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The effects of general anesthesia on the developing brain remain a great concern in the medical field and even in the public, and most researches in this area focus on infancy and childhood. In recent years, with the continuous development of medical technology, the number of operations during pregnancy is increasing, however, studies on general anesthesia during pregnancy are relatively lacking. The mid-trimester of pregnancy is a critical period, and is regarded as a safe period for surgery, but it is a fragile period for the development of the central nervous system and is particularly sensitive to the impact of the environment. Our research group found that general anesthesia may have adverse effects on fetal neurodevelopment during the mid-trimester. Therefore, in this review, we summarize the characteristics of anesthesia during pregnancy, and the related research of the anesthesia’s impacts on the development of central nervous system were introduced.
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INTRODUCTION
With the development of medical technology, the number of fetus and infant surgery have been increasing. In the early stage of life whether exposure to general anesthetics impacts the long-term central nervous system adversely has become a global concern for medical professionals and the public. After years of researches and observations, animal studies have confirmed that the application of anesthetics would cause neurodegenerative changes and abnormal learning abilities in brain development. Since 2017, the United States food and drug administration (FDA) has issued a warning about anesthetics and the developing brain—where the neurotoxicity of anesthetics has captured the more attention of the public.
Advances in medicine have made it possible to perform more operations in the fetuses or on newborn babies, This means that during the development stage of the brain, the rate of fetal anesthesia exposure rises. Although the application of sedation or general anesthesia is usually considered safe, recent studies in animals and children have evoked a problem: general anesthesia may lead to adverse effects on neurodevelopment. The main content of the FDA warning is that in late pregnancy or in children less than 3 years old, repeated or long time (more than 3 h) use of general anesthetics or sedatives may affect neurodevelopment. However, for other stages of brain development, the conclusion is not yet explicit. The neurotoxicity of anesthetics is influenced by drug toxicity, dosage, duration of anesthetic exposure, and the embryonic brain development stage (Cheek and Baird, 2009). Genetic predisposition may play a role in it as well. This review introduces the characteristics of anesthetics, the particularity of anesthesia during pregnancy and the effects of anesthetics on the central nervous system during the mid-trimester. Moreover, the suggestions and prospects of maternal anesthesia are proposed.
Characteristics of Anesthesia During Pregnancy
Particular attention should be paid to the characteristics of the implementation of general anesthesia in a special population such as parturient individuals. Different from common general anesthesia, the placental barrier plays an important role in the transfer and distribution of the drugs in mothers and babies. Due to technical limitations, information on the metabolic and pharmacodynamic of anesthetics in the fetus is limited. Since most anesthetics are fat-soluble (Zheng et al., 2013), it can easily to cross the placenta (De Tina and Palanisamy, 2017), and the effect of placental barrier on drug transport is therefore studied first. Li found that after 6 h of 1.3% isoflurane anesthesia, isoflurane concentrations in the fetal brain and maternal brain were considerable (0.40 and 0.42 mmol/g) (Li et al., 2007). In another study, however, the concentration at the end of fetal respiration was 0.45% below halothane anesthesia with a minimum alveolar concentration (MAC) (Gregory et al., 1983). Similar to inhaled anesthetics, propofol also easily passes through the placenta, with a higher concentration ratio of plasma in the mother/fetus (5.4 and 0.35 mg/ml) (Ngamprasertwong et al., 2016). However, the maternal application of muscle relaxants has little or no effect on the fetus, because of their limited placental penetration (Kampe et al., 2003). These results show that the anesthetic transshipment in the maternal and fetus body is a complex pharmacokinetic model. In clinical practice, it was found that general anesthetics caused an abnormal fetal heart rate after passing through the placenta. To study the effect of the anesthetic on the fetus directly, transport and metabolics of the anesthetic in the fetus and mother should be clear.
Due to the particularity of pregnancy, the MAC value of inhaled anesthetics is reduced (Rosen, 1999), and the sensitivity of drugs is also increased (Zhan et al., 2011). In addition to emergency cesarean section surgery, most fetuses are "bystanders", so there is little requirement of anesthesia in the fetus itself (Ngamprasertwong et al., 2013), for example, MAC of halothane in fetal sheep is the mother's at 50% (0.33% and 0.69%) (Gregory et al., 1983). During pregnancy operation, anesthetic concentration also needs to ensure that the usage is suitable for the anesthesia depth and reduction in the risk of fetal preterm labor, and high concentrations of inhalation anesthetics (about 1.5 MAC) also have the effect of cervical relaxation (De Tina and Palanisamy, 2017). Therefore, the concentration of drugs during pregnancy is also an important factor in anesthesia. Furthermore, in the treatment of diaphragmatic hernia or a meningomyelocele cyst, diseases that usually require surgery and anesthesia (Andropoulos, 2018), the FDA warning content also suggests that repeated anesthesia is one of the key factors that leads to anesthetic neurotoxicity.
Development of the Fetal Nervous System
The formation of the human nervous system is a continuous, accurate and orderly process, including neural stem cell (NSC) proliferation, differentiation, neuronal migration, and synaptic formation—the process where neurons are precisely positioned to establish synaptic connections with other cells at specific locations (Sanes et al., 2006). According to pregnancy and during the postnatal period, the main content of the development of the nervous system is different, and the level of brain development is not exactly the same in humans and animals. For example, synaptic formation, which is of great concern, occurs mainly during late pregnancy and lasts for 2–3 years after birth in humans (Dobbing and Sands, 1979), but in rodents, it begins to form postnatally.
The main content of the development of the nervous system during mid-trimester is worth noting. Prior to synaptic formation, the main content of neurodevelopment is neurogenesis and neuronal migration, and in both humans and rodents it starts and reaches the peak mid-trimester. Neurogenesis refers to neural stem cells/progenitor cells from the subventricular (SVZ) and subgranular (SGZ) that produce mature neurons through proliferation and division (Sanes et al., 2006). In the developing brain, neural stem cells proliferate a large number of neurons every minute, and these neurons, integrate with other neurons to form neural circuits through migration (Avet-Rochex et al., 2014). The neurodevelopmental processes of this period, neurogenesis and neuronal migration, are extremely sensitive to the environment and drug effects. Therefore, the regulation of neurogenesis is crucial for the formation of a functional nervous system, especially the balance of cell proliferation, differentiation, and survival. Late pregnancy is a period during which the prefrontal cortex (PFC) development takes place. It plays a key role in the development of advanced cognitive function and pathogenesis of many neurodevelopmental deficits (Huang and Vasung, 2014). In late pregnancy and during the infant period, nerve cell apoptosis is a natural physiological process—every day 1% of the nerve cells are affected (Istaphanous et al., 2013).
Clinical Study and Animal Study
Although a variety of animal studies have shown that general anesthesia may have adverse effects on the developing brain, there is no study on the effects of anesthesia exposure on the neurodevelopment of human fetuses (Andropoulos, 2018). Yet no anesthetics have been explicitly defined as a human teratogen. An international database of fetal anesthesia (Clinical Trials.gov identifier NCT02591745) was established to study the long-term neurodevelopmental outcomes of individuals after the intervention during pregnancy (Olutoye et al., 2018a). Although randomized controlled studies remain the gold standard, due to ethical and technical restrictions, the effects of anesthetics on fetuses can at present, only be studied with relevant animal models. According to translational relevance, non-human primates are the most suitable animal models, but there are few related studies. The motivations for basic research are to identify specific molecular targets and to elucidate the molecular, cellular, and systemic mechanisms of anesthetic neurotoxicity. Based on this, a clinical study could in turn verify and support focused experimental theory (Disma et al., 2018). The existing clinical study showed that women undergoing surgery and anesthesia during pregnancy delivered earlier and preterm more frequently (Devroe et al., 2019). As a retrospective study, its ability to correct confounding variables is limited and is prone to bias. There was another study demonstrating that general anesthesia was associated with a higher number of low birth weight neonates (Jenkins et al., 2003). A study which evaluated gravidas since 2017 found that pregnant women who experienced non-obstetric interventions were more likely to have a poor prognosis (Balinskaite et al., 2017). The disorder in pregnancy may cause developmental abnormalities or premature birth, and it is not clear how much of a role anesthesia plays in that. Thus, these results may be due to disease rather than anesthesia, and no accurate results have been reported on the neurodevelopment consequence yet.
Mid-Trimester and Anesthesia
In recent years, with the continuous development of diagnosis and surgical technologies, fetal surgery is increasing. Mid-pregnancy is also regarded as a relatively safe period for surgery: avoiding the vulnerable period of fetal organogenesis and high risks of premature delivery (De Tina and Palanisamy, 2017). Under controlled and predictable conditions, using inhalation anesthetics has become a preferred method in uterine surgery to meet the needs of open fetal surgery (Olutoye et al., 2018a). In the past, high concentrations of inhalation anesthetics were usually used to ensure adequate uterine relaxation, optimum exposure to fetal surgery, and to minimize the risk of placental separation (Myers et al., 2002; Garcia et al., 2011). However, people gradually realized that a relatively safe operation period is not necessarily safe for the development of the fetal nervous system, because the second trimester is a critical period of accelerated neurogenesis and neural migration, which is vulnerable to interference from external environmental factors, and subtle changes may lead to long-term nervous system abnormalities. Therefore, the fetal brain in the second trimester may be more susceptible to the adverse effects of inhalation anesthetics.
Because the important events of fetal rodents brain development at the embryonic stage of 14–16 days correspond to those in human mid-trimester, the results of rodent studies at the second trimester are of a certain reference value (Clancy et al., 2001; Clancy et al., 2007). According to an article in Anesthesiology, a single exposure to 1.4% isoflurane (1MAC) for 4 h in the second trimester (14 days of gestation) caused long-term spatial working memory impairment, even personality and emotional disorders in adolescence, and alleviated anxiety in offspring rats (Palanisamy et al., 2011). Since then, people have realized that anesthesia during the mid-trimester may have an impact on the nervous system and cognitive function, and extensive researches have therefore been conducted. These studies suggested that general anesthesia in pregnant animals may induce neuroinflammation, caspase activation and synaptic loss, and even lead to learning and memory impairment. Moreover, our group found that the long-term learning and behavioral abnormalities of offspring caused by general anesthesia during the second trimester were due to the influence of apoptosis and proliferation of NSCs (Wang et al., 2018a; Wang et al., 2018b). Next, we introduce the relevant research results according to the duration, frequency, and depth of anesthesia.
Duration of Anesthesia
The duration of anesthesia is an important factor, as the length of anesthesia causes different effects. A brief (1 h) exposure at 1 MAC or 1.5 MAC enhanced the proliferation of NSCs possibly via ERK1/2, whereas 6 h of exposure reduced the self-renewal capacity, such as inhibited proliferation and increased apoptosis (Nie et al., 2013). Similarly, 6 h 2.5% maternal sevoflurane exposure led to cell cycle arrest of fetal prefrontal nerve precursor cells, resulting in decreased neuron output and inhibited neuron precursor cell replication, which ultimately led to learning deficits in offspring (Song et al., 2017). Since the exposure time (4–6 h) in rodent gestation is the equivalent of 48 h anesthesia in a pregnant woman (Palanisamy, 2012), we judged that long-term duration in the animal studies falls short of the clinical guidance value. However, a shorter duration of anesthesia may not be particularly significant for related studies, as a longer duration of anesthesia is a more recognized adverse factor. Moreover, if the anesthesia time is too short in the animal experiment, it may be easy to cause an inaccurate anesthesia duration due to an improper experimental process, resulting in a large deviation, thus affecting the results. Choosing the appropriate duration of anesthesia in the study is therefore essential.
Frequency of Anesthesia
Additionally, multiple anesthesia is another possible risk factor. Clinically, fetuses are often subjected to repeated anesthesia and surgery to treat diseases such as myelocele. In a study, exposure to sevoflurane single or multiple times during the second trimester in pregnant rodents did not lead to long-term behavioral consequences or changes in synaptic plasticity in their offsprings (Lee et al., 2017). However, other studies observed detrimental effects of multiple maternal exposures to sevoflurane on the fetal brain. The underlying mechanisms involve the down-regulated cell-cycle factor Ccnd1 by inhibiting Pax6 expression, thereby damaging the neurogenesis of fetal brain and leading to cognitive dysfunction in offspring (Fang et al., 2017). Similarly, our research results showed that a single sevoflurane exposure did not affect the learning and memory abilities of the offspring rats, and repeated sevoflurane exposure resulted in learning and memory impairment in offspring rats (Wu et al., 2018). The reason is that repeated, but not single, exposure to sevoflurane caused premature NSC differentiation, decreased histone acetylation and BDNF expression in fetal brain tissues and the postnatal hippocampus, with the decrease of dendritic spines, then impaired spatially dependent learning and memory functions (Wu et al., 2018; Zhang et al., 2020). In addition to rodent studies, single anesthesia exposure did not show significant neuronal apoptosis in a mid-pregnancy fetal sheep study using clinically relevant doses and exposure times of isoflurane, but neuronal damage was observed after repeated anesthesia exposure (Olutoye et al., 2016). These studies further indicated that the frequency of anesthesia exposure should be considered in the critical neurogenesis stage of brain development.
Concentration of Anesthetic
Given the FDA warning, duration and frequency are considered key factors in anesthesia-induced neurotoxicity. Relevant studies show that the dose of the anesthetics may also play an important role. However, so far, there is no authoritative safe concentration range. As a clinician, it is more valuable to understand the effects of anesthetic concentration, since the frequency and duration of anesthesia are difficult to control. In an earlier study, exposure to high concentrations of isoflurane (3%) during pregnancy resulted in spatial memory and learning disorders and more neurodegenerative changes in offspring rats compared to the control group or 1.3% isoflurane group. The 3% isoflurane treatment group showed an increased number and optical density of caspase-3 neurons and remarkable changes in synaptic ultrastructure (Kong et al., 2012).
We were interested in whether sevoflurane, which is more commonly used clinically and is less toxic, also has concentration-dependent neurotoxicity. Our data demonstrated that sevoflurane exposure during the mid-trimester caused NSC apoptosis and impairs postnatal learning and memory function in a dose-dependent manner (Wang et al., 2018a). However, the mid-trimester is a critical time for NSC proliferation. If NSC self-renewal can compensate for cell death, fetal neurodevelopment may not be affected. Therefore, apoptosis is not the only mechanism, and there may be an imbalance between cell proliferation and death. The findings of our study suggest that fetal NSC proliferation is inhibited by 3.5% sevoflurane maternal exposure during the mid-trimester (Wang et al., 2018a). In past studies, relevant researches mainly expounded on the mechanism of apoptosis, such as mitochondrial injury, intracellular calcium imbalance, neuroinflammatory (Lei et al., 2012). In addition to apoptosis and proliferation, we found that sevoflurane anesthesia during the mid-trimester upregulated autophagy levels of the NSCs concentration-dependently. We also demonstrat that autophagy is related to the apoptosis increase and proliferation inhibition induced by sevoflurane. Autophagy inhibition alleviated NSC apoptosis, proliferation inhibition and learning and memory impairment (Li et al., 2017). Since then, several studies have reported the correlation between anesthetics and autophagy. The high concentration of propofol had adverse effects on the neural precursor cell viability in vitro through Ca2+ mediated pathway of over-activated autophagy (Qiao et al., 2017). Ketamine-induced neurotoxicity was caused by ROS-mediated activation of mitochondrial apoptotic pathway and autophagy (Li et al., 2018).
In particular developmental stages during pregnancy, any significant high-dose, prolonged duration of drugs can theoretically lead to teratogenicity, but not all anesthetics showed detrimental effects. Similar to the results above, isoflurane exposure in mid-trimester mice led to embryo neuroinflammation, apoptosis, and impaired cognitive function, however, a combination of propofol alleviated these adverse effects (Nie et al., 2020). Besides, in one of the mid-trimester studies, high doses of dexmedetomidine for 12 h at 120 days of gestation (mid-pregnancy) did not affect neuronal apoptosis in the frontal cortex of the fetal cynomolgus monkey brain (Koo et al., 2014). The combined use of dexmedetomidine and isoflurane during the second trimester of pregnancy (14 days of pregnancy) can alleviate the impairment of spatial learning and memory function (Su et al., 2015). Besides anesthesia, surgical stimulation appears to reduce anesthesia-induced neuroapoptosis in the mid-trimester ovine fetus (Olutoye et al., 2018b). Further studies are needed to determine the long-term effects and consequences of these findings on fetal and uterine anesthesia and postoperative behavioral and cognitive functions. These studies may provide a wealth of information to prevent or treat the associated adverse effects of anesthesia during the mid-trimester.
Pain Management
While animal studies mimic anesthesia, they ignore the effects of surgical pain on the fetus. Before 22 weeks, the fetus has no neuroanatomical pathway to feel pain; between 22 and 26 weeks, thalamocortical fibers, which are crucial for pain perception, start forming; after 26 weeks, the fetus develops the necessary nervous system to feel pain (Littleford, 2004). The effects of pain on neurodevelopment are however unclear. Liu found that pain during emergency operations and procedures can reduce neuroapoptosis caused by ketamine (Liu et al., 2012). Appropriate pain management is also important, because improper pain management may lead to a premature delivery. If there are no contraindications, acute pain can be treated with an epidural block and peripheral nerve blocks (Okeagu et al., 2020).
Consensus and Clinical Advice
Based on current knowledge of anesthesia and surgery during pregnancy, intervention is risky for both the mother and the fetus. First, elective surgery should be avoided during pregnancy and be delayed as far as possible until delivery (Flood, 2011). Regional anesthesia has always been preferred for the operations that must be conducted during pregnancy. Regional anesthesia has the advantages of effectively reducing pain and having little impact on fetal heart tone variability (Cheek and Baird, 2009) highlight, but not all surgical operations can be carried out under regional anesthesia. Secondly, although spinal anesthesia is still the main anesthesia management for patients during pregnancy, general anesthesia, mainly inhalation anesthesia, is also a common method of emergency non-obstetric or open fetal surgery. Unfortunately, the FDA warning does not provide recommended concentrations and dose-related guidelines for anesthetics avoid neurodevelopment damage. Since there is a lack of relevant guidelines, we suggest to minimize the exposure duration and avoid high concentration anesthetics, for instance by limiting the interval from anesthesia induction to operation start to reduce patients' anesthetic exposure. It is important and appropriate that the fetus should be exposed to anesthetics for as short as possible.
The health of fetuses and newborns is the main criterion for evaluating obstetric operations and anesthesia management of pregnant women, but not all infants can benefit from early intervention or fetal surgery, and more work is needed to determine this. In the future, we need to explore techniques to predict the outcome of pregnancy surgery by measuring the basic characteristics of the fetus, and to develop fetal intervention methods that cause less trauma. At the same time, intraoperative fetal monitoring (Doppler ultrasound and uterine contraction monitoring) is also significantly important (Okeagu et al., 2020). Further studies are needed to determine the best anesthesia method to ensure maternal and fetal cardiovascular stability, optimal uterine perfusion, adequate uterine relaxation, sufficient anesthesia depth, minimal fetal myocardial inhibition, and appropriate blocking of the fetal stress response (Sviggum and Kodali, 2013). During the observation period, attention should also be paid to keeping the umbilical connection between the fetus and mother to avoid affecting the neurological, biochemical and behavioral functions of the fetus due to the decrease of oxygen and nutrient supply (Ronca et al.,2007). Finally, proper communication and teamwork between anesthesiologists, obstetricians, and pediatricians is necessary to ensure the safety of pregnant women and fetuses.
Expectation
With the rapid advancement of medical technology, anesthesiologists are facing a challenge in pregnancy anesthesia: how to balance the needs of mothers and fetuses/newborns, and how to adjust methods flexibly in specific circumstances. Ideal pregnant anesthetics or techniques should be safe and effective for mothers, without harming the fetus in the uterus or affecting the normal labor process, providing satisfactory delivery conditions, allowing early interaction between mothers and infants, without short-term or long-term effects on newborns (Littleford, 2004), For example, studies have shown that dexmedetomidine significantly reduced spatial learning and memory impairment, but its neuroprotective mechanism for fetuses remains to be studied further (Koo et al., 2014). In addition to dexmedetomidine, protective or mitigating strategies are under consideration, including cytoskeletal stabilizers jasplakinolide or TAT-Pep5, antioxidants resveratrol, vitamin C, L-carnitine, arachidonic acid, β-estradiol, lithium. However, these agents cannot be recommended as protective or mitigating strategies at present, and more rigorous research is needed. In the future, based on more in-depth animal experiments, we should carry out multicenter randomized controlled tests to obtain authoritative experimental conclusions as soon as possible.
In short, the emergence of new anesthetics, the improvement of anesthesia technology, and the deep understanding of the placental transport and mechanisms of drug action are all of great significance to the prognosis of mothers and infants. The anesthetic neurotoxicity could be a problem in anesthesia practice. However, family, life events and social environment may also be the major determinants of neurodevelopment and long-term cognitive functions (Koo et al., 2014). In the future, continuous efforts and explorations by anesthesiologists are recommended.
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