbalances (Barbu et al., 2020), and nonreceptive mating behavior (Sutter 

et al., 2016; Walf and Frye, 2008). Our data demonstrate that most sexual encounters in young 
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nulliparous dams do not result in a pregnancy. Also, the percentage of embryonic mortality is 

significantly elevated in these mice. Our results are consistent with those studies using larger 

sample sizes that showed maternal factors like age and parity can modulate the chance of 

successful pregnancy. For example, Weber et al., showed that nulliparous C57BL/6 dams have a 

higher rate of first litter loss (about 39%, n = 111), compared to parous dams (for example, 27% 

in mice with one previous successful pregnancy, n = 90) (Weber et al., 2013). A low rate of 

conception and successful pregnancy has been also reported in young first-time pregnancies in 

rats (Zemunik et al., 2008). 

One reason for non-optimal conditions for supporting the litter is that young dams are 

underweight at conception (Biggers et al., 1962). In our study, the dams that were not sexually 

fully developed were smaller at the time of conception compared to the adult parous dams. 

Similar results were observed in rats (Thame et al., 2010). Further, in accordance with the 

previous findings (Yang et al., 2021), our data indicate that pregnancy at a young age is associated 

with shorter gestation length. Pregnancy in laboratory mice (Mus musculus), including C57BL/6 

mice, is 19 to 21 days (Finlay et al., 2015; Rosenfeld et al., 2003). Gestational length is longer in 

laboratory rats (22-23 days) (Su et al., 2015). 

Compared to older pregnant mice, more than half of the young first-time pregnant mice gave 

birth a day earlier, on GD18.5. This finding suggests a potential difference in the timing of birth 

between the young primipara and the adult groups (primipara and secundipara). Premature birth 

in rodent models (PD15.5 21.5) is associated with undesirable changes in the brain, early 

postnatal developmental delays, and impaired cognition in offspring (Chow and Agustin, 1966; 

Schmiedecke et al., 2023; Su et al., 2015). However, to our knowledge, there are no studies that 

compare the molecular, structural, or behavioral profiles of rodent offspring born on GD18.5 and 
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those born on other days as a result of maternal factors. Therefore, it is unclear whether there are 

any differences in development or long-term behavioral outcomes due to premature birth. 

Some studies in mice (Rosenfeld and Roberts, 2004; Finlay et al., 2015), but not all (Balough et 

al., 2021; Rugh and Wohlfromm, 1967; Suntzeff et al., 1962; Wang and Vom Saal, 2000), found 

maternal age at conception can influence the sex ratio of the offspring. Possible reasons for the 

inconsistency in the literature may be due to a multitude of confounding variables, such as strain, 

parity, diet, the motherôs prior intrauterine position (presence of an adjacent male during 

conception), maternal stress level and the time and mode of conception (whether mother was in 

lactational stage when being paired for the next pregnancy) (Krackow and Burgoyne, 1997, 1997; 

Rosenfeld and Roberts, 2004; Vandenbergh and Huggett, 1994). 

In agreement with previous reports (Biggers et al., 1962; Elwood, 1991; Krackow and Hoeck, 

1989; Mouse et al., 1967; Rugh and Wohlfromm, 1967; Whitaker et al., 2016), we also found 

that a combination of advancing maternal age and previous history of pregnancy leads to the birth 

of larger litters. Litter size is not a basic feature; it is affected by several environmental (light, 

temperature, nutrition), genetic (strain), maternal (age, parity, ovulation rate, proportion of 

fertilized eggs, and fetal absorption after successful implantation), and fetoïmaternal factors 

(placental hormones) (Biggers et al., 1962; Drickamer, 1977; Falconer, 1971; Finn, 1963; 

Kennedy and Kennedy, 1972; Ġuhet-kagan and Êmme, 1960). Previous studies in rodents, 

including C57BL/6J mice, have found an association between maternal weight gained during 

pregnancy and litter size (Finlay et al., 2015). Regardless of the differences in weight at 

conception and litter sizes, in our study, young primiparous dams did not differ in the weight 

gained during pregnancy compared to the older dams. Although we are unable to determine the 

causes with certainty, it is possible that maternal cannibalization shortly after birth is the cause 
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rather than unsuccessful implantation. For a better understanding, additional studies with a large 

sample size are needed to measure characteristics like the number of implantation sites, viable 

foetuses, and corpora lutea from GD13 until shortly before birth.  

The number of viable pups in each litter regulates short- and long-term physiological processes.  

Small litters are accompanied by overfeeding of offspring due to the greater availability of breast 

milk (Parra-Vargas et al., 2020). Small litters result in reduced competition for milk during the 

suckling period, which leads to increased food intake and faster growth, whereas big litters result 

in more milk competition and slower growth rate (Parra-Vargas et al., 2020). In our study, 

offspring of young primipara were smaller during early infancy compared to offspring of 

secundipara. Interestingly, significant differences in body weight and tail length that were 

observed on early postnatal days disappeared after PD10. Also, offspring of adult secundipara 

opened their eyes earlier compared to the offspring of primipara. Similar to our results, previous 

studies showed that small litter sizes are accompanied by rapid weight gain in newborns (Habbout 

et al., 2013; Parra-Vargas et al., 2020; Salari et al., 2018; Ye et al., 2012). The results of such 

research have shown that small litter size and fast growth rate are associated with several health 

problems later in life like obesity, higher levels of anxiety and social deficits in offspring 

(Habbout et al., 2013; Salari et al., 2018; Souza et al., 2022; Tanaka, 1998; Ye et al., 2012). 

We found that a combination of early age pregnancy of dams and a lack of previous experience 

of pregnancy and motherhood is associated with increased anxiety-like behavior in offspring in 

a sex-dependent manner. Compared to the offspring of young primiparous mice, male offspring 

of adult primipara, but not females, showed reduced anxiety-like behaviors, suggesting a 

protective role of advance age alone. Also, in the presence of physiological factors like stressors 

and psychiatric diseases, females are more vulnerable to develop higher levels of anxiety 
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compared to the males (Luine et al., 2007; Schulz et al., 2011; Szabó et al., 2023; Veenema et al., 

2007). Besides small litter size (Habbout et al., 2013; Salari et al., 2018), poor maternal care 

(Pedersen et al., 2011; Priebe et al., 2005; Wei et al., 2010) can also be considered as possible 

causes of higher anxiety in offspring of young primiparous mice compared to the offspring of 

older secundiparous mice. Both in humans and rodents, mother-offspring interactions are related 

to the dopamine-dependent reward system in the brain (Champagne and Curley, 2012) and are 

under the regulation of hormones like oxytocin (Numan and Sheehan, 1997). The link between 

maternal care, parity, and oxytocin in mice has been studied extensively (Caruolo, 1971; Guoynes 

and Marler, 2021; Pedersen et al., 2006). Oxytocin-dopamine interactions regulate motivational 

aspects of postpartum, while oxytocin-serotonin interactions regulate other aspects of maternal 

responses including nursing, aggression, and anxiety management (Grieb and Lonstein, 2022). 

Impaired serotonin and dopamine metabolism in brain has been linked to poor maternal care in 

mice (Angoa-Pérez and Kuhn, 2015; Gammie et al., 2008; Girirajan and Elsea, 2009), low 

reproductive fitness, and giving birth to small litters (Girirajan and Elsea, 2009). Similar deficits 

are also observed in rats (Rincón-Cortés and Grace, 2021). Further studies are needed to measure 

oxytocin, serotonin, and dopamine in adult and young primipara and adult secundipara. It is 

possible that young and inexperienced young mothers do not provide sufficient care to nurse their 

first litters because the required hormonal system for proper maternal care is not fully developed 

in their brains. Therefore, neglect of their offspring leads to higher anxiety in their offspring.  

When animals (Jones et al., 2010) including mice (Würbel and Stauffacher, 1997) are deprived 

of their mothers earlier than the normal weaning time, they exhibit high levels of stereotypic 

behavior. One major reason is separation anxiety (Kikusui et al., 2004). However, another key 
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factor contributing to this phenomenon is that these animals are not receiving sufficient maternal 

care and nursing (Kikusui et al., 2004; Langen et al., 2011).  

We detected sex differences in repetitive behavior. A combination of advanced maternal age and 

parity provided protection for male offspring but not females from developing increased 

stereotypic behavior that exists in offspring of young and older primiparous mothers. In our study, 

the sole effect of maternal previous history of pregnancy and motherhood was sufficient to protect 

the offspring from development of stereotypic behavior. Based on our finding, it is possible that 

better maternal behavior provided by experienced mothers plays a protective role. Another factor 

that induces repetitive behavior in mice is overnutrition. A recent study in C57BL/6J mice found 

a relationship between overnutrition and excessive repetitive behavior in mice (Wang et al., 

2023). Therefore, overfeeding of mice in small litters can contribute to offspring of young 

primipara metabolic dysfunction (obesity) and increased stereotypic behavior. 

In this study, sociability (preference toward a novel mouse versus a novel object) was impaired 

only in female offspring of young primipara. However, when assessing social novelty (preference 

toward a novel mouse versus a familiar mouse), we found impairment both in male and female 

offspring of this group. Further, social novelty was also impaired in female offspring of older 

primiparous mothers. Therefore, female offspring were more prone to social deficits due to 

maternal factors. Sex-specific changes in social behavior of mice due to early life adverse 

experiences has been reported before, with a stronger influence on females compared to males 

(Bondar et al., 2018). Social behavior of offspring is tightly linked to early life nutritional, 

sensory, and communicational experiences. Postnatal overfeeding and adult obesity are 

associated with reduced social play behaviors in rats and mice (Carvalho et al., 2016; Wang et 

al., 2023). Maternal care and somatosensory contacts between littermates are crucial factors in 
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regulation of offspring social behavior (Bell, 2018; Branchi et al., 2013; Champagne and Curley, 

2009) (Branchi et al., 2013). Poor bonding between mothers and their young and development of 

social deficits in offspring have been reported previously in rats and mice (Branchi et al., 2006; 

Linossier et al., 2021; Ragan et al., 2012). In rats, such interaction is responsible for offspring 

social novelty behavior (preference toward a novel rat versus a familiar rat) during adulthood 

(Ragan et al., 2012). Furthermore, higher levels of interaction with littermates (common in larger 

litters) promotes social behavior (Branchi et al., 2013). Therefore, the social behavior deficits 

observed in the offspring of inexperienced, young dams can be attributed to various factors 

stemming from adverse infancy experiences such as insufficient maternal care and limited 

interactions with littermates. 

 

Limitations and future directions  

While this study provides valuable insights into the far-reaching impact of maternal factors, 

including young age at pregnancy and nulliparity, on diverse aspects of offspring development 

and behavior, it is crucial to recognize its limitations. The study's ability to generalize findings, 

particularly regarding the influence of maternal age and parity on pregnancy outcomes, could 

benefit from increased sample sizes. For instance, our analysis, based on data from 44 monitored 

copulatory events, suggests a positive association between a history of previous pregnancies and 

reproductive success.  However, the relatively small sample size in this analysis differs from the 

norm, where studies typically involve sample sizes reaching several hundred (Hori et al., 2005; 

KokociŒska et al., 2017; Miller et al., 1962; Zhang et al., 2007; KokociŒska et al., 2017). 

Therefore, large-scale investigations and more extensive cohorts are necessary to confirm our 
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results. Based on our literature review and power analysis conducted using our own data (as 

described in detail in the results section), we anticipate that a sample size of 140-160 subjects per 

group will be necessary for assessing gestational capacity and related criteria. These criteria 

notably include the number of failed conceptions, instances of preterm pregnancy, and any 

deviations in sex ratios among litter group sizes. For behavioral assessments, particularly in 

evaluating anxiety and novel sociability preferences, we find that adding 5 to 6 samples per group 

should be sufficient to achieve a conclusive result with a satisfactory effect size. 

Our study primarily investigates the effect of maternal age and parity, but various other factors 

can influence offspring development. Depending on the nature of the research, it is important to 

consider complex interactions between genetic, environmental, and epigenetic factors when 

interpreting the observed outcomes.  

Our study identifies differences in offspring behaviors without investigating the underlying 

mechanisms and molecular pathways. There is a need for future studies to explore underlying 

molecular mechanisms and signaling pathways that are influenced by undesired maternal factors 

including adolescent pregnancy and lack of parity. Specifically, investigating pathways involved 

in hormonal regulation, such as those related to oxytocin, dopamine, serotonin, and 

corticosterone, is encouraged. These pathways play critical roles in maternal behavior, stress 

response, and offspring development, making them particularly relevant for understanding the 

impact of maternal factors on offspring outcomes. 

Finally, in our study, we have focused on the early postnatal period, juvenile stage, and early 

adulthood. Our study does not provide a comprehensive analysis of long-term developmental 

outcomes. Investigating the persistence of these effects into adulthood would be a valuable area 

for future research. 
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Conclusion 

Our findings reveal that maternal factors, including pregnancy at a young age and nulliparity, 

lead to developmental delays in offspring and long-term adverse effects. Based on our findings, 

such long-term effects manifest as impaired social behaviours in adulthood. In mouse modeling 

and behavioral research, when studying relevant human behaviors like social behavior and 

anxiety in a murine system, it is essential to consider maternal factors as key variables to avoid 

introducing data variability and obtaining misleading results. 
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Appendix 

Table S 1. Body weight and Tail length data. 

Postnatal day  PD7 
 

PD8 
 

PD9 
 

PD10 
 

PD11 
 

PD12 
 

Body weight (g) Mean SEM Mean SEM Mean SEM Mean SEM Mean SEM Mean SEM 

Young P1 3.83 0.115 4.45 0.085 4.99 0.091 5.47 0.081 6.12 0.202 6.49 0.300 

Adult P1 4.18 0.105 4.62 0.112 5.08 0.177 5.61 0.153 6.02 0.787 6.41 0.192 

Adult P2 4.48 0.245 5.19 0.221 5.57 0.132 5.97 0.156 6.38 0.299 6.59 0.377 

Tail length (cm) Mean SEM Mean SEM Mean SEM Mean SEM Mean SEM Mean SEM 

Young P1 2.12 0.039 2.28 0.076 2.49 0.081 2.72 0.056 3.00 0.142 3.16 0.101 

Adult P1 2.48 0.107 2.64 0.045 2.91 0.090 3.11 0.075 3.32 0.011 3.57 0.152 

Adult P2 2.36 0.079 2.67 0.115 2.87 0.127 3.11 0.163 3.30 0.207 3.45 0.379 

* Groups include offspring of young primiparous dams (young P1), adult primipara (Adult P1), and adult secundipara (Adult p2) 

during postnatal development. 
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Table S 2. Crosstabulation data of eye-opening status. 

Group Frequency 

Both eyes closed One eye opened Both eyes opened 

Young P1 Postnatal Day 11 43 0 0 

12 43 0 0 

13 18 11 14 

14 12 6 25 

15 8 4 31 

16 0 1 31 

17 0 1 31 

18 0 0 43 

19 0 0 43 

Adult P1 Postnatal Day 11 34 0 0 

12 34 0 0 

13 11 10 13 

14 4 6 29 

15 3 3 23 

16 0 3 25 

17 0 3 25 

18 0 1 33 

19 0 0 34 

Adult P1 Postnatal Day 11 20 0 0 

  12 20 0 0 

  13 7 6 12 

  14 2 6 17 

  15 2 4 19 

  16 0 3 22 

  17 0 3 22 

  18 0 0 25 

  19 0 0 25 
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Table S 3. Anxiety-like behavior data from step-down test. 

 Female offspring Male offspring 

Latency to descend (s) Young P1 Adult P1 Adult P2 Young P1 Adult P1 Adult P2 

Litter #1 301 75 90 799 545 702 

 900 210 107 360 436 621 

Litter #2 630 900 435 900 77 105 

 651 114 351 656 84 158 

Litter #3 420 188 90 422 296 221 

 493 N/A 151 570 230 137 

Mean 565.8 297.4 204 617.8 278 324 

SEM 85.6 152.6 61.4 85.8 76.8 108.3 

Group Size 6 5 6 6 6 6 
 

 

Table S 4. Locomotor activity data.  

 Female offspring Male offspring 

Total distance moved (cm) Young P1 Adult P1 Adult P2 Young P1 Adult P1 Adult P2 

Litter #1 4827.9 5370.3 4532.5 4715.3 3384.2 3684.9 

 4967.2 5551.2 4731.7 5192.4 6308.4 4491.4 

Litter #2 5469.8 6206.0 4213.2 4703.0 3960.0 5172.6 

 5200.0 4245.4 4775.3 5672.5 4740.9 4139.7 

Litter #3 3178.3 5238.4 5158.6 4095.7 4867.6 3983.2 

 2556.8 N/A 4482.0 3411.7 4250.5 4717.7 

Mean 4366.7 5322.3 4648.9 4631.8 4585.3 4364.9 

SEM 489.0 316.4 130.9 325.9 409.0 220.0 

Group Size 6 5 6 6 6 6 

Average velocity of movements (cm/s) 

Young P1 Adult P1 Adult P2 Young P1 Adult P1 Adult P2 

Litter #1 4.08 4.68 3.89 4.21 2.88 3.11 

 4.19 4.91 3.99 4.59 5.33 3.76 

Litter #2 4.66 5.24 3.72 3.94 3.34 4.35 

 4.45 3.56 2.70 4.78 4.00 3.48 

Litter #3 2.70 4.40 4.38 3.47 4.08 3.34 

 2.15 N/A 3.80 2.89 3.57 4.01 

Mean 3.70 4.56 3.75 3.98 3.87 3.67 

SEM 0.419 0.285 0.229 0.289 0.343 0.186 

Group Size 6 5 6 6 6 6 
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Table S 5. Assessment of olfactory function data.  

 Female offspring Male offspring 

Latency to uncover the hidden food 

(s) 

Young 

P1 

Adult 

P1 

Adult 

P2 

Young 

P1 

Adult 

P1 

Adult 

P2 

Litter #1 61 112 52 215 51 300 

 109 201 30 900 132 312 

Litter #2 377 39 16 518 812 117 

 413 122 87 491 190 49 

Litter #3 342 87 89 469 133 138 

 370 N/A 92 442 365 135 

Mean 278.7 112.2 61.0 505.8 280.5 175.2 

SEM 62.2 26.4 13.5 90.5 114.6 43.4 

Group Size 6 5 6 6 6 6 
 

 

Table S 6. Repetitive behavior data.  

 Female offspring Male offspring 

No. of buried marbles Young P1 Adult P1 Adult P2 Young P1 Adult P1 Adult P2 

Litter #1 4 1 1 3 3 1 

  4 3 1 2 4 0 

Litter #2 1 2 0 3 2 0 

  0 2 0 3 3 2 

Litter #3 8 3 0 2 1 0 

  2 N/A 0 3 3 0 

Mean 3.17 2.20 0.333 2.67 2.67 0.500 

SEM 1.17 0.374 0.211 0.211 0.422 0.342 

Group Size 6 5 6 6 6 6 
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Table S 7. 3-chambers test (sociability) data of male groups. 

 Novel object chamber Stranger mouse chamber 

Duration in chambers (s) Young P1 Adult P1 Adult P2 Young P1 Adult P1 Adult P2 

Litter #1 170.4 63.3 146.7 326.7 316.4 270.5 

  157.0 63.2 140.0 343.3 455.2 253.3 

Litter #2 99.2 103.7 85.7 388.2 308.3 156.2 

  53.8 84.1 163.0 369.2 358.9 222.3 

Litter #3 371.7 130.2 181.8 62.4 275.4 310.0 

  127.3 35.7 121.4 301.4 483.8 279.3 

Mean 163.2 80.0 139.8 298.5 366.3 248.6 

SEM 45.1 13.7 13.7 48.9 34.6 21.9 

Group Size 6 6 6 6 6 6 

 

 

 

 

Table S 8. 3-chambers test (sociability) data of female groups. 

 Novel object chamber Stranger mouse chamber 

Duration in chambers (s) Young P1 Adult P1 Adult P2 Young P1 Adult P1 Adult P2 

Litter #1 283.0 127.6 211.7 193.3 224.2 245.4 

 439.2 126.2 191.8 98.6 267.4 293.3 

Litter #2 147.0 168.1 122.2 250.1 263.5 236.5 

 137.5 77.7 100.1 268.6 205.2 329.8 

Litter #3 161.9 75.8 116.3 205.3 402.1 179.1 

 66.3 N/A 121.0 179.3 N/A 376.8 

Mean 205.8 115.1 143.9 199.2 272.5 276.8 

SEM 54.8 17.4 18.8 24.5 34.5 29.0 

Group Size 6 5 6 6 5 6 
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Table S 9. 3-chambers test (social novelty) data for male mice. 

 Familiar mouse chamber  Stranger mouse chamber 

Duration in chambers (s) Young P1 Adult P1 Adult P2 Young P1 Adult P1 Adult P2 

Litter #1 139.9 93.7 133.1 232.6 303.1 346.7 

  285.8 152.1 98.6 143.3 346.2 333.4 

Litter #2 198.2 91.3 77.4 205.5 366.8 263.6 

  55.4 254.1 208.4 397.2 138.4 114.1 

Litter #3 241.6 103.7 44.6 88.6 308.3 476.3 

  145.5 84.1 163.9 213.6 358.9 293.5 

Mean 177.7 129.8 121.0 213.4 303.6 304.6 

SEM 33.5 26.8 24.4 42.7 34.7 48.4 

Group Size 6 6 6 6 6 6 
 

 

Table S 10. 3-chambers test (social novelty) data for female mice. 

 Familiar mouse chamber  Stranger mouse chamber 

Duration in chambers (s) Young P1 Adult P1 Adult P2 Young P1 Adult P1 Adult P2 

Litter #1 273.8 176.0 212.1 183.0 183.0 232.5 

 266.7 144.6 159.0 131.7 227.3 327.2 

Litter #2 130.1 137.8 222.4 261.1 235.1 184.9 

 76.8 229.1 88.3 379.6 119.7 229.8 

Litter #3 366.0 167.1 192.0 51.3 223.8 364.9 

 138.6 N/A 120.6 71.3 N/A 170.9 

Mean 208.7 170.9 165.7 179.6 197.8 251.7 

SEM 45.0 16.2 21.7 50.7 21.5 31.8 

Group Size 6 5 6 6 5 6 
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Chapter 3 

TrkB  Involvement in ASD-Like Behavior: Insights from an 

idiopathic-like ASD Mouse Model 
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Abstract 

Background: Autism Spectrum Disorder (ASD) is a complex neurodevelopmental condition 

characterized by challenges in social interactions and the representation of repetitive behavior, 

with underlying causative pathways that remain unclear. While genetic factors contribute to 

syndromic ASD, most cases of ASD are idiopathic, with unknown causes influenced by a 

combination of epigenetic and environmental factors. Signaling pathways, including brain-derived 

neurotrophic factor (BDNF), its receptor tropomyosin-related kinase B (TrkB), and their 

downstream signaling cascades like Akt (protein kinase B) and Erk (extracellular signal-regulated 

kinase, are involved in synaptic function and connectivity. Synaptic dysfunction, a prominent 

feature common in syndromic and idiopathic ASD, is caused by both abnormally increased and 

decreased signaling pathways, including Akt and Erk. signaling pathways are hyper-activated in 

syndromic ASD and hypo-activated in idiopathic cases. This explains why drugs like rapamycin 

that inhibit the mTOR pathway are beneficial for syndromic ASD but not idiopathic cases. 

Similarly, IGF-1 mRNA and protein levels remained unchanged in the idiopathic ASD fusiform 

gyrus. Existing research that has found a relationship between BDNF, TrkB, and their downstream 

pathways and idiopathic ASD pathology is correlational.  

 

Methodology: Pregnant C57Bl/6N mice were injected intraperitoneally (i.p.) with valproic acid 

or saline on embryonic day 12.5. Offspring of both sexes received either daily i.p. injections of the 

TrkB partial agonist LM22A-4 or vehicle (saline). BDNF and TrkB isoforms, as well as the levels 



 

165 
 

of phosphorylated and total Akt and Erk proteins, were analyzed via Western blotting in the 

temporal/parietal neocortices on PD37. 

Results: The findings highlight significant pathological alterations in valproic acid (VPA)-

exposed mice: VPA-exposed mice, compared to the control group, demonstrated notable 

neurodevelopmental delays, including delayed eye-opening, smaller tail length, reductions in body 

weight, and litter weight persisting into the juvenile stage. Specifically, on postnatal day 22 

(PD22), there were significant differences in females, and males, and on PD37. Additionally, mice 

exposed to VPA exhibited core ASD-like behaviors, particularly repetitive behaviors and impaired 

sociability and social novelty. These observed behavioral deficits were not influenced by 

confounding effects such as anxiety, locomotor deficits, and olfactory deficits. LM22A-4 

treatment effectively mitigated repetitive behavior in female VPA mice and male VPA mice, as 

well as sociability deficits and impaired social novelty behavior. Protein analysis revealed 

unchanged levels of full-length TrkB, truncated TrkB isoforms, proBDNF, truncated BDNF, and 

mature BDNF in VPA-exposed mice compared to controls. Interaction between VPA and LM22A-

4 resulted in a reduction of mature BDNF in males. However, LM22A-4 treatment led to increased 

Akt activation in females and Erk1/2 activation in males, demonstrating a meaningful effect size. 

These findings suggest that the modulating effects of LM22A-4 on TrkB downstream signaling 

are context-dependent, requiring the presence of VPA pathology in our model and are influenced 

by sex differences. Our protein analysis was unaffected by changes in the housekeeping gene 

GAPDH protein, remaining consistent across all experiments among the groups. 

Discussion: We did not observe any changes in cortical BDNF, TrkB, and Akt phosphorylation in 

our VPA mouse model. This contrasts with molecular events seen in human idiopathic ASD, 
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especially within the fusiform gyrus. In human studies, decreased BDNF-TrkB activation, 

indicated by reduced BDNF- TrkB full-length (TrkB-FL) to truncated TrkB isoforms ratio, 

alongside Akt hypo-activation, were noted. The Erk protein levels remained unchanged in both the 

cortex of VPA mice and the fusiform gyrus of humans with idiopathic ASD. 

Conclusion: Discrepancies in BDNF, TrkB, and Akt signaling between our model and human 

idiopathic ASD fusiform gyrus highlight our VPA model's limitations in representing TrkB 

complexities in idiopathic ASD, particularly within the cortex. The observed promoting effect of 

the TrkB agonist, LM22A-4, on the alleviation of ASD-like core behavioral symptoms suggests 

that deficits in TrkB signaling within the whole brain system has a causative role in ASD-like 

pathology.
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Introduction  

Autism spectrum disorder (ASD) is a heterogeneous group of lifelong neurodevelopmental 

disorders (Lord et al., 2000). Core symptoms of ASD include disturbances in social 

communication and repetitive activities (Lord et al., 2000). The prevalence of ASD has increased 

by over 120% in the recent two decades, making it a major public health concern (Maenner et al., 

2023). The diagnosis of ASD is primarily based on the assessment of the individual's behavior and 

functional abilities (Saral et al., 2023). Currently, there is no cure for ASD (Saral et al., 2023). 

ASD is caused by genetic factors is known as ñsyndromic ASDò (Jick and Kaye, 2003; Landrigan, 

2010). Recent studies have revealed that 65 genes, including both de novo and loss-of-function 

mutations, that are causative in syndromic ASD (Sanders et al., 2015). These genes are involved 

in synaptic functions, neuronal development, neurotransmitter systems, and neurodevelopmental 

pathways (Muhle et al., 2004). In addition, exome sequencing studies have estimated that several 

hundred genes are involved in syndromic ASD (C Yuen et al., 2017; Hamzic et al., 2024). On the 

other hand, ñidiopathic ASDò has no known cause and is influenced by a combination of genetic 

and epigenetic/environmental factors (Casanova et al., 2020). The precise proportional 

contribution of epigenetic/environmental factors to the etiology of idiopathic ASD is still unclear 

(Jick and Kaye, 2003; Landrigan, 2010). However, there are several environmental risk factors 

that are known to contribute to idiopathic ASD (Taylor et al., 2020). These risk factors include 

maternal exposure to chemicals, air pollution, viral infections, maternal stress, and immunological 

dysfunction during pregnancy (Bölte et al., 2018; Szatmari et al., 1998; Taylor et al., 2020). For 

example, certain classes of medication use, such as antiepileptic drugs, during pregnancy have also 

been linked to an increased risk of idiopathic ASD in offspring (Taylor et al., 2020). Of note, 
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valproic acid (VPA), an antiepileptic and mood disorder drug, poses a risk for idiopathic ASD 

(Löscher et al., 2002). Maternal exposure to VPA at the time of neural tube closure increases the 

incidence of idiopathic ASD in humans (Arndt et al., 2005; Chomiak and Hu, 2013; Christensen 

et al., 2016; Rodier et al., 1996) and causes ASD-like symptoms in rodents (Roullet et al., 2013; 

Schneider and Przewlocki, 2005; Stanton et al., 2007). Studies link maternal VPA exposure to 

increased idiopathic ASD prevalence up to 10% in offspring (Rasalam et al., 2005). It is known 

that VPA, by inhibiting histone deacetylases, leads to increased levels of acetylated histones H3 

and H4, which induce ASD-related behaviors (Kataoka et al., 2013). This highlights the role of 

VPA as a modulator of epigenetic mechanisms that may contribute to the idiopathic form of ASD.

   

The differences between idiopathic ASD and syndromic ASD are not limited to their underlying 

causes. Idiopathic ASD, which compromises most cases of ASD, is more complex and 

heterogeneous in the representation of symptoms due to its multifactorial nature (Miles et al., 

2005). The elevated levels of diversity observed in idiopathic ASD align with the idea that distinct 

molecular mechanisms, which are not currently well understood, may impact the development of 

brain circuits at various levels of complexity (Hammock et al., 2006). In ASD, disrupted synaptic 

connectivity in the brain emerges as a prominent feature common across all cases (DeRosa et al., 

2018; Zimmerman et al., 2008). Numerous studies have identified differences in synaptic structure 

(Zieger et al., 2021), neurotransmitter systems (Eltokhi et al., 2020; Guastella et al., 2016; Cetin 

et al., 2015), and neural circuits associated with the disorder (Wang et al., 2018).  

Receptor tyrosine kinases (RTKs) play pivotal roles in orchestrating synaptic functions such as 

connectivity, maturation, and plasticity, and in neuronal survival, differentiation, and neurogenesis 

(Peng et al., 2013). RTKs are membrane-bound proteins that facilitate the transmission of signals 
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from the extracellular environment to the nucleus and cytoplasm (Robinson et al., 2000). The 

signals transmitted through RTKs regulate developmental and postnatal physiological processes 

(Peng et al., 2013). Identifying specific RTKs that are causal factors in ASD pathology can be a 

critical step toward understanding the underlying molecular mechanisms that are involved in ASD 

(Hevner et al., 2015). So far, no single RTK has been definitively identified as a causative factor 

for idiopathic ASD. Therefore, recent research has focused on finding such connections between 

specific RTKs and ASD pathology. There are several lines of evidence linking ASD to 

Tropomyosin receptor kinase B tropomyosin-related kinase B (TrkB), the corresponding RTK of 

brain-derived neurotrophic factor (BDNF). In fusiform gyrus of individuals with idiopathic ASD, 

there is a notable decrease in the protein levels of the signal-transducing full-length TrkB (TrkB-

FL) isoform (Nicolini et al., 2015). Additionally, two truncated TrkB isoforms (TrkB-T1 and 

TrkB-Shc) show a trending increase (Nicolini et al., 2015). Truncated TrkB isoforms lack kinase 

activity but sequester BDNF (Eide et al., 1996; Haapasalo et al., 2001). The decreased ratio of 

TrkB-FL to truncated TrkB isoforms, along with the sequestration of BDNF, contributes to various 

adverse effects associated with the pathology of ASD (Fahnestock and Nicolini, 2015). BDNF's 

central roles in neuronal growth (Duman and Monteggia, 2006), development (Duman and 

Monteggia, 2006), survival (Johnson-Farley et al., 2007), neuroprotection (Johnson-Farley et al., 

2007), repair (Duman and Monteggia, 2006), neurogenesis, and neural circuit formation, and 

synaptic plasticity (McAllister et al., 1999; Vaynman et al., 2003) is well-known. BDNF binding 

to TrkB-FL initiates receptor autophosphorylation, activating downstream signaling pathways 

such as Akt (protein kinase B) and Erk (extracellular signal-regulated kinase), which regulate 

dendritic spine protein synthesis, stability, and functions (Correia et al., 2010; Fahnestock, 2015; 

Fahnestock and Nicolini, 2014; Tsai, 2006). In the brain, Akt is responsible for circuit connectivity 
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through the regulation of axonal growth and protein synthesis (Kumar et al., 2005; Kwon et al., 

2006; F. Wang et al., 2022). Hypo-activation of Akt signaling pathways is observed in the frontal 

cortex and fusiform gyrus of individuals with idiopathic ASD (Sheikh et al., 2010, Nicolini et al., 

2015). Further, Akt hypo-phosphorylation correlates with the severity of some ASD symptoms, 

including language deficits (Russo, 2015). Further, the Erk signaling pathway is crucial in 

neurodevelopment due to its key roles in the regulation of neurogenesis and neurite outgrowth 

(Blüthgen et al., 2017; Ortuño-Sahagún et al., 2014). Reduced Erk signaling induces social 

memory and preference impairments in human ASD and ASD-like mouse models (Pucilowska 

and Landreth, 2018). Therefore, disrupted BDNF and TrkB signaling through these pathways 

could be a significant factor in the pathogenesis of ASD (Fahnestock and Nicolini, 2015).  

In the fusiform gyrus of individuals with idiopathic ASD, an increase in the levels of the BDNF 

precursor protein, proBDNF, has been observed (Garcia et al., 2012). In contrast to mature BDNF, 

which has a high affinity for TrkB receptors, proBDNF exhibits a higher affinity for p75NTR 

receptors rather than TrkB (Kaplan et al., 2000; Roux et al., 2002). The downstream signaling 

pathways triggered by the binding of proBDNF to p75NTR include the involvement of the small 

GTPase protein RhoA (Ras homolog gene family member A) and its effector ROCK (Rho kinase) 

(Sun et al., 2012). These signaling pathways coordinate the reduction of dendritic spines, initiation 

of apoptosis, and induction of long-term depression in cultured neurons (Koshimizu et al., 2009). 

Further, immunoreactive BDNF levels (sensitive to both BDNF and proBDNF) are increased in 

the blood, serum, and brain of individuals with idiopathic and syndromic ASD in most studies 

(Garcia et al., 2012; Correia et al., 2010; Miyazaki et al., 2004; Zheng et al., 2016). Furthermore, 

single nucleotide polymorphisms (SNPs) of BDNF and TrkB gene (Ntrk2) are involved in 

syndromic ASD pathology (Nishimura et al., 2007). These findings provide valuable insights into 
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potential molecular mechanisms in both types of ASD, involving BDNF, TrkB, and their 

downstream signaling pathways, including Akt and Erk. However, the correlational nature of these 

associations does not establish causation. Therefore, there is a knowledge gap requiring 

investigations to validate the causal roles of BDNF and TrkB in ASD development. We aimed to 

establish a causal link between TrkB deficits and idiopathic ASD pathology using the TrkB partial 

agonist, LM22A-4, in a relevant VPA-exposed mouse model. This is important given the fact that 

a significant portion of current ASD research relies on transgenic mouse models with specific 

mutations in single genes associated with the disorder or related developmental disorders.  

While transgenic mouse models are valuable for understanding syndromic ASD pathology, they 

may not fully capture the complexity of idiopathic cases, where the disorder arises without a clear 

genetic mutation (Ergaz et al., 2016). However, environmental mouse models provide a more 

relevant representation for idiopathic ASDðthose without a known genetic basis (Ergaz et al., 

2016). Since prenatal exposure to VPA induces transient hyperacetylation of H3 and H4 histones 

in the embryonic mouse brain (Kataoka et al., 2013), VPA-exposed mice serve as a fit model for 

epigenetic changes. Consequently, they may better represent idiopathic ASD cases than transgenic 

mice with single ASD-linked gene mutation (Ornoy, 2009). ASD -like rodent models, induced by 

prenatal exposure to VPA, exhibited characteristics resembling those observed in human 

idiopathic ASD. Findings from Nicolini et al. (2015) indicate that rats exposed to VPA exhibited 

diminished activation of critical proteins within the Akt/mTOR pathway, including Akt itself, 

mTOR, 4E-BP1, and S6. Further, administering VPA on day 12.5 of gestation led to a decline in 

the number of neuronal cells within the prefrontal and somatosensory cortices in embryonic mice 

(Kataoka et al., 2013). These observed changes are suggestive of the suppression of neurotrophic 

factors, such as BDNF, alongside disrupted downstream signaling pathways that include not only 
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Akt/mTOR but also Erk cascade (Ma et al., 2010; Kim et al., 2006). This led us to the hypothesis 

that VPA-exposed mice exhibit ASD-like behavior and possess deficits in BDNF, TrkB, as well 

as their downstream signaling hub proteins, including Akt and Erk, like those observed in 

individuals with idiopathic ASD. Additionally, we hypothesized that inducing TrkB with its 

selective agonist, LM22A-4, may rescue ASD-like behavior and TrkB signaling pathway deficits. 

 

 

Methods 

Animals 

C57BL/6N mice were purchased from Charles River Laboratories (Quebec, Canada) and 

were subjected to breeding at 3-6 months of age. The dams had one prior pregnancy experience 

before being used for the objectives of this study. Male mice were housed singly, and female mice 

were group-housed in plastic cages (4 per cage), under standard lighting (12-hour light/dark cycle, 

lights on at 6:00 am), ambient temperature (20ï25°C), and humidity (40%ï70%) with ad libitum 

access to food and water at McMaster Central Animal Facility (Hamilton, ON, Canada). The 

Animal Research Ethics Board at McMaster University approved all animal research in this study 

(# 22-12-37). 

Mouse model: The dams were paired with male mice during the late proestrus/early estrus 

phase. After confirming pregnancy by the detection of a sperm plug and observing significant 

weight gain during the gestational period, they were administered an intraperitoneal (i.p.) injection 
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of 600 mg/kg freshly prepared VPA (valproic acid; Sigma, Oakville, ON, Canada) or vehicle 

(0.9% NaCl solution, AKA [normal] saline) on embryonic day 12.5 (E12.5) (Fig. 1).  

 

Figure 1. Battery of behavioral assays and experimental timeline. 

 

Groups: At weaning (PD22), pups (2 per litter per sex) were allocated into 4 experimental 

groups depending on prenatal and postnatal treatments: saline-treated saline-exposed controls 

(Saline), saline-treated VPA-exposed (VPA), LM22A-4-treated saline-exposed (LM22A-4), and 

LM22A-4-treated VPA-exposed mice (VPA+LM22A-4). We analyzed the results of male and 

female offspring separately, resulting in four groups of females and four groups of males, each 

compared independently. Mice received an i.p injection of 50 mg/kg LM22A-4 or the vehicle 

(saline) daily from postnatal days (PDs) 22-36 (15 days). LM22A-4 ((N, Nô, Nô-tris [2-

hydroxyethyl])-1,3,5-benzene tricarbox-amide) was synthesized at Ricerca LLC in Concord, OH, 

under the direction of FML, as previously described (Massa et al., 2010). 
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Assessment of neurodevelopmental characteristics 

The assessment of neurodevelopmental traits involved measuring body weight during infancy 

(PD7ï12), the juvenile stage (PD22), and young adulthood (PD37), and onset of eye opening 

(PD10-19), following established procedures (Rhees and Atchley, 2000; Roubertoux et al., 1985). 

Additionally, we measured tail length (PD7ï12), a significant somatic trait providing insights into 

broader growth patterns and the development of skeletal structures in rodents (Eilam, 1997). 

 

Behavioral assays  

Animals underwent a 5-day habituation period involving handling by both experimenters' hands 

and an enrichment tube, with each habituation session lasting 2 minutes per mouse. 

Step-down test (PD29): This test quantifies acrophobia, an anxiety-related behavior in mice 

(Anisman et al., 2001). Mice were individually placed on a raised platform (12.5 × 8.5 cm2, 8 cm 

high). The platform was positioned in the center of a dark box (46 × 46 cm2, 31 cm high). The tests 

were conducted under dim light. The entire session was video recorded and the latency for all four 

paws to step down from the platform was measured. The duration of the test was set at 15 minutes, 

and mice failing to descend from the platform within this period were excluded from the study. It 

is important to note that in our study, a comparable number of mice from both the VPA and control 

groups failed the test. Given that the assessment of behavior relied on recorded videos for 

measuring latency to descend post-test, potential biases were not anticipated to be introduced by 

the experimenter's awareness of the experimental group. 
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Marble burying test (PD31): The marble-burying test measures digging repetitive behavior, was 

conducted following a previously described protocol (Kraeuter et al., 2019). Briefly, the cages 

were filled with clean bedding material (3.5 cm height). To prevent anxiety induction (Njungôe 

and Handley, 1991), mice were habituated to the cage setup for 5 minutes before temporarily being 

placed in another cage. In the absence of mice, fifteen cleaned and dried glass marbles in a 3 × 5 

arrangement were laid on top of the bedding. Flat lids were used to cover the cages during 5-

minute habituation and duration of experiments. We observed that using flat lids to cover the cages 

during marble burying tests helps reduce competitive repetitive behaviors, including jumping. The 

total duration of the test was 30 min. A marble was considered buried if more than 75% of its 

surface was covered by bedding material. To ensure unbiased assessment, the experimenter 

conducting the test was blind to the experimental group, minimizing potential influences on the 

interpretation of results. 

Three-chamber test (PD32-33): To assay social behavior, we followed a procedure of the 3-

chamber sociability test called the three-phase ñSocialïNovel Socialò protocol (Kraeuter et al., 

2019). Briefly, the test consists of four trials each lasting for 10 minutes. Trials 1 and 2 were for 

habituation and were not video recorded. Trials 3 and 4 were used to test sociability and social 

novelty and were video recorded. In trial 1, the focal mouse was habituated to the apparatus 

containing an empty pencil cup on each side of the apparatus. In trial 2, the mouse was allowed to 

interact with identical inanimate objects placed under each pencil cup. In trial 3, the mouse was 

allowed to interact with a stranger mouse (same strain and sex; similar age and weight) as a social 

stimulus, and a novel object as a non-social stimulus in the other cup. In trial 4, the novel object 

from trial 3 was replaced with another stranger mouse. Therefore, the focal mouse was free to 

interact with the novel mouse and now the familiar mouse from trial 3. We reversed the location 
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of the novel object/novel mouse (trial 3) and novel mouse/familiar mouse (trial 4) between right 

and left sides of the apparatus between mice. The time spent in each chamber, the distance moved, 

and the velocity of movement were quantified by EthoVision software (version 6.1, Noldus, The 

Netherlands). Moreover, the data analysis extracted from trials 3 and 4 using EthoVision software 

includes locomotor activities, specifically total distance moved and average velocity. This entails 

the cumulative measure of the distance covered by the mouse during trials 3 and 4, serving as an 

indication of the overall activity level of the mouse. The mean speed of movement exhibited by 

the mouse during these trials offers insights into the typical pace at which the mouse navigates the 

environment. Since the analysis was conducted using software without the involvement of a human 

experimenter, blinding was not deemed necessary for the experiment. 

Buried food-seeking test (PD34): Animals were habituated to palatable food (Marshmallow, No 

Name Brand) in their cages for 5 days before testing. Animals were monitored during habituation 

to the palatable food to ensure they exhibited a tendency to eat the food. Importantly, we did not 

observe any animal in our study showing aversion to the palatable food. This test measures the 

ability of mice to use their sense of olfaction for foraging. Animals were deprived of food for 5.5 

hours prior to the test but had ad libitum access to water. The test mouse was allowed to explore 

the cage containing 3.5 cm of clean bedding for 5 minutes. Subsequently, the test mouse was 

transferred to a new cage with a lid and covered with a black cloth. The palatable food 

(marshmallow with a 2 cm diameter and 1 cm height) was buried 2 cm beneath the bedding 

material of the original cage. The test mouse was then returned to the cage and the time measured 

until it uncovered the hidden food. The duration of the test was 15 minutes. Assessments were 

conducted by experimenters who were blinded to the conditions, ensuring unbiased evaluation. It 
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is noteworthy that in our study, all mice successfully located the hidden food, and no mice were 

excluded because of olfactory deficits. 

 

Protein analysis  

Sample preparation: Only animals not subjected to behavioral testing were used for Western 

blotting. Cortical tissue samples were extracted from mice. In mice, interactions between a 

network of different areas within cortex are involved in ASD (Hui et al., 2020; Richter et al., 2005). 

The cortex in mice is critical not only for social deficits but also for repetitive behaviors, which 

are hallmark features of ASD. In mice, interactions between a network of different cortical regions 

are responsible for social recognition of another mouse (Hui et al., 2020). We collected the whole 

cortex as the olfactory bulb, piriform cortex, prefrontal cortex, perirhinal cortex, and the entorhinal 

cortex are part of this network (Richter et al., 2005). Results from ASD rodent models in previous 

studies also highlight that these brain areas are involved in ASD (Hui et al., 2020). Mice were 

euthanized by cervical dislocation on PD37. Their brains were rapidly harvested, weighed, and 

dissected to isolate cortical tissue for protein analysis. Animals were sacrificed 24 hours after the 

last LM22A-4 injection. Brain tissue samples were snap-frozen and stored at -80°C for subsequent 

use. Tissue samples, weighing between 0.8 to 1 gram, were sonicated for 8 seconds (setting 3, 

Invitrogen, Burlington, Canada) in homogenization buffer and then incubated for 15 minutes on 

ice. Homogenization buffer (0.05 M Tris pH 7.4, 0.5% Tween-20, 10 mM EDTA) contained 

protease and phosphatase inhibitor cocktails as described previously (Kapadia et al., 2021). 

Following incubation, centrifugation (12,000×g, 15 min) was employed to precipitate any 

insoluble debris. Subsequently, protein concentrations were determined using the DCTM protein 
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assay (Bio-Rad Laboratories, Mississauga, Ontario, Canada), in accordance with a previously 

established protocol (Nicolini et al., 2015).  

Western Blotting: Following established protocols (Nicolini et al., 2015), samples containing 50 

ɛg of total protein were resolved on 12% sodium dodecyl sulfate (SDS)-polyacrylamide gels under 

reducing conditions. The gels were electroblotted onto PVDF membranes (Immobilon-FL, 

Millipore, Billerica, MA, USA) at 4 °C. Membranes were blocked with commercial blocking 

solution (Odyssey® Blocking Buffer, Cedarlane, Burlington, ON, Canada) and TBS (1:1) for 1 h 

at room temperature and incubated overnight at 4°C with the following primary antibodies: total 

Akt (Cell Signaling Technology, Danvers, MA, USA; #9272; diluted 1:1000), total p44-42 MAPK 

(Erk1/2) (Cell Signaling Technology, Danvers, MA, USA, #9102S; diluted 1:1000), GAPDH (Cell 

Signaling Technology, Danvers, MA, USA, #97166 and #2118; diluted 1:1000), TrkB(Cell 

Signaling Technology, Danvers, MA, USA, #4603; diluted 1:700), and BDNF (Abcam, Toronto 

ON, Canada, #ab108319; diluted 1:1000). The membranes were also incubated for 48 hours at 4°C 

with phospho-Akt, Ser473 (Cell Signaling Technology, Danvers, MA, USA; #4051 and #4056; 

diluted 1:2000) and phospho-p44-42 MAPK (Erk1/2, Thr202/Tyr204), (Cell Signaling 

Technology, Danvers, MA, USA, #9106; diluted at a 1:2000 ratio). The subsequent steps, 

including washing, incubation with secondary antibodies IRDye® 680RD Goat Anti-Rabbit (LI-

COR Biosciences, Lincoln, NE, USA, #926-32221; diluted 1:8000) and IRDye® 800CW Goat 

Anti-Mouse (LI-COR Biosciences, Lincoln, NE, USA, #926-32210; diluted 1:8000), as well as 

scanning and densitometry, were conducted as previously described (Nicolini et al., 2015). Optical 

density determination for quantification was carried out using Image Studio Lite (version 5.2, LI-

COR Biosciences, USA). This software allowed us to draw a region around the band of interest 

and a nearby background region to calculate the background signal.  
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Normalization of data: Phosphorylated Akt (p-Akt) and phosphorylated Erk (p-Erk) were 

normalized to the total protein levels of Akt and Erk, respectively, in Western blotting. This 

normalization approach is employed to correct for variations in protein expression between 

samples. When analyzing protein levels of nonphosphorylated targets, we employed 

glyceraldehyde 3-phosphate dehydrogenase (GAPDH) for normalization in Western blot analysis. 

This normalization to a housekeeping protein like GAPDH ensures accurate and interpretable 

results by accounting for variations in protein loading and experimental conditions, thereby 

providing a reliable basis for comparing protein expression levels across different samples or 

experimental treatments. In each Western blot experiment, the protein levels of the target protein 

were normalized to the corresponding levels of GAPDH. The consistency of GAPDH protein 

levels was confirmed to be unchanged between different treatments within one experiment (one-

way ANOVA) and across different experiments (two-way ANOVA [experiment × treatment]). 

Detailed data for each Western blot experiment are not shown, but an example is provided in the 

appendix section for reference. This normalization strategy using GAPDH ensures reliable and 

consistent comparisons of target protein expression levels across various experimental conditions 

and experiments. 

Within-Replicate Normalization: We analyzed data separately for male and female subjects. Each 

western blot comprised 12 samples from one sex (either male or female). Specifically, within each 

western blot, we used 3 samples per treatment, totaling 12 samples in all. Each sample consisted 

of protein extracted from the right cortex of an individual mouse. We selected 2 mice per sex from 

the same litter, each born to a different mother. Each sample was run on 2 separate western blots. 

We calculated the mean value of the 3 samples per treatment for each western blot and normalized 

the data between the two western blots using the ratio of means. The protein levels between the 
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two western blots did not exhibit significant differences (data not shown). The normalized values 

of the two western blots are reported in the Appendix section under 'R' in tables, denoting repeat. 

Within-Experiment Normalization: For each treatment, we conducted 2 to 4 repeats (R1 to R4; see 

appendix section). The mean value for each repeat (R) was calculated, and the ratio of means was 

used to normalize the data across different repeats. Throughout the text, we referred to the 

normalized values across different repeats (R) as 'experiments'. Our final analysis involved a two-

way ANOVA considering the main effects and interaction of two independent variables: 

experiment and treatment. 

 

Statistical analysis 

Statistical analyses were performed using SPSS software (Version 26, IBM Corp, Armonk, NY). 

GraphPad Prism (Version 9.0.0, GraphPad Software, LCC, San Diego, CA) was used to generate 

graphs. A power calculation using G*Power (version 3.1.3) was performed when trends were 

evident in the data. We provided comprehensive details of the power analysis within the context. 

Leveneôs test was used to assess the homogeneity of variances, while the Shapiro-Wilk test was 

employed to evaluate the normal distribution of data. Upon confirming homogeneity of variances, 

ANOVA analysis was applied to detect differences among groups. In cases of significant 

differences, either Tukey's post hoc analysis (for equal sample sizes) or Gabriel's test (for varying 

sample sizes across groups) was conducted. Alternatively, if homogeneity of variances was not 

met, violating ANOVA's assumptions, Welch analysis was employed as a more appropriate 
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alternative. Subsequently, to identify significant group disparities, the Games-Howell post hoc test 

was used, accommodating both unequal sample sizes and variance heterogeneity. 

Repeated measures ANOVA was conducted where the same mouse was assessed for 

neurodevelopmental characteristics at different time points during postnatal period. To analyze the 

onset of eye-opening data, we performed a three-way Chi-Square statistical analysis. The analysis 

examined the interaction of group, eye-opening status (both eyes closed, one eye opened, both 

eyes opened), and postnatal duration. Further, we conducted a Fisher-Freeman-Halton (FFH) 

Exact Test (2×3 contingency tables) to detect an association between the eye-opening status of 

mice and the prenatal treatment (saline vs. VPA exposure) for each postnatal day. The FFH Exact 

Test p-value determines whether there is statistically significant association between the groups. 

The marble burying data entails counting the number of marbles animals bury, represented as non-

negative integers, with values bounded below by zero and above by the total number of marbles 

present. Due to this inherent characteristic, we refrained from using normal linear models like the 

t test and analysis of variance (ANOVA). These models assume unbounded data and constant 

variance between groups, making them susceptible to generating misleading p-values (Lazic, 

2015). This decision was based on analysis that showed these models yield misleading p-values in 

this context (Lazic, 2015). Instead, we employed generalized linear models (GLMs), specifically 

utilizing either Poisson regression or a negative binomial distribution based on goodness of fit 

(Lazic, 2015; Zuur et al. 2009). This approach is suitable for count data and effectively addresses 

the specific characteristics of marble burying data, as recommended by Lazic (2015). 

When we were required to examine the interactions between two factors simultaneously, such as 

analyzing the effects of two independent variables on a dependent variable, we utilized a two-way 

ANOVA. One-way ANOVA was used to compare the means of three or more groups to determine 
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if there are statistically significant differences between them. Group comparisons included 

unpaired 2-tailed Student's t test as a follow-up to ANOVA to explicitly verify the noted significant 

difference between the two groups. When we had a specific directional hypothesis (e.g., based on 

previous studies), we used a one-tailed t test. When we explored differences regardless of direction, 

or when we did not have an expected direction of changes evident by existing literature, we 

typically used a two-tailed t test. For other experiments when we have more than two groups to 

compare to each other, we used Tukeyôs test (equal sample sizes) and Gabrielôs test (unequal 

sample sizes) as post hoc analysis following ANOVA. 

We implemented a two-step approach for identifying outliers in our dataset. Specifically, we first 

applied Tukey's rule with a threshold parameter (gravitational constant or g-value) of 1.5 to label 

potential outliers including marginal and critical outliers (Tukey et al., 1977). Afterward, we 

checked if those identified outliers are extreme by using Hoaglin's criteria with a different 

threshold parameter g = 2.2 (Hoaglin and Iglewicz, 1987). If a data point met Tukey's criteria but 

not Hoaglin's, we classified it as a mild outlier. Conversely, if a data point met both Hoaglin's and 

Tukey's criteria, it was classified as an extreme outlier. We excluded the outliers that had altered 

the outcomes of our initial analysis conducted on the complete dataset. Additionally, to enhance 

the transparency and reproducibility of our analysis, we explicitly detailed the specific values of g 

value and the corresponding statistical approach within the context of each analysis. In the results 

section, we addressed situations where outlier removal altered the direction of changes between 

groups, affected outcomes, or influenced result interpretation. Otherwise, we retained the entire 

dataset. However, detailed information regarding outlier detection and management for 

neurodevelopmental assessment data (Table S30), behavioral data (Table S31), and signaling 
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pathways (Table S32) can be found in the Appendix (Supplementary Tables section). p Ò0.05 was 

considered statistically significant.  

 

Results 

1. Assessment of neurodevelopmental somatic features in response to prenatal exposure to 

VPA  

VPA mice showed delayed eye opening during postnatal period compared to the saline-exposed 

control group 

To investigate whether the onset of eye-opening (categorized into three levels: both eyes closed, 

only one eye opened, and both eyes opened; Fig. 2, Table S1) varied between the saline-exposed 

control and VPA-exposed groups during postnatal development (PD10ï19), a three-way Chi-

Square statistical analysis (group × eye-opening status × time) was performed. The Pearson Chi-

Square analysis revealed that the eye-opening onset was significantly different in VPA- and saline-

exposed mice across postnatal development (p <.001). The strength of observed associations was 

determined based on Cramerôs V test analysis and interpreted as it has been previously explained 

(Akoglu, 2018). We found a moderate association between eye-opening onset and group on PD13 

(.385) and PD15ï18 (PD15: .340, PD16: .333, PD17: .389, PD18: .315).  

Based on our results, none of the offspring of the other two groups opened their eyes on PD10. 

The results for PD11 (the first-time mice opened their eyes) were comparable between the groups. 

On this postnatal day, none of the mice exposed to saline opened both of their eyes. However, one 

out of the 17 VPA-exposed mice (5%) opened both eyes on PD11. Also, 15.2% of saline-exposed 

mice, and 10% of VPA-exposed mice, opened one eye for the first time on PD11. On PD13, we 
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observed a significant difference in the onset of eye opening between the groups. Specifically, 

27.3% of mice exposed to saline and 60% of mice exposed to VPA still had both eyes closed. 

Additionally, 21.2% of mice exposed to saline and 25% of mice exposed to VPA prenatally had 

one eye opened. Furthermore, 51.5% of saline-exposed mice and 15% of VPA-exposed mice had 

both eyes opened on PD13.  

 

 

Figure 2. VPA exposure significantly delayed eye-opening in mice. VPA-

exposed mice showed delayed eye-opening compared to the saline-exposed 

control group (p <.001). The measurements were conducted for 5 litters of 

control and 4 litters of VPA-exposed mice (33 and 20 individual mice, 

respectively). Each litter was born from individual mothers. Three-way Chi-

square test (group Ĭ eye-opening status Ĭ postnatal duration) followed by 

Fisher-Freeman-Halton Exact Test for each day, *p Ò .05, **p Ò .01. Error bars: 

Ñ SEM. 
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VPA mice showed reduced weight and shorter tails during postnatal period compared to the 

saline-exposed control group 

We found a statistically significant reduction in the body weight of the VPA-exposed mice 

compared to the saline-exposed control mice across postnatal days 7ï12 (p <.001; 2-way repeated 

measures ANOVA, sphericity assumed Fig. 3a, Table S2). A 2-tailed independent samples t test 

revealed that on postnatal days 8 and 9, VPA-exposed mice exhibited significant reduced body 

mass compared to saline-exposed mice (pPD8  = .031, pPD9  = .032, Fig. 3a). Since the presence of 

significant differences on each day between the groups may vary, as reported in previous studies 

(Ahmed et al., 2023; Chomiak et al., 2010; Podgorac et al., 2016; Schneider and Przewğocki, 2004), 

we used a 2-sided t test.  

VPA-exposed mice had shorter tails compared to the saline-exposed controls across postnatal days 

7ï12 (p <.001, 2-way repeated measures ANOVA, Huynh-Feldt correction, Fig. 3b, Table S3). A 

2-tailed independent samples t test verified the significant difference in tail length of VPA-exposed 

and saline-exposed control mice is significant on each postnatal day from PD7 to PD12 (p <.001). 
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We used 2-sided t test given the variability in significant differences between groups reported in 

previous studies (Ahmed et al., 2023; Fan et al., 2016; Tartaglione et al., 2018).  

 

Figure 3. VPA-exposed mice showed significant reduced body weight on PD8ï9 and shorter tails 

across postnatal period (PD7ï12) compared to the saline-exposed control group. The x-axis 

represents the postnatal days 7 to 12, while the y-axis represents (a) the average weight and (b) 

the average tail length of litters. Significant differences in body weight were detected between the 

groups for postnatal days 8 and 9. Statistically significant reduction in VPA-exposed mice body 

weight (p <.001) observed from PD7ï12. Tail length also significantly shorter (p <.001). The 

measurements were conducted for 4 litters of mice for saline groups and 4 litters of VPA-exposed 

mice. Each litter was born from a different mother. 2-way repeated measure ANOVA (p <.001) 

followed by 2-tailed independent samples t test for each day; *p Ò .05, **p Ò .01, ***p <.001. 

Error bars: Ñ SEM. 
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VPA mice showed reduced weight at juvenile stage (PD22 and PD37) compared to the saline-

exposed control group 

In both male and female VPA-exposed groups, the average weight of the litters was smaller 

compared to the saline-exposed control groups at the juvenile stage, measured on weaning day, 

PD22 (Fig 4, Table S3). 1-tailed independent samples t test showed that the observed differences 

between the groups were statistically significant (pFemales = .011, pMales = .042; Fig. 4a and 4b, 

respectively).  
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Figure 4. VPA-exposed groups showed significantly reduced weights on PD22. The x-axis 

represents the (a) female and (b) male groups, while the y-axis represents the average body 

weight of each litter per group. VPA groups showed lower body mass than saline at PD22 

(pFemales = .011, pMales = .042; 1-tailed independent samples t tests). The measurements were 

conducted for 7 litters of mice for saline groups and 4 (females) or 5 (males) litters of VPA-

exposed mice. Each litter was born from a different mother. *p Ò .05. Error bars: Ñ SEM. 

 

The reduced body size observed in VPA-exposed mice compared to saline-exposed controls was 

a long-term effect, persisting into PD37 (pFemales = .039; pMales = .039; 1-tailed independent samples 

t test, Fig. 5, and Table S5). 
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Figure 5. VPA-exposed groups showed significantly reduced weights on PD37. The x-axis 

represents the (a) female and (b) male groups, while the y-axis represents the average body 

weight of each litter per group. VPA-exposed mice had lower body mass than saline-exposed 
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controls in both females (p = .039) and males (p = .039). The measurements were conducted 

for 7 litters of mice for saline groups and 4 litters of VPA-exposed mice. Each litter was born 

from a different mother. 1-tailed independent samples t test was performed to detect the 

differences between the groups, *p Ò .05. Error bars: Ñ SEM. 

 

2. Assessment of ASD-like behaviors in response to prenatal exposure to VPA and 

LM22A -4 treatment. 

Prenatal exposure to VPA induced repetitive behavior, which was rescued by LM22A-4 

treatment 

Repetitive behavior was tested using the marble-burying task for females (Fig. 6 and Table S6) 

and males (Fig. 7 and Table S7). In females, we found a significant main effect of group (Fig. 7, 

p = .027) by using a generalized linear model (GLM) with Poisson regression. The fitness of the 

model was evaluated through the Chi-square test, yielding an appropriate value-to-degrees-of-

freedom ratio (value/DF) of 1.164.  

We showed that saline-treated VPA-exposed mice buried more marbles compared to the saline-

treated saline-exposed controls (80.0% more), suggesting that VPA exposure increased digging 

behavior. LM22A-4-treated VPA-exposed mice buried fewer marbles than saline-treated VPA-

exposed mice, indicating a decrease in repetitive digging behavior (20% less). 
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Figure 6. VPA exposure induced repetitive behavior in female mice, mitigated by LM22A-4 daily 

treatment. The x-axis represents different groups, while the y-axis represents the number of 

marbles that were buried. We found a significant main effect of group (p = .027). Saline-treated 

VPA-exposed females covered 80% more marbles compared to the saline-treated saline-exposed 

mice. VPA-exposed mice treated with LM22A-4 exhibited a 20% reduction in buried marbles 

compared to VPA-exposed mice treated with saline. The measurements were conducted for 4 

litters of mice for saline-treated groups (saline-exposed: n = 6 mice and VPA-exposed: n = 6 

mice) and 3 litters of LM22A-4-treated groups (saline-exposed: n = 5 mice and VPA-exposed: n 

= 5 mice). Each litter was born from a different mother. GLM with Poisson regression and Chi-

square test. Error bars: Ñ SEM. 

 

 

 

In males, we identified a significant group effect (Fig. 7, p = .034, GLM with negative binomial 

regression). The model's fitness was assessed using the Chi-square test, revealing an appropriate 

value/DF of 1.226. Our findings indicate that saline-treated VPA-exposed mice exhibited a higher 

marble burying compared to saline-treated saline-exposed controls (78.8% more), suggesting an 
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increase in digging behavior due to VPA exposure. Further, LM22A-4-treated VPA-exposed mice 

demonstrated a reduction in marble burying compared to the saline-treated VPA-exposed group 

(18.1% less), consistent with a decline in repetitive behavior.  

 

 

Figure 7. The marble-burying test revealed increased repetitive behavior in response to VPA in 

male mice, but this effect was mitigated by LM22A-4. The x-axis represents different groups, 

while the y-axis represents the number of marbles that were buried. We found a significant main 

effect of group (p = .034). Saline-treated VPA-exposed females covered 78.8%% more marbles 

compared to the control saline-treated saline-exposed mice. VPA-exposed mice treated with 

LM22A-4 exhibited a 18.1% reduction in buried marbles compared to VPA-exposed mice treated 

with saline. The measurements were conducted for 3 litters of mice for saline-treated saline-

exposed group (n = 5 mice), 4 litters of mice for saline-treated VPA-exposed group (n = 7 mice), 

and 3 litters of LM22A-4-treated groups (saline-exposed: n = 6 mice and VPA-exposed: n = 5 

mice). Each litter was born from a different mother. GLM with negative binomial regression and 

Chi-square test. Error bars: Ñ SEM. 
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Sociability was impaired in VPA-exposed mice and was rescued by LM22A-4 

We assessed sociability in mice using the three-chamber social approach task in females (Fig. 8a; 

Table S8) and males (Fig. 9; Table S9). Sociability refers to the focal mouse preference to engage 

more with a typically conspecifics (members of the same species, the stranger mouse) compared 

to a non-social cue (a novel object) (Fig. 8b).  

A two-way ANOVA revealed that mice, in response to their respective treatments, distribute their 

time differently among the various chambers within the three-chamber apparatus (pFemales <.001 

and pMales < .001). This discrepancy in time allocation is contingent upon whether a novel object 

or a novel mouse is present in the chamber. A 2-tailed independent samples t test revealed, within 

a specific group and across different chambers, where the significant differences from the two-

way ANOVA analysis lay, providing a more nuanced understanding of how the treatment affects 

behavior in distinct contexts. Our data showed that sociability was intact in saline-exposed control 

groups in females (p = .006, Fig. 8a) and males (p = .019, Fig. 9). LM22A-4 treatment did not 

induce social impairment in females or males. Saline-exposed mice receiving this treatment tended 

to spend more time with a stranger mouse than a novel object (females: p = .002 and males: p = 

.001, Fig. 8a and 10, respectively). Prenatal exposure to VPA led to increased time spent in the 

chamber with a novel object compared to the chamber with a stranger mouse in females (p = .025, 

Fig. 8a) and males (p = .048, Fig. 9), indicating sociability impairments. Further, impaired 

sociability caused by in utero exposure to VPA was reversed by administration of LM22A-4 

treatment in females (p <.001, Fig. 8a) and males (p <.001, Fig. 9). This indicates that LM22A-4-

treated VPA-exposed mice exhibited a significant preference for spending time in the chamber 

with a stranger mouse rather than with a novel object.  
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Figure 8. VPA exposure induced sociability impairments in female mice that was reversed by 

LM22A-4 treatment. (a) The x-axis represents four groups of animals, while the y-axis represents 

the time spent in the chamber containing a novel object (white bars) and a novel mouse (gray bars). 

(b) Schematic diagram of the social approach apparatus. Sociability was intact in saline-treated 

saline-exposed females, favoring the stranger mouse than the novel object (p = .006). VPA-

exposed females preferred the novel object over the stranger mouse (p = .025). LM22A-4 treatment 

had no adverse effect on sociability in saline-exposed group (p = .002) but reversed the effect of 

VPA (p <.001). The measurements were conducted for 4 litters of mice for saline-treated groups 

(saline-exposed: n = 6 mice and VPA-exposed: n = 6 mice) and 3 litters of LM22A-4-treated 

groups (saline-exposed: n = 5 mice and VPA-exposed: n = 5 mice). Each litter was born from a 

different mother. Two-way ANOVA followed by a 2-tailed independent samples t test analysis, *p 

Ò .05, **p Ò .01, ***p <.001. Error bars: Ñ SEM. 
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Figure 9. VPA exposure induced sociability impairments in male mice, effectively rescued by 

LM22A-4 treatment. The x-axis represents four groups of animals, while the y-axis represents the 

time spent in the chamber containing a novel object (white bars) and a novel mouse (gray bars). 

Sociability was intact in saline-treated saline-exposed males, favoring the stranger mouse (p = 

.019). LM22A-4 treatment had no adverse effect on sociability in saline-exposed group (p = .001); 

VPA-exposed males preferred the novel object over the stranger mouse (p = .048), but LM22A-4 

reversed this (p <.001). The measurements were conducted for 3 litters of mice for saline-treated 

saline-exposed group (n = 5 mice), 4 litters of mice for saline-treated VPA-exposed group (n = 6 

mice), and 3 litters of LM22A-4-treated groups (saline-exposed: n = 6 mice and VPA-exposed: n 

= 5 mice). Each litter was born from a different mother. Two-way ANOVA followed by a 2-tailed 

independent samples t test analysis, *p Ò .05, **p Ò .01, ***p <.001. Error bars: Ñ SEM.  

 

 

Social novelty was impaired in VPA-exposed mice and was rescued by LM22A-4 

We assessed social novelty in mice using a three-chamber social approach task in females (Table 

S10) and males (Table S11). Social novelty refers to the preference of a focal mouse for spending 
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time with a novel (stranger) mouse over a familiar (previously encountered) mouse (Fig. 10b). A 

two-way ANOVA test showed that mice spend their time differently in the three-chamber setup 

based on their treatments and whether there is a novel mouse, or a familiar mouse is present in the 

chamber (pFemales < .001 and pMales < .001). Further, a 2-tailed independent samples t test confirmed 

that in both female (p = .020, Fig. 10a) and male control saline-exposed groups (p = .033, Fig. 11), 

the focal mouse spent significantly more time interacting with the novel mouse compared to the 

familiar mouse, indicating intact social novelty behavior. Female mice prenatally exposed to VPA 

exhibited the opposite, a significant preference for spending time with a familiar mouse rather than 

a novel mouse (p = .011, Fig. 10a). Male VPA-exposed mice did not distinguish between familiar 

and novel social stimuli (p = .180 Fig. 11). Saline-exposed female (p = .009, Fig 11a) and male (p 

= .009, Fig 12) mice that received LM22A-4 displayed a preference for the stranger mouse over 

the familiar mouse. Further, impaired social novelty induced by exposure to prenatal exposure to 

VPA was rescued by administration of LM22A-4 treatment in females (p = .001, Fig. 10a) and 

males (p = .014, Fig. 11). 



 

197 
 

 

 

Figure 102. VPA exposure induced social novelty impairments in female mice, effectively rescued 

by LM22A-4 treatment. (a) The x-axis represents four groups of animals, while the y-axis 

represents the time spent in the chamber containing a familiar mouse (white bars) and a novel 

mouse (gray bars). (b) Schematic diagram of the social approach apparatus. Saline-treated saline-

exposed females showed intact social novelty with preference toward stranger mouse compared to 

the familiar mouse (p = .020). In contrast, saline-treated VPA-exposed females preferred the 

familiar mouse over the stranger mouse (p = .011). LM22A-4 treatment had no adverse effect on 

sociability in the saline-exposed group (p = .009). LM22A-4 treatment reversed the effect of VPA 

on social novelty (p = .001). The measurements were conducted for 4 litters of mice for saline-

treated groups (saline-exposed: n = 6 mice and VPA-exposed: n = 6 mice) and 3 litters of LM22A-

4-treated groups (saline-exposed: n = 5 mice and VPA-exposed: n = 5 mice). Each litter was born 



 

198 
 

from a different mother. Two-way ANOVA followed by a 2-tailed independent samples t test 

analysis, *p Ò .05, **p Ò .01, ***p <.001. Error bars: Ñ SEM.  

 

 

 

 

Figure 11. Prenatal VPA exposure disrupted social novelty in male mice, with LM22A-4 treatment 

effectively rescuing impaired social preference. The x-axis represents four groups of animals, while 

the y-axis represents the time spent in the chamber containing a familiar mouse (white bars) and a 

novel mouse (gray bars). Control saline-exposed mice treated with saline showed a significant 

preference for the novel mouse over the familiar mouse (p = .033). However, a deficit in social 

novelty is observed in the saline-treated VPA-exposed mice, as they show no preference for either 

the familiar mouse, or the stranger mouse (p = .180). LM22A-4 treatment had no adverse effect on 

the social novelty behavior of saline-exposed mice (p = .009). LM22A-4 treatment rescues the 

social novelty deficits observed in VPA-exposed mice (p = .014). The measurements were 

conducted for 3 litters of mice for saline-treated saline-exposed group (n = 5 mice), 4 litters of 

mice for saline-treated VPA-exposed group (n = 6 mice), and 3 litters of LM22A-4-treated groups 

(saline-exposed: n = 6 mice and VPA-exposed: n = 5 mice). Each litter was born from a different 

mother. Two-way ANOVA followed by a 2-tailed independent samples analysis, *p Ò .05, **p Ò 

.01, ***p <.001. Error bars: Ñ SEM. 
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VPA and LM22A-4 did not impact locomotor activities 

We assessed the locomotion of mice in the three-chamber social approach task (trial 3 and 4; see 

methods), specifically by examining two parameters: the total distance moved and the average 

velocity of motion (females: Tables S17 and males: Table S18).  

A one-way ANOVA test revealed that VPA prenatal exposure did not affect the distance moved 

in females (p = .188, Fig. 12a) or males (p = 0.804, Fig. 13a). Further, we found no significant 

differences LM22A-4 in the average velocity of locomotion in females (p = .120, Welch test, Fig. 

12b) or males (p = 0.694, one-way-ANOVA, Fig. 13b) LM22A-4. 
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Figure 12. VPA and LM22A-4 did not affect locomotion in female groups. On the x-axis, there are 

four groups of mice, while the y-axis represents (a) the total distance moved by the animals and 
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(b) the average velocity of locomotion. By conducting a one-way ANOVA test, we found no 

significant differences among the groups for the total distance moved (p = .188). A Welch test also 

revealed that there were no significant differences observed in females for the average velocity (p 

= .233). The measurements were conducted for 4 litters of mice for saline-treated groups (saline-

exposed: n = 6 mice and VPA-exposed: n = 6 mice) and 3 litters of LM22A-4-treated groups 

(saline-exposed: n = 5 mice and VPA-exposed: n = 5 mice). Each litter was born from a different 

mother. Error bars: ± SEM. 
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Figure 13. No changes in locomotion were found in response to VPA and LM22A-4 in male mice 

in the three-chamber social approach task. On the x-axis, there are four groups of mice, while the 

y-axis represents (a) the total distance moved by the animals and (b) the average velocity of 

locomotion. For the total distance moved (p = 0.804) and the average velocity of locomotion (p = 

0.694), one-way ANOVA found no significant differences between the groups. The measurements 

were conducted for 3 litters of mice for saline-treated saline-exposed group (n = 5 mice), 4 litters 

of mice for saline-treated VPA-exposed group (n = 6 mice), and 3 litters of LM22A-4-treated 

groups (saline-exposed: n = 6 mice and VPA-exposed: n = 5 mice). Each litter was born from a 

different mother. Error bars: ± SEM. 

 

 

There was no significant difference observed in anxiety-like behavior between the groups 

We examined the anxiety-like behavior using the step-down test in females (Tables S15) and males 

(Table S16). A one-way ANOVA test revealed no differences across the groups in female (p = 

.398, Fig. 14) LM22A-4 or male mice (p = .258, Fig. 15). 
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Figure 14. Female mice did not exhibit anxiety-like behavior in response to VPA or LM22A-4, 

as determined by the step-down test. The x-axis represents the four groups of animals, while 

the y-axis represents the time spent on the platform before descending. The time spent on the 

platform before descending was similar among the groups. No differences were found across 

the groups (p = .398). The measurements were conducted for 4 litters of mice for saline-treated 

groups (saline-exposed: n = 6 mice and VPA-exposed: n = 6 mice) and 3 litters of LM22A-4-

treated groups (saline-exposed: n = 5 mice and VPA-exposed: n = 5 mice). Each litter was born 

from a different mother. One-way ANOVA, error bars: Ñ SEM. 

 



 

204 
 

Saline LM22A-4
0

200

400

600

800

L
a
te

n
c
y

 t
o

 d
e
s

c
e

n
d

 (
s
)

Saline

VPA

In utero exposure

 

Figure 15. Male mice did not exhibit anxiety-like behavior in response to VPA or LM22A-4, as 

determined by the step-down test. The x-axis represents the four groups of animals, while the 

y-axis represents the time spent on the platform before descending. The time spent on the 

platform before descending was similar among the groups. No differences were found LM22A-

4across the groups (p =.258). The measurements were conducted for 3 litters of mice for saline-

treated saline-exposed group (n = 5 mice), 4 litters of mice for saline-treated VPA-exposed 

group (n = 6 mice), and 3 litters of LM22A-4-treated groups (saline-exposed: n = 6 mice and 

VPA-exposed: n = 5 mice). Each litter was born from a different mother. One-way ANOVA, 

error bars: Ñ SEM. 

 

 

 

Olfaction was not affected by VPA and LM22A-4 

We used the buried food-seeking test to assess the female (Table S17) and male (Table S18) mice 

for their olfactory sense. One-way ANOVA revealed no significant differences across the groups 

in female (p = 0.924, Fig. 15) or male mice LM22A-4 (p = 0.546, Fig. 16). 
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Figure 16. A deficit in olfactory sense was not found in female mice in response to VPA and 

LM22A-4 using buried food seeking test. The x-axis represents the four groups of mice, while the 

y-axis represents the latency to uncover the palatable food. No significant difference in olfactory 

sense was detected between the groups (p = 0.924). The measurements were conducted for 4 

litters of mice for saline-treated groups (saline-exposed: n = 6 mice and VPA-exposed: n = 6 

mice) and 3 litters of LM22A-4-treated groups (saline-exposed: n = 5 mice and VPA-exposed: n 

= 5 mice). Each litter was born from a different mother. One-way ANOVA, error bars: Ñ SEM. 
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Figure 17. A deficit in olfactory sense was not found in male mice in response to VPA and LM22A-

4 using buried food seeking test. The x-axis represents the four groups of mice, while the y-axis 

represents the latency to uncover the palatable food. No significant difference in olfactory sense 

was detected between LM22A-4the groups (p = 0.546). The measurements were conducted for 

3 litters of mice for saline-treated saline-exposed group (n = 5 mice), 4 litters of mice for saline-

treated VPA-exposed group (n = 6 mice), and 3 litters of LM22A-4-treated groups (saline-

exposed: n = 6 mice and VPA-exposed: n = 5 mice). Each litter was born from a different mother. 

One-way ANOVA, error bars: Ñ SEM. 
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3. Investigating BDNF species, TrkB  isoforms, and their downstream signaling pathways 

including Akt  and Erk  within the cortex 

GAPDH remained unaltered in response to VPA and LM22A-4 

We used glyceraldehyde 3-phosphate dehydrogenase (GAPDH), a housekeeping gene product, 

which exhibited consistent stability across all experimental groups throughout the entire set of 

experiments (Table S17). In our protein analysis using Western blotting, consistent with previous 

research (Banu et al., 2017), we detected a band of 37 kDa that corresponds to the molecular weight 

of GAPDH (Fig. 19a, Supplementary Fig. 4).  

A 2-way ANOVA (group × western blot experiment) showed no main effect of experiment (pFemale 

= 1.00, pMale = 1.00; Tables S17) and no interaction between experiment and group (pFemale = 0.909, 

pMale = .462). We did not also observe a significant main effect associated with the experimental 

groups (pFemale = 0.936, pMale = .295, Fig. 19b and c). 
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Figure 18. The Western blotting analysis showed that GAPDH protein levels remained unaltered 

between the groups. (a) Representative Western blot experiment showing GAPDH (37 kDa, channel 

680) signal. Graphs representing GAPDH data analysis in (b) females and (c) males. The y-axis 

signifies the ratio measured using fluorescence intensity for target proteins in the control saline-

exposed (white bars) and VPA-exposed (gray bars) groups, treated either with saline or LM22A-4. 

No significant main effect related to the group treatment was identified in females (p = 0.936) or 

male (p =.295) groups. The measurements were conducted for a maximum of two mice per litter per 

sex for each group. For female data, the number of litters was N = 5 (n = 9 mice per group), and for 

male data, N = 6 (n = 12 mice per group). Each litter was born from a different mother. 2-way 

ANOVA, error bars: Ñ SEM. S: saline exposed saline-treated, V: VPA-exposed saline-treated, L: 

saline-exposed LM22A-4-treated, VL: VPA-exposed LM22A-4-treated mice 
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TrkB isoforms protein levels remained unchanged in response to VPA and LM22A-4 

In our protein analysis using Western blotting, consistent with previous research (Claire Gage, 

2023, unpublished; Nicolini, 2016), we detected a band of 140 kDa that corresponds to the 

molecular weight of the full-length TrkB receptor (TrkB-FL), and a large diffuse band at 90 kDa 

corresponding to both TrkB-T1 and TrkB-Shc isoforms (Fig. 20a and 21a; also see Supplementary 

Fig. 5). These truncated isoforms of TrkB migrate together due to their comparable molecular 

weights (Wong et al., 2013).  

For TrkB-FL/GAPDH, a two-way ANOVA (group × western blot experiment) showed no main 

effect of experiment (pFemale = 1.00, pMale = 1.00), no interaction between experiment and group 

(pFemale = .395, pmale = 0.901), and no main effect of group (pFemale = 0.738, pMale = 0.903, Fig. 20b 

and 21b; Tables S20 and S21).  

For the truncated TrkB isoforms (TrkB-T1 + TrkB-Shc)/GAPDH ratio, we observed no main effect 

of the experiment (pFemale = 1.00, pmale = 1.00), no interaction between the experiment and the 

groups (pFemale = .199, pmale = .188). We also observed that TrkB-T1 + TrkB-Shc/GAPDH 

remained unchanged between the groups (pFemale = 0.564, pmale = 0.845; Fig. 20c and 21c). 
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Figure 19. Western blotting analysis revealed consistent TrkB isoforms protein levels relative to 

GAPDH across all groups in the cortices of female mice. (a) Representative Western blot experiment 

showing full-length TrkB (TrkB-FL; 140 kDa, channel 680) and truncated isoforms (TrkB-

T1+TrkB-Shc; 90 kDa, channel 680) relative to GAPDH (37 kDa, from the same gel). 

Quantification of (b) full-length TrkB and (c) truncated isoforms. No significant differences were 

found for TrkB-FL/GAPDH (p = 0.738), or TrkB-T1 + TrkB-Shc/GAPDH (p = 0.564) between the 

groups. The measurements were conducted for a maximum of two mice per litter for each group. 

The number of litters was N = 5 (n = 9 mice per group). Each litter was born from a different mother. 

Two-way-ANOVA, error bars: Ñ SEM.  
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Figure 20. Western blotting analysis indicated consistent TrkB isoforms protein levels relative to 

GAPDH in the cortices of male mice across all groups. (a) Representative Western blot experiment 

showing full-length TrkB (TrkB-FL; 140 kDa, channel 680) and truncated isoforms (TrkB-

T1+TrkB-Shc; 90 kDa, channel 680) relative to GAPDH (37 kDa, from the same gel). 

Quantification of (b) full-length TrkB and (c) truncated isoforms. No significant differences were 

found for TrkB-FL/GAPDH (p = 0.903), or [TrkB-T1 + TrkB-Shc]/GAPDH (p = 0.845) between 

the groups. The measurements were conducted for a maximum of two mice per litter for each group. 

The number of litters was N = 6 (n = 12 mice per group). Each litter was born from a different 

mother. Two-way-ANOVA, error bars: Ñ SEM. S: saline exposed saline-treated, V: VPA-exposed 

saline-treated, L: saline-exposed LM22A-4-treated, VL: VPA-exposed LM22A-4-treated mice 

 

 

 

No changes in BDNF isoforms across the groups; combinatorial effect of VPA and LM22A-4 

on reduced mature BDNF in males 

Using Western blotting, we detected BDNF species including proBDNF at 32 kDa, truncated 

BDNF (BDNF-T) at 28 kDa, and mature BDNF (mBDNF) at 11 kDa (Fig. 22a, 23a, and 

Supplementary Fig. 6). We employed human recombinant BDNF as a reference standard for 

mature BDNF, evident at 11 kDa, and a recombinant proBDNF produced in E. coli, identified at 

28 kDa. The disparity in size observed in our Western blot findings between the bacterial 

recombinant proBDNF and mouse samples might be attributed to eukaryotic post-translational 

modifications, introducing additional mass, and modifying the protein's migration pattern. Further, 

as previously reported (Esvald et al., 2023), minimal proBDNF processing to mature BDNF occurs 

in murine spleen tissue, in a low detectable signal at the total protein concentration used in our 

study (50 µg total protein). This was demonstrated by the absence of a signal (Fig. 23a) or faint 

signal at 11 kDa (Fig. 22a), serving as a negative control for mature BDNF. According to the 

Genevestigator (ver. 9.5.0, Nebion AG, Zürich) database, proBDNF processing to truncated BDNF 

is naturally attenuated in murine spleen samples (from a 2-month-old male C57Bl6/J mouse). Due 
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to proBDNF accumulation resulting from attenuated processing to truncated BDNF and minimal 

processing to the mature BDNF isoform, the murine spleen sample also served as a positive control 

for proBDNF, evidenced by a strong signal (on average at least 10 times stronger than cortical 

proBDNF) at 32 kDa and a weak signal (on average at least 10 times weaker than cortical BDNF-

T) at 28 kDa, serving as a negative control for truncated BDNF. 

In female mice, BDNF isoforms were normalized to GAPDH across all experiments (Tables S22). 

A two-way ANOVA analysis (group × western blot experiment) indicated no significant main 

effect of the experiment (pproBDNF/GAPDH = 1.00, pBDNF-T/GAPDH = 1.00, pmBDNF/GAPDH = 1.00) and no 

interaction between experiment and group (pproBDNF/GAPDH = 0.579, pBDNF-T/GAPDH = .264, 

pmBDNF/GAPDH = 0.690). We also did not detect a main effect of group (pproBDNF/GAPDH = 0.822, 

pBDNF-T/GAPDH = 0.605, pmBDNF/GAPDH =.154; Fig. 22bïd).  
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Figure 21. BDNF isoforms remained consistent across the female groups in response to prenatal 

VPA exposure and LM22A-4 treatment. (a) Representative Western blot showing BDNF isoforms 

(channel 680) including proBDNF (32 kDa), truncated BDNF (28 kDa), mature BDNF (11 kDa), 

and GAPDH (37 kDa). Using a two-way ANOVA, no significant differences were detected between 

the groups for (b) proBDNF relative to GAPDH (p = 0.822), (c) truncated BDNF relative to GAPDH 

(p = 0.605), and (d) mature BDNF relative to GAPDH (p =.154). The measurements were conducted 

for a maximum of two mice per litter for each group. The number of litters was N = 5 (n = 9 mice 

per group). Each litter was born from a different mother. Two-way-ANOVA, error bars: Ñ SEM. S: 

saline exposed saline-treated, V: VPA-exposed saline-treated, L: saline-exposed LM22A-4-treated, 

VL: VPA-exposed LM22A-4-treated mice. 

 

In male mice (Tables S23), a two-way ANOVA analysis (group × western blot experiment) 

indicated no significant main effect of the experiment (pproBDNF/GAPDH = 1.00, pBDNF-T/GAPDH = 1.00, 

pmBDNF/GAPDH = 1.00) and no interaction between experiment and group (pproBDNF/GAPDH =.135, 

pBDNF-T/GAPDH = .078, pmBDNF/GAPDH = .272). Additionally, there was no detectable main effect of 

group for proBDNF/GAPDH and BDNF-T/GAPDH (pproBDNF/GAPDH = .403, pBDNF-T/GAPDH =.222; 
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Fig. 23). The observed trend for interaction between experiment and group was influenced by the 

presence of a mild outlier in the saline-treated saline-exposed data. Despite the removal of this 

outlier eliminating the observed trend, since it had minimal value in the interpretation of overall 

results, we retained the complete dataset (see Table S33 for details). 

We observed a main effect of group for mBDNF/GAPDH (p = .019) identified by a 2-way 

ANOVA, and this was subsequently confirmed by the results of a 1-way ANOVA (p = .015; Fig. 

23d). A follow-up Tukeyôs test (Table 1) revealed a significant reduction of mBDNF/GAPDH in 

LM22A-4 treated VPA-exposed males compared to the saline-treated VPA-exposed group (p = 

.012; Fig. 23d), indicating that LM22A-4 treatment resulted in a reduction in mature BDNF levels 

due to drug interaction with VPA (refer to the discussion section). In contrast, we did not observe 

any changes between LM22A-4-treated saline-exposed mice and saline-treated saline-exposed 

group (p = 0.776; Fig. 23d), indicating that LM22A-4 treatment did not induce any changes when 

administered to the healthy control. Further, we did not observe any changes between saline-

treated VPA-exposed mice and saline-treated saline-exposed mice (p = .271; Fig. 23d), indicating 

that prenatal VPA exposure alone did not affect mature BDNF protein levels. However, mature 

BDNF showed a decreasing trend (p = .099, Fig.23d) in the LM22A-4-treated VPA-exposed group 

compared to the LM22A-4-treated saline-exposed group. We found a medium to large effect size 

(ɖĮ = .296; f= .310 according to Cohenôs f criterion guidelines, 1988). The observed effect size 

suggests a meaningful difference between the groups beyond what would be expected due to 

chance alone. A power analysis, (d = 0.835 [strong], and 1-ɓ = .8), anticipated that the addition of 

8 samples in each group could result in a statistically significant decreased mBDNF/GAPDH in 

LM22A-4-tretead VPA-exposed group compared to the LM22A-4-tretead saline-exposed 

controls. 
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Figure 22. Mature BDNF relative to GAPDH was reduced because of VPA and LM22A-4 interaction 

in male mice, while the other BDNF isoforms remained consistent across the groups. (a) 
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Representative Western blot showing BDNF isoforms (channel 680) including proBDNF (32 kDa), 

truncated BDNF (28 kDa), mature BDNF (11 kDa), and GAPDH (37 kDa). Using a two-way 

ANOVA, no significant differences were detected between the groups for (b) proBDNF relative to 

GAPDH (p = .403), (c) truncated BDNF relative to GAPDH (p = .222). (d) We observed a 

significant decrease in mature BDNF relative to GAPDH across the groups (p = .019). A subsequent 

Tukeyôs test indicated a notable decrease in mBDNF/GAPDH among LM22A-4 treated VPA-

exposed males compared to the saline-treated VPA-exposed group (p = .012). The measurements 

were conducted for a maximum of two mice per litter for each group. The number of litters was N 

= 5 (n = 9 mice per group). Each litter was born from a different mother. Two-way ANOVA, one-

way ANOVA, Tukey post hoc analysis, *p Ò .05. Error bars: Ñ SEM. S: saline exposed saline-treated, 

V: VPA-exposed saline-treated, L: saline-exposed LM22A-4-treated, VL: VPA-exposed LM22A-4-

treated mice. 

 

Table 1. Pair comparison (Tukeyôs test) for 

mBDNF/GAPDH in males. 

 

Note. The mean difference is significant at the 0.05 level. 

Saline: saline exposed saline-treated, VPA: VPA-exposed 

saline-treated, LM: saline-exposed LM22A-4-treated, VPA-

LM: VPA-exposed LM22A-4-treated mice. 

 

Group #1 Group #2 Std. Error Sig.

VPA 0.042 0.271

LM 0.042 0.776

VPA-LM 0.042 0.499

Saline 0.042 0.271

LM 0.042 0.815

VPA-LM 0.042 0.012

Saline 0.042 0.776

VPA 0.042 0.815

VPA-LM 0.042 0.099

Saline 0.042 0.499

VPA 0.042 0.012

LM 0.042 0.099

Saline

VPA

LM

VPA-LM
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AKT expression and activation remained unchanged in response to VPA; LM22A-4 caused AKT 

activation in only female VPA mice 

We successfully detected bands at 60 kDa for both Akt total protein and phosphorylated Akt (p-

Akt; Fig. 24a and Fig. 25a; also see Supplementary Fig. 2, 7, and 8). After normalizing data from 

different experiments for females (Table S24) and males (Table S25). 

We performed two-way ANOVA analysis including both group and western blot experiment as 

factors. Our results revealed that Akt total protein levels remained consistent across the groups in 

females (p =.160, Fig. 24b) relative to GAPDH. Furthermore, no main effect of the Western blot 

experiment or an interaction between the experiment and group was detected in either female (p = 

1.00, p = .111, respectively). 

Regarding the ratio of phosphorylated Akt to total Akt protein in females, a two-way ANOVA 

analysis detected no main effect for experiment (p = 1.00) and no significant interaction between 

group and experiment (p = .124). We observed a main effect of group (p = .003), confirmed by a 

subsequent one-way ANOVA. A post hoc analysis using Tukeyôs method (Table 2) revealed a 

significant increase in phospho-Akt/Akt in LM22A-4-treated VPA-exposed mice compared to the 

saline-treated VPA-exposed group (p = .020; Fig 24c). Further, we observed an increase in 

LM22A-4-treated VPA-exposed mice compared to the saline-treated saline-exposed group (p = 

.003). However, comparing these two groups is not beneficial in our study, as neither the prenatal 

exposure nor the daily treatment is similar.  
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Figure 23. Akt protein expression remained unchanged in response to VPA and LM22A-4 in females, 

while Akt activation increased in response to LM22A-4 treatment in VPA-exposed mice. (a) 
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Representative Western blot showing Akt total protein (60 kDa, channel 680), phosphorylated-Akt (p-

Akt; 60 kDa, channel 800), and GAPDH (37 kDa, from the same gel). Quantification of (b) Akt relative 

to GAPDH (p = .160, two-way ANOVA) and (c) p-Akt relative to total Akt (p = .003, two-way ANOVA). 

A subsequent one-way ANOVA, followed by Tukeyôs test, revealed an increase in LM22A-4-treated 

VPA-exposed mice compared to the saline-treated VPA-exposed group (p = .024). The measurements 

were conducted for a maximum of two mice per litter for each group. The number of litters was N = 5 

(n = 9 mice per group). Each litter was born from a different mother. *p Ò .05. Error bars: Ñ SEM. 

 

Table 2. Pair comparison (Tukeyôs test) for p-Akt/Akt in females. 

 

Note. The mean difference is significant at the 0.05 level. 

Saline: saline exposed saline-treated, VPA: VPA-exposed 

saline-treated, LM: saline-exposed LM22A-4-treated, VPA-

LM: VPA-exposed LM22A-4-treated mice. 

 

 

In males (Fig. 24), a two-way ANOVA showed no significant difference observed between the 

groups for Akt/GAPDH (pExperiment = 1.00, pGroup x Experiment = 0.568, pGroup = 0.939, Fig. 24b). 

Comparable results were found for phospho-Akt/Akt (pExperiment = 1.00, pGroup x Experiment = 0.868, 

pGroup = 0.699; two-way ANOVA, Fig. 24b).  

 

Group #1 Group #2 Std. Error Sig.

VPA 0.029 0.879

LM 0.029 0.239

VPA-LM 0.029 0.003

Saline 0.029 0.879

LM 0.029 0.643

VPA-LM 0.029 0.020

Saline 0.029 0.239

VPA 0.029 0.643

VPA-LM 0.029 0.239

Saline 0.029 0.003

VPA 0.029 0.020

LM 0.029 0.239

Saline

VPA

LM

VPA-LM
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Figure 24. Phosphorylated Akt and total protein levels remained unaltered in the cortices of male 

VPA-exposed and control group as determined by Western blotting. (a) Representative Western blot 

showing Akt total protein (60 kDa, channel 680), phosphorylated-Akt (p-Akt; 60 kDa, channel 800), 

and GAPDH (37 kDa, from the same gel). Quantification of (b) Akt relative to GAPDH and (c) p-

Akt relative to total Akt. A two-way ANOVA showed no significant difference observed between 

the groups for Akt/GAPDH (p = 0.939) and phospho-Akt/Akt (p = 0.699). The measurements were 

conducted for a maximum of two mice per litter for each group. The number of litters was N = 5 (n 

= 9 mice per group). Each litter was born from a different mother. Error bars: Ñ SEM. 

 

 

 

Erk protein expression levels and activation remained unaltered in response to VPA in both 

sexes; caused Erk activation in only male VPA mice 

We successfully detected bands at 44 kDa (Erk1 or MAPK44) and 42 (Erk2 or MAPK42) for both 

total protein and phosphorylated protein (p-Erk1/2) in our analysis (Fig. 26a and 28a, also see 

Supplementary Fig. 3, 9, and 10).  
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In females, after normalizing the data (Table S26 and S27), a 2-way ANOVA test, incorporating 

both group and Western blot experiment as factors, was performed. We observed no significant 

main effect of the experiment (p-Erk1/Erk1: p = 1.00, p-Erk2/Erk2: p = 1.00, p-Erk1/2/Erk1/2: p 

= 1.00) or any interaction between the experiment and group (p-Erk1/Erk1: p = .377, p-Erk2/Erk2: 

p = .315, p-Erk1/2/Erk1/2: p = .371). Also, VPA and LM22A-4 did not affect Erk activation among 

the groups (p-Erk1/Erk1: p = .319, p-Erk2/Erk2: p = .133, p-Erk1/2/Erk1/2: p = .100).  
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Figure 25. Erk activation remained unaltered in females in response to prenatal exposure to VPA 

and LM22A-4 treatment. (a) Representative Western blot showing phosphorylated Erk1/2 protein 

(42 and 44 kDa, channel 800), Erk1/2 total protein (42 and 44 kDa, channel 680), and GAPDH (37 

kDa, from the same gel). The molecular weight of 44 kDa represents Erk1 and phospho-Erk1, while 
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42 kDa represents Erk2 and phospho-Erk2. We found no significant differences between the groups 

for (b) p-Erk1 relative to Erk1(p = .319), (c) p-Erk2 relative to Erk2 (p = .133), and (d) p-Erk1/2 

relative to Erk1/2 (p = .100). The measurements were conducted for a maximum of two mice per 

litter for each group. The number of litters was N = 5 (n = 9 mice per group). Each litter was born 

from a different mother. S: saline exposed saline-treated, V: VPA-exposed saline-treated, L: saline-

exposed LM22A-4-treated, VL: VPA-exposed LM22A-4-treated mice. Two-way ANOVA, error 

bars: Ñ SEM. 

 

 

 

In females, total Erk1 to GAPDH remained unchanged between the groups (pGroup = .112, pExperiment 

= 1.00, and pExperiment × group = .337; two-way ANOVA, Fig. 27a). Further, a two-way ANOVA 

revealed that total Erk2 (pGroup = 0.662, pExperiment = 1.00, and pExperiment × group = .108; Fig. 27b) and 

Erk1/2 (pGroup = 0.690, pExperiment = 1.00, and pExperiment × group = .223; Fig. 27c) relative to GAPDH 

remained unchanged between the groups.  
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Figure 26. Erk protein expression levels remained unchanged in response to VPA prenatal exposure 

and LM22A-4 treatment in females. A two-way ANOVA test showed that (a) Erk1 relative to GAPDH 
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(p = .112), (b) Erk2 relative to GAPDH (p = 0.662), (c) Erk1/2 relative to GAPDH (p = 0.690) 

remained unchanged. The measurements were conducted for a maximum of two mice per litter for 

each group. The number of litters was N = 5 (n = 9 mice per group). Each litter was born from a 

different mother. Error bars: Ñ SEM. 

 

 

In male mice, we did not detect a main effect of the experiment (p-Erk1/Erk1: p = 1.00, p-

Erk2/Erk2: p = 1.00, p-Erk1/2/Erk1/2: p = 1.00). We also did not detect any interaction between 

the experiment and the group (p-Erk1/Erk1: p = .349, p-Erk2/Erk2: p = .146, p-Erk1/2/Erk1/2: p 

= 0.653). No changes were found in Erk proteins activation (p-Erk1/Erk1: p = .253, p-Erk2/Erk2: 

p = .246; two-way ANOVA, Fig. 28bïd).  

A two-way ANOVA test found a trend for main effect of group regarding p-Erk1/2/Erk1/2 (p = 

.083). A medium effect size (ɖ2 = .312 [medium] suggested conducting pairwise comparison 

analysis can be informative for the purposes of power analysis. The observed trend in main effect 

of group (confirmed by one-way ANOVA, p = .054), is influenced by an increasing trend in p-

Erk1/2/Erk1/2 in LM22A-4-treated VPA-exposed mice compared to the saline-treated group (p = 

.253, Tukey post hoc analysis). A power analysis, indicating a very large effect size (ɖ2 = .312, f 

= .328 [large], d = 0.860 [strong], and 1-ɓ = .8), anticipated that the addition of 2 samples in each 

group could result in a statistically significant increase in p-Erk1/2/Erk1/2 in LM22A-4-treated 

VPA-exposed mice compared to the saline-treated group. However, this large effect size, as per 

Cohenôs guidelines (1988), indicate that the observed trend is unaffected by group size. This 

significant effect size implies a notable difference beyond what would be anticipated by chance 

alone, negating the necessity for enlarging group sizes. 

 When normalizing the Erk total protein data, relative to GAPDH, a two-way ANOVA test 

revealed no significant main effect of the experiment (Erk1/GAPDH: p = 1.00, Erk2/GAPDH: p = 
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1.00, Erk1/2/GAPDH: p = 1.00) or any interaction between the experiment and group 

(Erk1/GAPDH: p = 0.510, Erk2/GAPDH: p = 0.914, Erk1/2/GAPDH: p = 0.725). Further, we did 

not detect a main effect of group (Erk1/GAPDH: p = .226, Erk2/GAPDH: p = 0. 388, 

Erk1/2/GAPDH: p = .248; Fig. 29).  
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Figure 27. Erk activation showed a meaningful increasing trend in response to LM22A-4 in VPA-

exposed males. (a) Representative Western blot showing phosphorylated Erk1/2 protein (42 and 44 

kDa, channel 800), Erk1/2 total protein (42 and 44 kDa, channel 680), and GAPDH (37 kDa, from 

the same gel). The molecular weight of 44 kDa represents Erk1 and phospho-Erk1, while 42 kDa 

represents Erk2 and phospho-Erk2. Quantification of (b) p-Erk1 relative to Erk1, (c) p-Erk2 relative 

to Erk2, and (d) p-Erk1/2 relative to Erk1/2. No significant changes were observed in the activation 

of Erk1 and Erk2 between the groups (p-Erk1/Erk1: p = .253, p-Erk2/Erk2: p = .246; two-way 

ANOVA). One-way ANOVA, followed by a Tukey post hoc analysis found an increasing trend (p = 

.056) in p-Erk1/2/Erk1/2 in LM22A-4-treated VPA-exposed mice compared to the saline-treated 

group. The measurements were conducted for a maximum of two mice per litter per sex for each 

group. For female data, the number of litters was N = 3 (n = 6 mice per group). Each litter was born 

from a different mother. S: saline exposed saline-treated, V: VPA-exposed saline-treated, L: saline-

exposed LM22A-4-treated, VL: VPA-exposed LM22A-4-treated mice. Error bars: Ñ SEM. 
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Figure 28. Erk protein expression remained unchanged in response to VPA prenatal exposure and 

LM22A-4 treatment in males. Quantification of (a) Erk1 relative to GAPDH, (b) Erk2 relative to 
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GAPDH, and (d) Erk1/2 relative to GAPDH. The two-way ANOVA results indicated no significant 

changes in the activation of Erk proteins between the groups (p-Erk1/GAPDH: p = .226, p-

Erk2/GAPDH: p = .338, p-Erk1/2/GAPDH: p = .248). The measurements were conducted for a 

maximum of two mice per litter for each group. The number of litters was N = 3 (n = 6 mice per 

group). Each litter was born from a different mother. Error bars: Ñ SEM. 

 

 

 

Discussion 

Studying RTKs that regulate synaptic functions, neural connectivity, and brain development 

through signaling pathways that are related to idiopathic ASD including Erk (extracellular signal-

regulated kinase) and Akt (also known as protein kinase B or PKB) has garnered research attention 

in the recent decade (Fahnestock and Nicolini, 2014; Rosina et al., 2019; Ganesan et al., 2019). A 

variety of RTKs belonging to different families, such as the platelet-derived growth factor receptor 

(PDGFR), insulin-like growth factor-1 receptor (IGF-1R), epidermal growth factor receptor 

(EGFR), and the neurotrophic receptor tyrosine kinase (Trk) family, regulate the Akt and Erk 

signaling pathways (Cao et al., 2019; Chen et al., 2021; Cordover et al., 2020; Cui et al., 2007; 

Numakawa et al., 2023; Shi et al., 2017).  

Among these RTKs, those belonging to the IGF-1 and brain-derived neurotrophic factor (BDNF) 

families have been the core of ongoing research due to their relevance to ASD-related synaptic 

dysfunctions (Sgritta et al., 2023; Qi et al., 2022; Ogundele et al., 2018), impaired signaling 

pathways (Cioana et al., 2020; Fahnestock and Nicolini, 2015; Ogundele et al., 2018; Chen et al., 

2014), and presentation of ASD-related behavior (Kyzar et al., 2012; Ma et al., 2023; Li et al., 

2021; Steinmetz et al., 2018).  The protein and mRNA levels of both IGF-1 and IGF-1R remained 

unaltered in fusiform gyrus of idiopathic subjects compared to the healthy control (Cioana et al., 
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2020). Thus, the exact role of the IGF-1 in idiopathic ASD is not evident. BDNF and TrkB stand 

as a primary candidate for potential involvement in ASD due to their crucial functions in central 

nervous system (notably synaptic functions), genetic association to ASD, isoform imbalance and 

altered protein levels in ASD individuals, and involvement in the relevant signaling pathways 

including Akt and Erk (Fahnestock and Nicolini, 2015). 

Given the current lack of clarity regarding the causative impact of TrkB on ASD pathology, our 

primary objective was to investigate whether there is a causal relationship between TrkB signaling 

and idiopathic ASD. To achieve this, we initially aimed to model idiopathic ASD-like pathology 

in mice through prenatal exposure to VPA. Subsequently, we administered TrkB selective agonist, 

LM22A-4 to the VPA-exposed mice and the control group daily to investigate whether the ASD-

like behavior could be alleviated by the treatment.  

To activate TrkB, we avoided using BDNF treatment because of its limitations, including short 

half-life and restricted permeability through the blood-brain barrier and may lead to undesirable 

effects by activating the p75NTR neurotrophin receptor (Poduslo and Curran, 1996). To date, only 

a limited number of TrkB agonists are available, including LM22A-4 and 7,8-dihydroxyflavone 

(7,8-DHF) which have been reported to activate TrkB and induce the phosphorylation of TrkB and 

its downstream targets Akt and Erk in vitro or in vivo (Jang et al., 2010a; Jang et al., 2010b; Longo 

and Massa, 2013; Cazorla et al., 2011).  

LM22A-4 functions as a mimetic of the BDNF loop 2 domain induces the phosphorylation of TrkB 

and triggers the activation of various downstream targets both in vivo and in vitro, as demonstrated 

in studies by Kajiya et al. (2014), Massa et al. (2010), and Pardridge, Kang, and Buciak (1994). 

We chose LM22A-4 over 7,8-DHF for several reasons. 7,8-DHF binds to TrkB receptor in vitro 

and stimulates receptor dimerization, a function like BDNF and LM22A-4 (Jang et al., 2010). 
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However, findings related to administration of 7,8-DHF in vivo should be interpreted cautiously 

as 7,8-DHF has unfavorable pharmacokinetic properties (Pankiewicz et al., 2021). For example, 

7,8-DHF has a very rapid elimination process (Pankiewicz et al., 2021). Further, post 

administration peripherally, 7,8-DHF was not detected in all the brain regions (Pankiewicz et al., 

2021). Also, in mouse hippocampus and frontal cortex, 7,8-DHF does not activate TrkB 

(Pankiewicz et al., 2021). To examine whether LM22A-4 induces a beneficial effect on idiopathic 

ASD pathology in VPA mouse model, we conducted experiments spanning molecular and 

behavioral levels. 

 

VPA-induced ASD-like traits: repetitive behaviors, sociability impairment, social avoidance, 

and delayed neurodevelopment 

At behavioral levels, we successfully induced ASD-like symptoms in mice through exposure to 

VPA. Since the core behavioral symptoms of ASD in humans include social behavior difficulties 

and stereotyped, repetitive activities (Lord et al., 2000), we used relevant behavioral assays 

including the three-chamber social approach task and marble burying task to assess these behaviors 

in our mouse model. The absence of confounding factors such as locomotor deficits, olfactory 

impairments, and anxiety, strengthens the validity of the results obtained from both the three-

chamber social approach task (Yang et al., 2011a; Rodgers et al., 2002; Holmes et al., 2003; Moy 

et al., 2004; Crawley et al., 2007; Chang et al., 2017) and the marble burying task (De Brouwer et 

al., 2018; Kalueff et al., 2006; Depoortere et al., 2021). In general, our findings indicate that 

prenatal VPA exposure in mice causes social behavior differences mirroring human ASD behavior. 
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As mice naturally tend to approach unfamiliar conspecifics, the low direct social approach in mice 

strongly reflects the social interaction deficits (Crawley, 2007; Moy et al., 2007, 2008; Silverman 

et al., 2010). Like previous research (Chau et al., 2017; Kim et al., 2019; Zappala et al., 2023; 

Huang et al., 2019), in our study, prenatal exposure to VPA resulted in mice spending more time 

in the chamber containing a familiar mouse rather than the chamber containing a novel mouse 

(social novelty impairment). The observed changes in social novelty behavior are reminiscent of 

the challenge that individuals with ASD face in processing novel social information (Courchesne 

et al., 1985). Similarly, when mice encountered the familiar mouse on one side of the chamber and 

the novel object on the other side, both VPA males and females exhibited a lack of tendency to 

spend more time with the social cue (sociability impairment). The observed deficits in attention to 

socially salient stimulus closely parallel characteristics seen in human ASD (Pasciuto et al., 2015; 

Crawley et al., 2004).  

Another behavioral hallmark of ASD is restricted and repetitive behaviors (Leekam et al., 2011). 

Altered neuronal structure leading to disruptions in network connectivity and manifesting as 

repetitive behaviors occurs in both rodents and humans (Engeln et al., 2021). Stereotypies in ASD 

is regulated through the cortical-striatal-thalamo-cortical circuitry, which consists of multiple 

reverberatory loops (Alexander et al., 1986). 

In our research, like previous studies (Baronio et al., 2015; Choi et al., 2016; Huang et al., 2019), 

VPA-exposed mice exhibited repetitive behavior when subjected to marble burying task (Leekam 

et al., 2011). Marble burying is a locomotion observed in rodents, such as rats and mice, and it is 

often associated with repetitive behaviors found in individuals with ASD (Angoa-Pérez et al., 

2013; Dixit et al., 2020). In humans, repetitive behavior is an umbrella term used to describe a 

wide range of behaviors that may appear to be unrelated (Turner, 1999). Repetitive behavior 
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includes hand flapping, lining up things, and strict adherence to routines. Some repetitive 

behaviors can also be observed in normally developing children. Children with ASD, on the other 

hand, exhibit more intense and frequent repetitive behaviors. For example, stereotyped movements 

and repetitive item arrangement may be particularly important in the ASD. However, there are 

some other classes of repetitive behavior that are related to locomotor activities, such as 

spontaneous dyskinesias, tics, or repetitive self-injurious behavior which are not especially 

prevalent, severe, or characteristic of ASD. Therefore, VPA-exposed mice burying more marbles 

compared to the saline-exposed controls confirms exhibition of ASD-like traits in our mouse 

model. Collectively, our behavioral data indicate that prenatal VPA exposure induces ASD-like 

traits in mice, mirroring human social behavior differences and repetitive behaviors. 

At the somatic level, we observed alterations in mice prenatally exposed to VPA, laying the 

foundation for the reported ASD-like behavioral outcomes above. Since ASD is a 

neurodevelopmental disorder, neurodevelopmental delays are an integral part of the condition 

(Nevill et al., 2017; Takahashi et al., 2020). Neurodevelopmental delays refer to as when formation 

of neurons and establishment of synapses in the brain progress slower compared to what is 

considered normal rate for a person's age (Kolb et al., 2014). Brain development starts three weeks 

after conception and continues throughout infancy, childhood, and adolescence (Kolb et al., 2014; 

Rice and Barone, 2000). In humans, VPA monotherapy during first trimester of pregnancy 

increases the risks of developmental delay and idiopathic ASD in offspring (Bescoby-Chambers 

et al., 2001). The most prominent effect of VPA on developmental delays in humans, is verbal 

intelligence quotient (Mutlu-Albayrak et al., 2017). Neurodevelopmental delays in humans and 

mice can differ due to the inherent biological and genetic differences between the two species 

(Hemberger et al., 2019). Humansô neurodevelopment is multifaceted and involves various 
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aspects, including language and multisensory processing deficits (Beker et al., 2018; Landa and 

Garrett-Mayer, 2006). ASD-like mouse models do not fully replicate the entire range of human 

neurodevelopment yet offer valuable insights into disease pathology due to partial developmental 

trait similarities.  

Proper brain development is necessary for normal metabolic regulation including appetite, energy 

expenditure, and nutrient utilization, related to the weight gain and growth rate during postnatal 

period (Bouret, 2009; Udagawa et al., 2000). Like others (Ahmed et al., 2023; Chomiak et al., 

2010; Podgorac et al., 2016; Schneider and Przewğocki, 2004), we also showed that VPA mice had 

smaller body mass during infancy. Our findings indicate that VPA exposure during pregnancy may 

have an impact on the development of the mice's offspring. Further, like previous reports (MA et 

al., 2012; S. Jiang et al., 2022), the lower body mass of VPA mice during infancy was accompanied 

by a long-term effect of VPA on altered metabolism, manifesting as underweight through the 

juvenile stage (PD22) and persisting closer to young adulthood (PD37).  

In human valproate syndrome inhibition of somatic skeletal growth is commonly observed (Fan et 

al., 2016). We demonstrated that mice exposed to VPA prenatally had shorter tails during infancy 

compared to the control mice. Our findings align with prior research on VPA mouse and rat models 

(Ahmed et al., 2023; Fan et al., 2016; Tartaglione et al., 2018). Further, consistent with previous 

studies (Ahmed et al., 2023; Ruhela et al., 2019; Tartaglione et al., 2018), we showed that VPA-

exposed mice had delayed eye-opening onset. The onset of eye opening is connected to the overall 

maturation of sensory system and the underlying neural circuits in the brain (Tartaglione et al., 

2018; Tian and Copenhagen, 2001). Similar findings have been reported in VPA rats (Chomiak et 

al., 2010; Schneider and Przewğocki, 2004). 
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Demonstrating ASD-like behaviors and neurodevelopmental delays in mice exposed to VPA 

provides evidence that the mouse model in our study replicates key characteristics of ASD 

pathology at both behavioral and somatic levels. This ensures the relevance of our mouse model 

and provides context for interpreting the effects of the TrkB agonist at both behavioral and 

molecular levels. 

 

The causal involvement of TrkB in idiopathic ASD pathology is suggested by LM22A-4's 

mitigating effects on ASD-like behaviors 

This study investigated the impact of LM22A-4 on the behavior of VPA-exposed mice. We 

demonstrated that LM22A-4 significantly mitigated VPA-induced repetitive behavior, improved 

sociability, and social novelty preference by reversing impairments. Importantly, the effects of 

LM22A-4 on ASD-like behaviors remained unaffected by confounding factors such as anxiety, 

locomotor issues, and olfactory deficits. These findings suggest that signaling downstream of TrkB 

may play a crucial role in regulating core symptoms of ASD, including repetitive behavior and 

social behavior challenges. 

 

Despite presenting ASD-like behaviour, the VPA mouse model challenges the premise of 

studying idiopathic ASD-related TrkB signaling deficits within the cortex 

Given our observation that LM22A-4 treatment prevents ASD-like behavior of VPA-exposed 

mice, we aimed to investigate whether ASD-like behaviors were linked to disruptions in the 

cortical TrkB pathway components within in VPA model of idiopathic ASD. We investigated 
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alterations in the protein expression of BDNF and TrkB isoforms, along with the protein 

expression and activation of Akt and Erk, in the cortex in response to VPA and LM22A-4.  

1. Unchanged BDNF isoform protein levels in response to VPA:  

Using Western blotting, we did not observe any alterations in protein levels of proBDNF, truncated 

BDNF, and mature BDNF in female mice. Similarly, proBDNF and truncated BDNF remained 

unaltered among the groups in males. However, a significant main group effect was observed for 

mature BDNF in VPA-exposed males treated with LM22A-4 compared to VPA-exposed males 

treated with vehicle and saline-exposed males treated with LM22A-4. We did not detect any 

changes in TrkB protein expression levels in response to in utero exposure to VPA in mice. Also, 

we observed that VPA induced the activation of Akt only in females compared to the saline-treated 

VPA-exposed group, while Erk protein expression and activation remained unchanged in both 

sexes. 

Building upon existing literature concerning both human studies (Nicolini et al. 2015 and 

dissertation, 2016; Garcia et al. 2012) and idiopathic ASD-like VPA mouse models, our 

expectation was to observe an elevated proBDNF and reduced truncated BDNF in our chosen 

mouse model. ProBDNF plays a pivotal role in synaptic elimination, primarily through its 

interaction with p75NTR receptors, triggering downstream signaling involving RhoA and ROCK 

(Sun et al., 2012). proBDNF is crucial for long-term depression, neuronal apoptosis, and dendritic 

pruning, contributing to the shaping of neuronal circuits during postnatal brain development and 

throughout adulthood in response to environmental changes and learning processes (von Bohlen 

und Halbach, 2018; Teng et al., 2005; An et al., 2008; Henson et al., 2017; Piochon et al., 2016). 
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Physiological roles of truncated BDNF, a proteolytic product of proBDNF, remains a subject of 

active research (Carlino et al., 2011, 2012). 

In human ASD, existing literature show increased levels of BDNF immunoreactivity in serum of 

individuals with ASD (Barbosa et al., 2020; Katoh-Semba et al., 2007; Miyazaki et al., 2004). 

Notably, Garcia et al. (2012) reported elevated BDNF-immunoreactivity in the postmortem 

fusiform gyrus of subjects with idiopathic ASD compared to controls. Protein concentration of 

BDNF isoforms is assayed by techniques such as ELISA and Western blotting. ELISA detects 

both mature BDNF and proBDNF. There is also proBDNF-specific ELISA that can measure only 

proBDNF and not the mature isoform. Western blotting, on the other hand can distinguishes BDNF 

isoforms including proBDNF, truncated BDNF, and mature BDNF. Garcia et al., (2012), using 

Western blotting showed an increase in proBDNF and a decrease in truncated BDNF in fusiform 

gyrus of idiopathic ASD individuals, while mature BDNF was unchanged. Additionally, BDNF 

immunoreactivity (total BDNF) was shown to be increased in idiopathic ASD brains compared to 

healthy control groups (Armeanu et al., 2017; Bryn et al., 2015; Zheng et al., 2016; Garcia et al., 

2012). 

In idiopathic ASD, reduced activation of fusiform gyrus is associated with diminished ability of 

people in recognizing and interpreting facial expressions that contributes to social communication 

difficulties (Bölte et al., 2006). Fusiform gyrus, relevant to human ASD, is not well-defined in 

non-primate mammals, including rodents. In mice, interactions between a network of different 

brain regions, notably cortical areas are responsible for social recognition of another mouse 

(Richter et al., 2005).  

The impact of VPA in idiopathic ASD-like mouse models showed dose-dependency. Prenatal 

administration of a low VPA dose (450 mg/kg; Maisterrena et al., 2022) left mature BDNF 
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unchanged, while higher doses (600 mg/kg) elevated it. For instance, in different brain regions 

including the striatum, the nucleus accumbens, the motor cortex, or the cerebellum of VPA mice, 

no changes in BDNF protein levels were observed (C57BL/6J, 450 mg/kg; Maisterrena et al., 

2022). In contrast, other studies reported a reduction in BDNF protein levels within the anterior 

cingulate cortex of mice exposed to higher dose of VPA (C57BL/6J, 500 mg/kg; Qi et al., 2022) 

at PD7. 

Our results revealed no differences in proBDNF and truncated BDNF protein levels in both sexes 

and mature BDNF in females. Given that protein levels of proBDNF and truncated BDNF were 

not previously explored in VPA mice, distinctions between our findings and those in human studies 

may arise from tissue or species variations. In our mouse model, BDNF levels in the entire cortex 

remained unchanged in response to prenatal exposure in saline-treated mice. However, in males, 

the administration of VPA and LM22A-4 together but not alone reduced the levels of mature 

BDNF in male mice. Therefore, the reduced levels of mature BDNF could be a consequence of 

the interaction between VPA and LM22A-4, rather than a direct effect of VPA on mature BDNF. 

It is known that when two drugs are co-administered and target the same pathways, there is a 

potential for interaction between them (Grabovsky and Tallarida, 2004). Furthermore, sex-specific 

susceptibility to environmental factors can explain the sex differences in the response to the 

LM22A-4 and VPA drug interaction in our study. At environmental levels, specific drugs and 

compounds affect males and females differentially (Mezzelani et al., 2015). For example, males 

are more susceptible to ochratoxin, a mycotoxin that induces neural tube defects (Mezzelani et al., 

2015). This susceptibility is due to synergistic effect between altered BARX1 and SOX9 gene 

expressions in males (Barrionuevo and Scherer, 2010). SOX9 is well-known for contributing to 

the increased risk of ASD in males (Ghahramani Seno et al., 2011).  
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Our collective results regarding BDNF isoforms differed from expected patterns and deviating 

from prior ASD research in human idiopathic ASD (proBDNF and truncated BDNF) and VPA 

mice (mature BDNF). 

 

2. TrkB isoform protein levels in VPA-exposed mice differ from human idiopathic ASD: 

 

Currently, there is a lack of research specifically investigating TrkB isoform levels in VPA-

exposed mice. We observed no differences in the protein expression of full-length and truncated 

TrkB isoforms in the cortices of mice in response to either VPA or LM22A-4. Notably, Nicolini 

et al. showed full-length TrkB protein levels were reduced, whereas truncated isoforms protein 

levels showed a trend toward increased truncated TrkB isoforms in in fusiform gyrus of idiopathic 

ASD individuals. Additionally, they found no changes in TrkB isoform mRNA levels in this brain 

region. These findings suggest that examining BDNF protein levels in the context of idiopathic 

ASD using the cortex of VPA mouse models may lack relevance for studying BDNF, as the 

BDNF-related molecular events observed in the fusiform gyrus of idiopathic ASD cases were not 

replicated. This is noteworthy to mention that prenatal exposure to VPA was not a risk factor in 

the individuals whose post-mortem brains were studied. Human idiopathic ASD is characterized 

by a multifaceted interplay of epigenetic predisposition and diverse environmental influences, 

resulting in a heterogeneous spectrum of symptoms (Bölte et al., 2018; Szatmari et al., 1998; 

Taylor et al., 2020). In contrast, VPA mouse models primarily focus on a singular environmental 

insult, lacking the genetic variability and additional environmental factors present in human 

idiopathic ASD. Consequently, while these models have provided insights into specific aspects of 

idiopathic ASD pathology related to prenatal VPA exposure, they may not fully capture the 

complexity and variability observed in human idiopathic ASD. 
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The alterations in protein expression of TrkB isoforms has not been investigated in the whole 

cortex of VPA-exposed mice, which as a network shares functional similarities with the human 

fusiform gyrus tissue in the context of idiopathic ASD (Hui et al., 2020; Richter et al., 2005). 

However, our findings align with previous research indicating that TrkB protein levels remained 

unchanged in various brain regions, including the striatum, nucleus accumbens, motor cortex, and 

cerebellum of young adult VPA mice (Maisterrena et al., 2022). Almeida et al., 2014 also reported 

no changes in TrkB protein expression in fetal whole brain samples of VPA-exposed mice. The 

absence of changes in TrkB isoform protein expression in murine brain does not necessarily mean 

that TrkB and its downstream signaling pathways are not activated by LM22A-4. When C57BL/6J 

mice (2-month-old and wild-type) were administered LM22A-4 (50 mg/kg for 7 weeks), an 

increase in striatal TrkB-FL phosphorylation was observed without a change in the total protein 

level. Thus, LM22A-4 can activate TrkB without altering the overall expression of TrkB protein.  

Conclusively, our study adds to the research on TrkB protein levels in idiopathic ASD and VPA-

exposed mice. We showed unchanged TrkB isoform protein levels in VPA-exposed mouse cortices 

under our experimental conditions. 

 

3. LM22A-4 induced Akt activation solely in VPA-exposed female mice cortices, potentially 

affecting idiopathic ASD-like pathology; Erk1/2 showed a similar pattern 

Akt and Erk signaling pathways act upstream and downstream of BDNF and TrkB and are crucial 

in neurodevelopment due to their key roles in regulation of neurogenesis and neurite outgrowth 

(Blüthgen et al., 2017; Ortuño-Sahagún et al., 2014; Wang et al., 2017). Akt and Erk signaling 

pathways are also crucial in regulation of synaptic activities including synaptic protein expression 
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and functions (Wang et al., 2003). Notably, Erk regulates translation of synaptic proteins including 

eIF4E and RPS6 (Fahnestock, 2015; Nicolini, 2016; Shahbazian et al., 2006). Further, Akt is 

required for postsynaptic density protein 95 (PSD-95) delivery to dendrites and synaptic plasticity 

(Wang et al., 2003).  

There is consistency in the literature indicating that Akt/mTOR and Erk signaling pathways are 

upregulated in syndromic ASD and similarly in ASD genetic models. For example, increased 

phosphorylation of Akt in various brain regions of individuals with syndromic ASD, including the 

striatum, hippocampus, and cerebellum, is associated with diverse ASD-related behaviors 

(Hevner, 2015; Onore et al., 2017). In ASD genetic mouse models that mimic human syndromic 

ASD, activation of Akt and Erk have been reported in various brain regions including striatum, 

hippocampus, and cerebellum (Ehninger et al., 2008; Zhou et al., 2009; Murari et al., 2023). 

Implications in these brain regions are associated with ASD-related motor control deficits 

(striatum), intellectual disabilities (hippocampus), and challenged motor coordination 

(cerebellum) (Delong, 2008; Fatemi et al., 2012; Fuccillo, 2016; Zamarbide et al., 2019).  

In contrast to syndromic ASD, decreased Akt and Erk signaling pathways have been reported in 

idiopathic ASD. For example, Nicolini et al. (2015) demonstrated reduced phosphorylation of Akt 

in the post-mortem brain fusiform gyrus in individuals with human idiopathic ASD. Further, in 

Nicoliniôs study, VPA induced Akt hypo-activation in non-treated CD-1 mice (both sexes, 500 

mg/kg VPA). Our data aligns with ASD-like mouse models and findings from the human 

idiopathic ASD fusiform gyrus (Nicolini et al., 2015) since VPA did not affect Akt and Erk total 

protein levels. However, the differences between our findings (unchanged Akt activation) and 

Nicolini's research (which reported decreased Akt activation) could potentially be attributed to 

differences in strain and VPA dose. The most significant difference lies in the treatment protocol 
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of our studies. Mice in their study were non-treated, whereas when they were treated daily with 

saline, like our mice, it eliminated the observed differences. This suggests that the sensorimotor 

stimulation may have influenced Akt phosphorylation.  

In terms of Erk activation, Chatterjee et al., 2020, showed decreased activation of Erk1/2 occurring 

in the prefrontal cortex of VPA mice (male C57Bl/6J, 600 mg/kg). Furthermore, our results 

contrast with those of Chatterjee et al., as Erk activation remained unchanged in our study. 

However, our findings agree with those of Maisterrena et al., (2022) that observed no changes in 

Erk1/2 activation and total protein levels across various brain regions, such as the striatum, nucleus 

accumbens, cortex, and cerebellum, in response to VPA (male C57Bl/6J, 450 mg/kg). Similarly, 

Nicolini et al. (2015) did not find a significant change in phosphorylation levels of Erk in the post-

mortem brain fusiform gyrus in individuals with human idiopathic ASD. Differences between 

findings of Maisterrena et al. and Chatterjee et al. may be due to different VPA dosages (450 and 

600 mg/kg, respectively). Chatterjee et al.'s mouse model exhibits similarities with ours in VPA 

dosage, exposure timing, developmental stage, brain region, and techniques. Thus, identifying the 

precise reasons for the contrasting results in Akt activation, especially in males, in their study and 

ours poses a challenge. However, the observed differences may be attributed to difference in mouse 

sub-strains (C57Bl/6J in Chatterjee et al. and C57Bl/6N in ours) and specific cortical regions 

(prefrontal cortex in Chatterjee et al. and whole cortex in ours). Environmental variations in 

housing may also impact Erk activation responses. Also, the difference in Erk activation between 

the human idiopathic ASD fusiform gyrus and the findings of Chatterjee et al. showing reduced 

Erk activation may be attributed to species differences. 

LM22A-4 is known to activate TrkB, and previous research has demonstrated its ability to activate 

TrkB signaling pathway components including Akt and Erk in neuronal cell cultures (Antonijevic 
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et al., 2023; Gudasheva et al., 2013; Massa et al., 2010). However, we observed that LM22A-4 

increased Akt and Erk activation in VPA-exposed female and male cortices, respectively. Given 

that we have not examined changes in Akt and Erk signaling pathways in response to VPA and 

LM22A-4 in other brain regions or within subcortical areas, understanding why boosting TrkB 

signaling beyond typical levels in the cortex via LM22A-4 treatment potentially improves ASD-

like behavior might prove challenging. However, this paradoxical outcome could arise from the 

involvement of other signaling pathways downstream of TrkB. 

In Nicoliniôs study, (2016, doctoral dissertation), LM22A-4 administration, as well as the 

administration of the vehicle alone, rescued Akt reduced activation. This suggests a potential 

normalization effect of daily sensorimotor stimulation rather than a true effect of LM22A-4. 

Further, the difference in results suggests that variations in mouse strain and VPA dosage may be 

the underlying factors contributing to this discrepancy. The findings from neural disease mouse 

models, coupled with our demonstration that LM22A-4 induces Akt activation solely in VPA mice 

and not in saline-exposed control, suggest that the effect of LM22A-4 on TrkB downstream 

signaling pathways is highly context-dependent in nature. Of note, in RTT-like mouse model, 

LM22A-4 treatment increased Akt phosphorylation in Mecp2 (methyl-CpG-binding protein-2) 

deficient mice with decreased Akt phosphorylation but had no effect on Akt phosphorylation of 

wild-type control mice (Schmid et al., 2012). This potential dual functions of LM22A-4 in TrkB 

signalling activation can be attributed to its characteristics as a partial agonist. Partial agonists, 

especially neurotrophin receptor ligands, are known for their pharmacological benefits in 

pathological conditions where signaling pathways are dysregulated rather than in normal 

physiology (Longo et al., 2013; Maliartchouk et al., 2000). This suggests that LM22A-4 can 

activate TrkB to induce phosphorylation of Akt and Erk, particularly in pathological contexts. 
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In summary, the study successfully induced ASD-like traits in mice through prenatal exposure to 

VPA. These traits included repetitive behaviors, sociability challenges, social avoidance, and 

delayed neurodevelopment, mirroring some characteristics of human ASD. Further, administration 

of LM22A-4, a selective TrkB agonist, to VPA-exposed mice significantly mitigated VPA-induced 

repetitive behavior and improved sociability and social novelty preference. This suggests a crucial 

role for the TrkB pathway deficits in ASD at behavioral levels. At molecular levels, the role of 

TrkB, BDNF, and their downstream signaling pathways in idiopathic ASD-like pathologies within 

the cortex of VPA mice cannot be conclusively determined based on our study. Drawing definitive 

conclusions about the role of TrkB in the disorder requires a mouse model that exhibits decreased 

activation of TrkB signaling, mimicking the pathology of human idiopathic ASD. Therefore, it is 

possible that the behavioral consequences of prenatal exposure to VPA and rescue of those 

behaviors by LM22A-4 treatment is a result of TrkB and its downstream signaling dysfunctions 

occurring throughout the entire brain, not solely the cortex. 

 

Limitations and future directions 

Although our results align with the previously established VPA mouse model, our findings related 

to BDNF, TrkB, and Akt deviate from the molecular events observed within the fusiform gyrus in 

human idiopathic ASD. This suggests that the VPA model may not be optimal for investigating 

the causal role of TrkB in idiopathic ASD, particularly within the cortex. The differences between 

human idiopathic ASD and VPA mouse models could be attributed to species-specific differences, 

distinct brain structures or tissue-specificity, and the fact that most human idiopathic ASD cases 

are not induced by VPA. Further, differences in VPA mouse models may be due to the different 
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strains of mice, VPA dosage, and the specific developmental stages. As a result, the results of our 

studies are accompanied by limitations and should be interpreted cautiously.  

Future research should consider studying BDNF, TrkB, and their signaling pathways including 

Akt and Erk in cortex of VPA-exposed rats. Previous studies have indicated that VPA-exposed 

rats manifest decreased phosphorylated Akt, mTOR, 4E-BP1, and S6, suggesting potential 

impairment in TrkB signaling pathways that may contribute to idiopathic ASD-like pathology 

(Nicolini et al., 2015). This implies that VPA-exposed rats and mice may exhibit distinct molecular 

responses to prenatal VPA exposure.  

In our study, we focused on TrkB signaling pathways, particularly in cortical areas. ASD involves 

a network of brain regions, and dysfunctions in various brain areas collectively contribute to ASD 

behavioral symptoms. Further, considering brain region specificity and the regulation of signaling 

proteins like BDNF, TrkB, Akt, and Erk, our study underscores the need for studying different 

brain regions that (express BDNF and TrkB) and are implicated in ASD to comprehensively 

understand TrkB's role in idiopathic ASD pathology. Similarly, in human studies, investigating 

the causal role of TrkB in idiopathic ASD may benefit from assessing other brain regions (with 

BDNF and TrkB expression) beyond the cortex and the fusiform gyrus to identify potential 

differences. While the cortex is significant for ASD-related social deficits, the striatum plays a 

crucial role in ASD-related stereotypies due to its association with repetitive behaviors.  

Finally, in our study we did not investigate TrkB signaling pathways in specific regions within 

cortex. However, it is important that future idiopathic ASD research should consider including 

such areas. Each specific region within cortex may exhibit distinct patterns in the expression and 

activation of signaling molecules, since they are involved in a particular function related to ASD 

behavior. Of note, we encourage subsequent investigations into the protein levels of BDNF and 
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TrkB isoforms in the prefrontal cortex. The prefrontal cortex plays a pivotal role in decision-

making based on information processing related to emotional, social memory, and learning 

functions, all of which are relevant to ASD. 

 

Conclusion 

Our study highlights the successful induction of ASD-like traits in mice through prenatal exposure 

to VPA, manifesting as repetitive behaviors, social deficits, and delayed neurodevelopment. 

LM22A-4, a selective TrkB agonist, significantly mitigated VPA-induced ASD core behavioral 

symptoms, indicating a pivotal role for the TrkB pathway in regulating core symptoms of ASD. 

We also showed the context-dependent effect of LM22A-4 on Akt and Erk activation. While our 

findings align with established VPA mouse models, discrepancies in BDNF, TrkB, and Akt 

signaling observed in the fusiform gyrus of human idiopathic ASD suggest that the VPA model 

may not fully capture the complexities of TrkB involvement in idiopathic ASD, particularly within 

the cortex.  
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