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Abstract 9 

Retinoids are critical signaling molecules involved in multiple aspects of mammalian 10 

central nervous system (CNS) development. Retinoids bind to RAR/RXR receptors leading 11 

to expression of molecules which control cellular processes, (e.g., morphogenesis, 12 

patterning, differentiation and proliferation) critical for neurulation, neurogenesis, and 13 

CNS maturation. Due to the importance of strict control in these processes, imbalances in 14 

retinoid signaling (excessive or absence) can lead to teratogenicity and adverse CNS 15 

neurodevelopmental and neurobehavioral outcomes. Studies in human and mammalian 16 

models suggest retinoid effects to be highly dependent on several factors, including, 17 

compound specificity, dose, exposure duration, timing of exposure, and species tested. 18 

Many environmental compounds may disrupt retinoid signaling resulting in developmental 19 

neurotoxicity (DNT). In response to the growing need to develop animal-free alternatives, 20 

in vitro and in silico approaches have been established to evaluate chemicals in their ability 21 

to cause DNT and several retinoids have been evaluated in this context. Here, we provide 22 

a review of retinoid exposures and mammalian DNT, and the utilization of alternative 23 

approaches to evaluate retinoid effects. 24 
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1.  Retinoids and Mammalian Central Nervous System Development 78 

1. Retinoic acid (RA) also known as all-trans-retinoic acid is required for vertebrate 79 

CNS development and is the active derivative of retinol (Vitamin A). Mammals are unable 80 

to synthesize RA de novo and require intake of vitamin A or other retinoid precursors which 81 

can be transformed into RA through food sources [1]. RA and metabolites act as 82 

transcriptional activating ligands by binding to nuclear receptors known as retinoic acid 83 

receptors (RARs) α, β, and γ [2-4] and retinoid X receptors (RXRs) α, β, and γ [5]. 84 

RAR/RXRs are expressed in the embryo, in a regional- and age-dependent manner. In 85 

general, RARα, RXRα, and RXRβ are ubiquitously expressed, while RARβ, RARγ, and 86 

RXRγ are expressed in a more restricted profile [6]. The primary endogenous ligand for 87 

RARs is RA, while 9-cis-RA readily binds to both RARs and RXRs. RARs form 88 

heterodimer complexes with RXRs and bind to motifs known as RA response elements 89 

(RARE). In contrast to RARs, RXRs are not specific to retinoids or binding of RARs and 90 

form homodimers and heterodimers with other nuclear receptors. The activity and 91 

specificity of retinoids is tightly regulated by a combination of RA metabolizing enzymes 92 

(e.g., cytochrome p450 26 subfamily members, retinaldehyde dehydrogenases) and RA 93 

binding proteins (CRAPB family) which facilitate RA transfer to the nucleus (Figure 1.1). 94 

Figure 1.1. Retinoic acid metabolism. 95 

 96 
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Figure 1.1: The availability of retinoids is tightly controlled in the mammalian CNS. Mammals are unable to 97 
synthesize retinoids de novo and require intake of vitamin A or other derivatives (β-carotenes) from food 98 
sources. Vitamin A (retinol) is converted to retinaldehyde by two classes of oxidizing enzymes (alcohol 99 
dehydrogenases and retinol dehydrogenases). Retinaldehyde is further oxidized to form all-trans-retinoic acid 100 
(RA) by aldehyde dehydrogenases (e.g., RALDH2). The cytochrome p450 26 subfamily enzymes are critical 101 
in regulating RA levels in the embryo and catalyze reactions to reduce RA bioavailability by converting RA to 102 
4-OH-RA and further oxidized, less active metabolites. 103 

2. The coordinated regulation of retinoids and molecular partners is necessary for 104 

multiple aspects of mammalian central nervous system (CNS) development, including: 105 

anterior/posterior axis formation, mesodermal segmentation, caudal elongation, 106 

neurogenesis, and brain maturation [7]. As early as the gastrula stage of embryogenesis, 107 

RA is biosynthesized and dispersed in a concentration gradient along the anterior-posterior 108 

axis. RA abundance is regionally and tightly controlled by RA metabolizing (e.g., 109 

CYP26A1, highly expressed in the anterior region) and biosynthesis (e.g., RALDH2, 110 

expressed in the mesoderm) enzymes as well as signaling molecules (e.g., Fgf, Wnt, 111 

expressed in the posterior region) which inhibit activity of CYP26 (Figure 1.2). During 112 

neurulation, RA is synthesized in the paraxial mesoderm via RALDH2 and diffuses to 113 

nearby tissues regulating expression of molecules critical for anterior-posterior patterning 114 

(e.g., HOX genes), somitogenesis and neurogenesis (e.g., Cdx1, Dbx1, Ngn2, Hnf1b, 115 

Pax6). The balance and tissue-specific timing of RA bioavailability is critical. Genetic 116 

manipulation of key enzymes (CYP26A1, RALDH2) and specific RAR/RXRs in rodent 117 

causes a variety of CNS defects (Table 1.1). While the mechanisms remain less understood, 118 

RA also plays key roles in neuronal differentiation and specification, influencing postnatal 119 

neurobehavioral outcomes. 120 
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Figure 1.2. Retinoic acid and anterior-posterior axis formation. 121 

.122 

 123 

Figure 1.2: During the early gastrula stage, retinoic acid (RA) is regionally restricted and induces posterior 124 
embryonic growth. CYP26A1 is exclusively expressed in anterior tissues leading to the breakdown of present 125 
RA and inactivation of RAR-signaling. Growth signaling factors (Fgf, Wnt) which promote a posterior 126 
phenotype inhibit CYP26A1 activity and RALDH2 biosynthesis activity contribute to a gradient of RA 127 
availability in the intermediate zone, enabling RAR/RXR activation of HOX genes and other molecules which 128 
promote expansion of the posterior domain. Modified from [79, 80]. 129 

Table 1.1. Adverse CNS outcomes associated with genetic defects of RA metabolism and 130 
signaling in mouse models. 131 

Gene CNS defects  

Raldh2  Defects of posterior hindbrain (abnormal patterning) and 

forebrain 

Cyp26a1 Caudal region (severely truncated with spina bifida), anterior 

hindbrain (abnormal patterning) 

Rara; Rarb Hindbrain (abnormal patterning) 

Rara; Rarg Hindbrain (abnormal patterning) 

Rxra; Rxrb Caudal region (truncated), nasal region, 

posterior 

Raldh2; Raldh3 Forebrain, nasal region, optic vesicle 

Cyp26a1; Cyp26c1 Forebrain, midbrain, branchial arches 

(reduced), hindbrain (expanded), cranial 

neural crest (deficient) 

 132 

3. Despite its critical importance for embryonic growth and development, Vitamin A 133 

(retinol) is a suspected human teratogen whose exposure in both deficiency and in excess 134 
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can result in fetal malformations and adverse neurodevelopmental outcomes. 135 

Recommended daily allowance (RDA) guidelines for Vitamin A supplementation are 136 

commonly provided as micrograms of retinol activity equivalents (RAE) to account for the 137 

differing bioactivities of retinol and other Vitamin A precursors (e.g., β -carotenoids). 138 

Women aged 19 years and older are recommended to consume at least 700 µg RAE/day, 139 

750 µg RAE/day during pregnancy and 1,200 µg RAE/day during lactation [8]. Currently, 140 

the recommended tolerable upper limit is set at 3,000 µg RAE (10,000 IU)/day. In general, 141 

consumption of retinoids during pregnancy in line with these guidelines are believed to be 142 

generally safe and not significantly associated with teratogenicity [9, 10]. However, at 143 

higher exposure levels (>10,000 IU/day), the health risks remain undefined. In a case-144 

control study, women who consumed >10,000 IU versus <5,000 IU of supplemented 145 

vitamin A per day during pregnancy were found to have 4.8 times higher risk of having an 146 

offspring with a cranial-neural crest defect [11]. Additionally, a significant association 147 

between adverse pregnancy outcomes and Vitamin A concentrations in amniotic fluid 148 

during mid-pregnancy (second trimester) was revealed in a prospective cohort study 149 

(n=106; [12]). Women whose pregnancy resulted in a neural tube defect (NTD) had an 150 

average concentration of vitamin A in amniotic fluid that was 1.5 times greater than 151 

mothers whose pregnancies were normal. In contrast to these positive associations, the 152 

prevalence of pregnancies resulting in offspring with NTDs was not significantly different 153 

between women who consumed >8,000 or >10,000 IU per day of preformed Vitamin A 154 

during the periconceptional period versus women who did not [9]. Furthermore, retinol 155 

levels in maternal serum during early pregnancy (1st trimester) was not associated with 156 

NTD risk in a case-control study examining NTD-affected (n=89) and normal pregnancies 157 

(n=178; [13]). While cumulative evidence in humans suggests excessive Vitamin A 158 

exposures are teratogenic and associated with CNS malformations, defining an upper limit 159 

in vitamin A consumption during pregnancy remains unclear due inconsistencies in 160 

reported risk-associations. Gaps in knowledge that remain are due to many factors, 161 

including the analysis of small samples sizes, i.e., limited cases with CNS defects, and the 162 

reliance of case-control study designs which commonly include recall bias due to the 163 

retrospective nature of the study.  164 

4. In addition to dietary supplementation, synthetic retinol derivatives such as 165 

Isotretinoin and Tretinoin are widely-used for treatments against severe acne. In case-166 

studies and retrospective and prospective cohorts, exposures (dermal or oral) to these 167 

substances during early pregnancy are associated with congenital fetal anomalies, 168 

including, CNS malformations such as microcephaly, mid/hindbrain malformations (e.g., 169 

absent cerebellar vermis, cerebellar vermis hypoplasia or brainstem abnormalities) and 170 

spontaneous abortion. An examination of 154 Isotretinoin-exposed pregnancies, (118 171 

observed retrospectively and 36 observed prospectively) was associated with 21 malformed 172 

infants (18 of which developed anomalies of the CNS). All malformations were associated 173 

with mothers who were exposed to Isotretinoin on or before the 28th day of gestation [14], 174 

suggesting a severe level of risk to retinoid exposures during vulnerable periods in early 175 

embryogenesis and CNS development. 176 
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2.  Retinoid Exposures and Adverse Outcomes of the CNS in Mammalian 177 

Models 178 

5. In animal models, including mouse [15], rat [16], hamster [17], and monkey [18], 179 

excessive exposures to retinoids during prenatal life results in CNS malformations and 180 

altered neurodevelopmental outcomes. Common defects associated with excess retinoid 181 

exposures include: anterior (exencephaly or anencephaly) and posterior (spina bifida) 182 

neural tube defects, microcephaly, irregular somtiogenesis, delayed or reduced caudal 183 

elongation, vascular damage, notochord defects, and irregularities in the neural folds. On 184 

the cellular level, morphological perturbations are a result of abnormal cellular changes in 185 

proliferation, differentiation, viability (apoptosis), and migration driven by excessive RA 186 

exposure, altered expression of RA metabolic factors, and the activation of RA-dependent 187 

gene expression. Severity of outcomes may depend on several factors such as dose, time, 188 

exposure route, timing of exposure, and genetic background (see example of RA-induced 189 

teratogenicity in rodent in vivo studies, Figure 2.1). RA is the most active and potent 190 

retinoid inducing neuro-teratogenicity; other retinoids such as retinol and 13-cis RA, at 191 

excessive levels, also produce similar pathological phenotypes. In general, the most 192 

sensitive windows to retinoid-induced gross CNS malformations appears when retinoid 193 

exposures occur during neurulation and early organogenesis [19, 20]. Later periods in CNS 194 

development may be vulnerable windows to excess or deficits in RA, resulting in altered 195 

neurodevelopmental and neurobehavioral outcomes, which manifest later in life. For 196 

example, RA-exposed juvenile rats display changes in basal serum corticosterone 197 

concentrations, increased thickness of the adrenal cortex, and anxiety-like behaviors [21]; 198 

while gestational deficiency in Vitamin A is linked with impaired learning and memory 199 

[22] as well as autistic-like behaviors due to Rarb-CD38-oxytocin suppression in the 200 

hypothalamus [23]. RA is critical for vertebrate development and imbalances during 201 

specific windows of development are linked with CNS defects and more-subtle neural 202 

alterations that underlie neurobehavioral adverse outcomes. 203 

Figure 2.1. Teratogenic CNS outcomes and RA exposures in utero in rodent. 204 

 205 
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Excess RA induces developmental neurotoxicty in rats. Severity and specificity of effects is dependent on 206 
administration of exposure (oral, subcutaneous, intraperitoneal), exposure duration (acute vs. chronic) and 207 
gestational timing of exposure. Shading of circles representative of reported severity of toxicity induced by 208 
exposure: severe (>80% anomalies); high (>50-80% anomalies); moderate (30-50% anomalies); low (<30% 209 
anomalies); or not significant. Toxic RA exposures during neurulation/early rat organogenesis resulted in 210 
anterior/posterior neural defects. In vivo studies are referenced [81-85] 211 
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3.  Genetic Defects in RA Signaling Pathways and Adverse CNS Outcomes 212 

6. Due to the strict control of RA and related signaling pathways during embryonic 213 

development, genetic modulation of RA metabolic enzymes, RA carrier proteins, and RA 214 

receptors are linked with perturbations in patterning, neural tube closure, and CNS 215 

morphology. Adverse CNS outcomes are dependent on the normal expression profile of 216 

RA-signaling mediators. For example, CYP26A1 is predominately expressed in the 217 

anterior region of the embryo and is responsible for inhibiting RA-activity. CYP26A1 -/- 218 

embryos exhibit increased exencephaly and spina bifida [24, 25]. Raldh2 -/- mouse 219 

embryos display reduced capability to synthesize RA and also exhibit increased posterior 220 

NTDs [7]. The CYP26A1 -/- phenotype is rescued by also eliminating embryonic 221 

expression of RARγ, which is normally expressed within the folds of the neural tube prior 222 

to closure [26]. RARγ is expressed prior to closure of the neural tube, while RARβ and 223 

RARα are expressed as the neural tube folds adjoin [27-29]. RARα/γ double null mouse 224 

mutants [30] have significantly higher levels of exencephaly, while RARγ–/– are less 225 

susceptible to anterior or posterior NTDs [31, 32]. 226 

7. In humans, case-control studies have discovered genetic variants in enzymes 227 

controlling RA synthesis and degradation as correlates of NTDs. Deak et al. [33] identified 228 

a significant association between genetic polymorphisms in ALDH1A2 and spina bifida. 229 

Rat et al. (2006) found a functional genetic deletion in CYP26A1 to be linked with spina 230 

bifida in an Italian/Caucasian population. Li et al. [34] discovered variants in exonic and 231 

upstream regions of RA binding motifs, i.e., RA receptor elements (RARE) of CYP26A1, 232 

CRABP1, ALDH1A2, to be associated with NTDs. In summary, these studies suggest 233 

phenotypes observed in rodents associated with genetic deletion enzymes controlling RA 234 

metabolism are also relevant for human risk to CNS defects. 235 
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4.  Alternative Assays to Assess RA-induced Developmental Neurotoxicity 236 

8. Thousands of industrial chemicals registered for use have not been thoroughly 237 

examined for their potential to cause developmental neurotoxicity (DNT), and many of 238 

these compounds are found in humans during vulnerable periods of development (e.g., 239 

gestation and infancy). Traditionally, chemicals must be evaluated for DNT using 240 

standardized whole animal rodent toxicological tests. While informative, these assessments 241 

are costly and time-consuming. Furthermore, efforts to use animal-free approaches are 242 

underway, thus, the training of scientists in the areas of anatomy, teratology, and traditional 243 

animal toxicology is becoming more and more scarce. In vitro and in silico models are 244 

quickly emerging as viable replacements for traditional in vivo animal studies for the 245 

purposes of assessing DNT. Sponsored research by the United States Environmental 246 

Protection Agency, National Institutes of Environmental Sciences (e.g., Tox21/ToxCast 247 

[35]) and the European Commission [36] has promoted efforts towards rapid development 248 

of a potential animal-free testing framework to screen industrial chemicals for toxicological 249 

assessments. Due to the biological complexity of human neurodevelopment, multiple 250 

models are needed to thoroughly predict DNT. Here, we overview models currently being 251 

utilized to evaluate retinoids in the context of causing DNT. 252 

4.1 Rodent Whole Embryo Culture 253 

9. The rodent whole embryo culture (WEC) model is an established tool to study the 254 

influence of both environmental and genetic factors, on early molecular and cellular 255 

changes of the neuroepithelium and surrounding embryonic tissues (e.g. paraxial 256 

mesoderm, notochord, and surface ectoderm) which support formation and closure of the 257 

neural tube. As compared to traditional rodent toxicological studies, WEC involves a 258 

reduction in animals (~50% less) and cost, shortened experimental time, and control over 259 

dosage and compound specificity. Due to these attributes, the WEC has been proposed as 260 

a predictive assay to determine teratogenic compounds of concern for toxicological testing. 261 

In brief, rat or mouse embryos are isolated and cultured during the initial stages of neural 262 

tube formation (gestational day (GD) 8, mouse; GD 10, rat) and successfully progress 263 

through neurulation and early organogenesis, parallel to the transitions which occur in vivo 264 

(Figure 4.1; [37]). Morphological development of the neural tube (e.g., cranial or caudal 265 

NT closure; primitive fore-, mid-, hindbrain, and spinal cord formation) can be evaluated 266 

for abnormalities or growth delays in the context of compound exposure.  267 

Figure 4.1. Rat postimplantation whole embryo culture. 268 

 269 
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(A) Cultured embryos undergo neural tube closure (arrows) and the initial stages of CNS morphogenesis in a 270 
similar manner to in vivo embryogenesis. 271 

 272 

 273 

 (B) Neurogenesis gene expression patterning in WEC as compared to rat (in vivo) and human (in vivo) embryos 274 
during neurulation and early organogenesis (Adapted from [37]). 275 

10. The WEC has proven to be a valuable model to evaluate teratogenic potency of 276 

retinoids, timing of exposure, and mechanisms underlying teratogenicity. Morris and Steele 277 

[38] demonstrated the use of the WEC model to profile the teratogenic effects of excess 278 

retinol and RA exposures during early organogenesis. These initial studies validated in vivo 279 

observations that elevated exposures to retinoids during neurulation results in anterior and 280 

posterior defects of the neural tube as well as malformations of the palate and limb. 281 

Subsequent studies by Steele et al. [39] and Klug et al. [40] using the WEC demonstrated 282 

the metabolite, 13-cis RA, to also cause CNS defects and impair embryonic growth. These 283 

studies demonstrate the ability of the WEC to evaluate retinoid exposures and relevant 284 

teratogenic endpoints to the in vivo condition. 285 

11. Recent studies examining RA effects in WEC have incorporated transcriptomic 286 

approaches to identify global changes in gene expression which may underlie and precede 287 

morphological alterations. Luijten et al. [41] utilized transcriptomic profiling to identify 288 

early responses to teratogenic levels of RA (0.5ug/mL) in single cultured rat embryos 289 

initially exposed at 2-4 somites. After 4h exposure, RA affected 260 genes after a 4h 290 

exposure duration, including genes involved in embryonic patterning and CNS 291 

development such as Gbx2 and Otx2 as well as genes linked with RA metabolism 292 

(Cyp26a1, Cyp26b1, Dhrs3) and RA gene activation (Rarb). Gene expression changes due 293 

to RA were similar across embryos of 2-4 somites or between embryos cultured in rat serum 294 

vs. a rat-bovine serum mixture. In a study by Robinson et al. [42], RA effects on 295 

morphological and transcriptomic levels were compared between the rat postimplantation 296 

WEC model and embryos in vivo undergoing neurulation (Figure 4.2). In both models, RA 297 

(0.5 μg/ml or 50mg/kg BW oral gavage) caused teratogenicity, including growth reduction 298 

(size, somites) and defects of the neural tube. On the transcriptomic level, RA response was 299 

evaluated across six timepoints (GD10 + 2-48h) in both models. In total, RA perturbed 300 

expression of 845 genes in a time-dependent manner. Consistent with Luitjen et al. [41] 301 

perturbations in expression were enriched for genes involved in CNS and embryonic 302 

development as well as neuronal differentiation. More than 50% of identified DE genes in 303 

either model overlapped with the other system. Furthermore, similar patterns in gene 304 

expression due to RA exposure was observed in terms of directionality and significance 305 

between embryos in vivo and WEC. Differences in the timing of perturbations to select 306 

genes related to RA metabolism (e.g., Cyp26a1, Cyp26b1, Dhrs3) and embryonic 307 

patterning (e.g., Pbx1, Pbx2, Gli1, Dlx1, Hoxa9, Hoxa10, Hoxc10, Hoxd10) associated 308 

with significant differences in the propensity of NT defects to be anterior (WEC) vs. 309 
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posterior (in vivo), suggesting toxicokinetics, and developmental timing of RA exposure to 310 

be critical factors in teratogenic outcomes and RA response.  311 

Figure 4.2. Retinoic acid induces CNS defects in rat whole embryo culture 312 

 313 
(A) Examples of CNS anterior or posterior defects caused by excessive retinoic acid (RA) exposure in WEC and in utero. 314 

 315 
 316 

 317 
(B) Venn diagram comparison of genes identified to be differentially expressed due to due to RA exposure in WEC vs. rat (in 318 

vivo) across six timepoints. (C) Cross-scatter plot displaying correlation of RA-response at 4h in WEC vs. rat (in vivo) 319 
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 320 
(D) Relative expression of 845 genes significantly altered by RA exposure in WEC and/or rat (in vivo) across six timepoints 321 

[42]. Comparisons are shown with previous transcriptomic datasets evaluating RA-response at 4h in WEC [41] 322 

12. Overall, the WEC has proven to be an acceptable model to examine RA-induced 323 

defects during neurulation and early CNS organogenesis. Excessive RA exposure leads to 324 

molecular changes that can be evaluated in the context of embryo morphogenesis. Despite 325 

the usage of animals, the WEC may be considered as a valid alternative to test retinoids 326 

and other environmental compounds in their effects on RA signaling in the context of early 327 

CNS development. 328 

4.2 Embryonic Stem Cells (Mouse and Human) 329 

13. ESCs derived from the inner cell mass of the mammalian blastocyst possess an 330 

unlimited potential for self-renewal and the capacity to differentiate into multiple somatic 331 

cell types, including neurons, oligodendrocytes, glial cells and astrocytes. Utilizing mouse 332 

or human ESCs, investigators have demonstrated the unique characteristics of these models 333 

to capture early in vivo developmental events in vitro, including biological processes 334 

critical for neurogenesis and neurulation (e.g., self-renewal, proliferation, differentiation, 335 

morphological patterning; see example, Figure 4.3). ESC model systems have been used 336 

to screen compounds for their potential to induce DNT. While both systems may be 337 

applicable for toxicological screening, hESC models may provide advantages over the 338 

murine system due to interspecies extrapolations [43]. While the predictive value of ESCs 339 

for DNT screening has yet to be defined, early investigations suggest that these model 340 

systems can be used to study a wide-range of risk factors on multiple aspects of 341 

neurogenesis [44, 45], including retinoids and other environmental chemicals that cause 342 

neurotoxicity by perturbing RA-signaling pathways. 343 
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Figure 4.3. Human embryonic stem cell neural differentiation and response to retinoic acid. 344 

 345 

(A) Example schematic of transitions of human neurogenesis and hESC neurodevelopment ([86]). 346 

 347 

B) Genes commonly differentially expressed during hESC neuronal differentiation and human embryos 348 
undergoing neurulation, categorized as the NeuroDevelopmental Biomarker (NDB) gene set. 349 

 350 

(C) Over 50% of NDB genes were significantly altered by RA in a hESC-neural rosette model. 351 

 352 
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(D) Heatmap displaying change in expression with concentrations of RA. (E) Absolute average fold change in expression of 354 
NDB genes and significant/non-significant subsets with RA exposure in hESCs [51]. 355 

14. Due to its well-established role in promoting neuronal differentiation [46, 47], RA 356 

is commonly added to ESC cultures to induce neural differentiation. Utilizing a 357 

transcriptomic approach at four time points during mESC-embryoid body differentiation, 358 

Akanuma et al. (2012; [48]) demonstrated the stage-dependent sensitivity to RA at two 359 

concentrations (0.01 or 0.1uM). These analyses provided information regarding gene 360 

networks influenced by RA exposure at 0, 2, 8, and 36 days of mESC differentiation in 361 

parallel with cell morphological changes (increased growth and neuronal differentiation), 362 

and identified particular targets (e.g., Gfap, Gbx2) that may amplify RA-signaling and 363 

neuronal development. In a protocol developed by Theunissen et al. [49], mESCs 364 

differentiated towards a neuronal fate with the addition of RA, leading to a significant 365 

downregulation of Cyp26a1 and upregulation of Aldh1a2 as well as dramatic changes in 366 

expression of patterning molecules, Hoxa1, Hoxa2, and a master transcription factor for 367 

neuroectodermal differentiation, Pax6. 368 

15. The influence of excessive RA or differential potencies of RA compounds has also 369 

been examined in hESC neurodevelopmental models. For example, the hESC-based neural 370 

rosette (NR) model has been proposed as a system to evaluate the ability of chemicals to 371 

disrupt early CNS morphogenesis and specifically the apical neuroepithelial organization 372 

of the neural tube. Colleoni et al. [50] demonstrated the use of the hESC-NR model to 373 

assess DNT by examining morphological and molecular features. In a concentration-374 

dependent manner, RA altered morphology, e.g., disorganized NR patterning, induced 375 

cytotoxicity, and perturbed expression of molecules critical for CNS patterning (HOXA1, 376 

HOXA3, HOXB1, HOXB4) and neural differentiation (FOXA2, FOXC1, OTX2, PAX7). 377 

These results suggest that altered features due to RA (in vivo) may be evaluated utilizing 378 

the hESC-NR model.  379 

16. Aiming to integrate datasets of hESC neural differentiation and human 380 

neurodevelopment (in vivo) to define neurodevelopmental biomarkers for neurotoxicity 381 

studies, Robinson et al. [51], performed a meta-analysis of publicly available 382 

transcriptomic datasets (Figure 4.3 B-E). First, genes differentially expressed commonly 383 

across five independent studies examining hESC neural differentiation were identified. 384 

These analyses suggested a core-group of genes to be commonly changing as cells 385 

transformed from pluripotent hESCs to neurons. Secondly, genes identified in vitro were 386 

matched with human embryo transcriptomic datasets evaluating three unique 387 

developmental time periods: blastocyst formation, neurulation, and organogenesis. Based 388 

on expression profiles, hESC model of neurodevelopment significantly correlated with 389 

human embryos undergoing neurulation between the 3rd and 4th week of pregnancy. Genes 390 

in common between the two systems were termed the NeuroDevelopmental Biomarker 391 
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(NDB) gene set which contained 304 genes. NDB genes were significantly enriched for 392 

biological processes involved in neurogenesis and CNS development. As a proof-of-393 

principle to demonstrate the utility of the NDB biomarker set for toxicological studies, RA 394 

was shown to significantly alter over 50% of the NDB set in a concentration-dependent 395 

manner in a hESC neurodevelopmental model. 396 

17. ESCs, isolated from either human or rodent, may provide a capable screening 397 

system for retinoids and other environmental chemicals. RA is commonly used as a 398 

supplement to induce ESC neural differentiation, and excessive amounts lead to 399 

perturbations in neuronal development, including alterations in molecules which regulate 400 

neurogenesis and neuronal development and patterning in mammals. 401 

4.3 Immortalized Cell Lines 402 

18. Immortalized mammalian cell lines may be important model systems to evaluate 403 

retinoid-induced effects and DNT. The P19 mouse embryonic carcinoma stem cell line 404 

originally derived from an teratoembryocarcinoma can be used to assess chemical effects 405 

and mechanisms of action related to neurogenesis and gliogenesis, including, morphology, 406 

proliferation, differentiation, neuronal specification as well as the functionality of ion 407 

channels and metabotropic receptors [52]. Like ESCs, retinoic acid is commonly used to 408 

induce neuroectodermal differentiation and P19 cells have been utilized to cross-evaluate 409 

the sensitivity of retinoids, RA, 13-cis-RA and 9-cis RA, in inducing neuronal 410 

differentiation [53]. The NE-4C cell line was established from the cerebral vesicles of 9-411 

day-old mouse embryos lacking the functional p53 genes. In NE-4C RA and RA-412 

precursors, retinal and retinyl acetate, induce neural differentiation and alter expression of 413 

genes responsible for RA metabolism, synthesis, and signaling [54]. 414 

4.4 Zebrafish 415 

19. The zebrafish (ZB) has also been proposed as a high-throughput screening model 416 

to assess chemical-induced DNT [55, 56]. The ZB embryo develops rapidly and the effects 417 

of compounds on CNS morphology can be externally evaluated within a 72h period 418 

(Figure to be added). Initial reports suggest that the ZB model is predictive in identifying 419 

chemical toxicants. Similar to mammals, RA signaling is critical for patterning of the 420 

anterior-posterior axis, and development of the hindbrain and spinal cord [57-59], and the 421 

ZB is also highly sensitive to RA-induced teratogenicity [60]. Although, the ZB may 422 

diverge from mammals in the need of RA for body axis extension [61].   423 

20. Holder and Hill [62] demonstrated RA to cause teratogenic effects on CNS and tail 424 

development in a concentration-dependent manner. Follow up studies by Herrmann et al 425 

[63] demonstrated the utilization of the ZB model to evaluate cross-potency of nine retinoid 426 

compounds. Similar to differential potencies described in rodents, RA was identified to be 427 

most potent followed by 9-cis RA, 13-cis RA, tretinoin, 3,4-didehydro and 4-oxo, in 428 

causing malformations, including defects of the CNS (anencephaly, microcephaly, 429 

anophyalmy). Furthermore, much like mammals, conserved elements involved in 430 

regulating RA embryonic distribution, including the RA-metabolizing enzymes (e.g., 431 

CYP26A1 ([64, 65]), RALDH2 [66], DHRS3A [67], and RA binding proteins (CRABP2A; 432 

[68]) are suspected to control RA signaling as well as prospective HOX signaling and the 433 

prospective organization of the hindbrain/spinal cord in ZB. 434 

21. In ZB, excessive RA leads to disturbances in pathways previously identified in 435 

mammals, including alterations in CYP metabolizing enzymes; RAR/RXR-mediated 436 
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transcription, and downstream patterning signaling pathways. Global transciptomic 437 

analyses suggest hundreds of genes to be disrupted in the zebrafish due to exposures during 438 

early stages of CNS formation. Genetic manipulations of RA metabolism and signaling 439 

pathway members (e.g., aldh1a2, cyp26a1, cyp261, raldh2; as reviewed [69]) are also 440 

associated with CNS malformations, providing additional evidence of the relevancy of RA 441 

signaling in the ZB embryo. 442 

22. While high concentrations to RAs during early periods in brain formation cause 443 

gross malformations, lower exposures to RA during embryogenesis are associated with 444 

neurobehavioral changes (e.g., hyperactivity) in juveniles [70]. 445 

23. In general, these studies suggest that the zebrafish may be used as a surrogate to 446 

rodent studies and be an appropriate model to evaluate RA-effects on CNS development, 447 

providing advantages over cellular models due to the ability to assess the CNS 448 

morphogenesis and conserved neurodevelopmental pathways across multiple life-stages. 449 

4.5 In Silico Modeling 450 

[Text for this section pending] 451 

Figure 4.4. A proposed retinoic acid–neural tube/axial patterning adverse outcome pathway 452 
(RA–NTA AOP) framework 453 

 454 

(A) Adverse outcome pathway framework for neural tube and axial defects due to altered retinoic acid levels 455 
during embryogenesis [71]. 456 

 Prediction of in vivo developmental toxicity of all-trans-retinoic acid based on in 457 

vitro toxicity data and in silico physiologically based kinetic modeling [72] 458 

4.6 Toxicogenomic Response to RA in Rodent and In Vitro Neurodevelopmental 459 

Models 460 

24. The recent use of genomic approaches, including transcriptomic, proteomic, and 461 

methylomic profiling, has greatly increased our ability to identify environmental targets in 462 

association with DNT. To date, the effects of retinoids have been profiled in diverse 463 
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relevant models, including rat, WEC (rat), mESC, hESC, and zebrafish (see examples, 464 

Table 4.1). In general, these studies have demonstrated that excess RA disrupts expression 465 

of genes involved in RA metabolism, embryonic patterning and neurodevelopmental 466 

signaling pathways. Complementary to studies utilizing genetic modulation (e.g., 467 

transgenic, lentiviral, CRISPR/CAS9) in animal model systems, proposed mechanisms of 468 

RA and biomarkers of response are increasingly being defined. 469 

Table 4.1. Toxicogenomic studies assessing effects of RA exposures. 470 

NCBI/NCI (Geodata) and EMBL/EBI (Arraytrack) data repositories were searched for relevant datasets 471 
assessing retinoic acid exposure in vitro or in vivo.. 472 

.  473 

Geodata Species Model Design 

GSE104173 Homo sapiens hESC (H1, H9, HUES1); 

neural differentiation 

model 

Time-dependent response 

EMEXP3577 Homo sapiens hESC (HUES1); neural 

rosette model 

Concentration-dependent response (4 

total) 

GSE1596 Mus musculus Neuroblastoma (Neuro2a) Time-dependent response 

GSE4075 Mus musculus mESC; embryoid body Time-dependent response in embryoid 

bodies 

GSE28834 Mus musculus in vivo Spinal cord of GD18 fetuses 

GSE33195 Rattus norvegicus WEC, in Vivo RA exposed embryos (GD10); Time-

dependent response to teratogenic dose of 

RA (6 timepoints) 

GSE135781 Danio rerio Zb Vagus motor neurons at 38 hours post 

fertilization  

 474 

4.7 Environmental Chemicals Proposed to Alter RA-Signaling Pathways Linked with 475 

DNT 476 

4.7.1 Triazoles 477 

25. Exposures to triazole‒antifungal agents‒cause CNS malformation similar to RA in 478 

rodent WEC and are suspected to alter retinoic acid signaling pathways. In a concentration- 479 

and time-dependent manner, flusilazole induces anterior/posterior defects of the neural 480 

tube, compromises CNS morphology, and alters expression of RA metabolic enzymes 481 

(Cyp26a1, Cyp26b1, Dhrs3) and signaling molecules critical for hindbrain/spinal cord 482 

development (e.g,. Gbx2, Cdx1; [73]). Comparisons across flusilazole, cyproconazole and 483 

triadimefon suggest that these agent may impact RA-signaling in a similar manner, and 484 

specific altered targets, i.e., Cyp26a1, Dhrs3, are conserved across WEC, mESC, and Zb, 485 

model systems [74]. 486 

[**could add figure here comparing gene expression changes between triazoles and RA in 487 

rat WEC] 488 

4.7.2 Alcohol 489 

26. In Zb, alcohol disrupts RA signaling leading to defects of the mid/hind brain 490 

boundary and endogenous RA can rescue these effects [75]. 491 
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4.7.3 Flame retardants 492 

27. In Zb embryos, acute exposure to DE-71, a common flame retardant mixture of 493 

polybrominated diphenyl ethers (PBDEs), reduces retinol and RA levels, and upregulates 494 

transcription of raldh2, crabp1a, crabp2a, and raraa, suggesting a disruption of RA 495 

homeostasis. Alterations are in association with defects in eye development of fish larvae 496 

[76] 497 

4.7.4 Isoflurane 498 

28. Liu et al. [77] observed isoflurane, a common anesthetic, to impair mouse fetal 499 

growth and development (in vivo, exposed pre-neurulation) and alter mESC self-renewal 500 

(in vitro) and RA-signaling pathways. In vitro, Vitamin A supplementation was observed 501 

to attenuate effects of isofluorane, suggesting toxicity to occurring through RAR-mediated 502 

pathways. 503 

4.8 Definition of Retinoids and Literature Search 504 

29. In this review, we compiled literature related to retinoid compounds and 505 

environmental chemicals suspected to disrupt retinoid acid signaling in the context of 506 

developmental neurotoxicity (DNT). We defined members of the retinoid family, which 507 

included first, second, and third generation retinoid molecules (Table 4.2). We identified 508 

human epidemiological and in vivo experimental studies which examined the effects of 509 

retinoids on pre- and/or postnatal CNS development using the NCBI PubMed database 510 

(July of 2019). We applied the following search terms (see below) in the context of human, 511 

monkey, mouse, rat, rabbit, hamster, in vitro, or in silico model systems. 512 

 (“Retinoid*” OR “Retinoic Acid” OR "Retinol” OR “Vitamin A” OR “Tretinoin” 513 

OR “all-trans-retinoic acid” OR “isotretinoin” OR “13-cis-retinoic acid” OR 514 

“alitretinoin” OR “9-cis-retinoic acid” OR “Etretinate” OR “Acitretin” OR 515 

“Adapalene” OR “bexarotene” OR “Tazarotene") 516 

 AND (“*brain*” OR “central nervous system” OR “CNS” OR “neural tube” OR 517 

“spinal cord” OR “spina bifida”) 518 

 AND (“gestation” OR “pregnancy” OR “infant” OR “infancy” OR “postnatal” OR 519 

“neonate” OR "*natal" OR “perinatal” OR “postnatal” OR “prenatal” OR 520 

“neonatal” OR “neurulation”)  521 

Table 4.2. Family of Retinoid Compounds 522 

Name Generation 

Retinol (Vitamin A) 1st 

Tretinoin (all-trans-retinoic acid) 1st 

Isotretinoin (13-cis-retinoic acid) 1st 

Alitretinoin (9-cis-retinoic acid) 1st 

Etretinate 2nd 

Acitretin 2nd 

Adapalene 3rd 

Bexarotene 3rd 

Tazarotene 3rd 

 523 
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30. We conducted single-screening of title and abstracts followed by full-text review 524 

of all articles retrieved from PubMed. We reviewed and identified relevant human and in 525 

vivo studies reporting original data that examined retinoid compound exposures in the 526 

context of CNS developmental outcomes. 527 
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