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Summary of the AOP

Events

Molecular Initiating Events (MIE), Key Events (KE), Adverse Outcomes (AO)

Sequence Type Event
ID Title Short name

MIE 2258 Inhibition, monocarboxylate transporter 8 (MCT8) Inhibition, monocarboxylate
transporter 8 (MCT8)

MIE 2376 Inhibition, organic anion-transporting polypeptide
1C1 (OATP1C1) Inhibition, OATP1C1

MIE 1002 Inhibition, Deiodinase 2 Inhibition, Deiodinase 2
MIE 1656 Antagonism, Thyroid Receptor TR Antagnoism

KE 2093 Brain thyroid hormone (T4/T3) decreased Decreased brain T4/T3

KE 381 Reduced levels of BDNF BDNF, Reduced
KE 385 Decrease of synaptogenesis Synaptogenesis, Decreased
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https://test.aopwiki.org/events/2258
https://test.aopwiki.org/events/2376
https://test.aopwiki.org/events/1002
https://test.aopwiki.org/events/1656
https://test.aopwiki.org/events/2093
https://test.aopwiki.org/events/381
https://test.aopwiki.org/events/385


KE 1505 Cell cycle, disrupted Cell cycle, disrupted

KE 2105 Decreased, myelin basic protein expression in
oligodendrocytes

Decreased, mbp expression in
oligodendrocytes

KE 2266 Demyelination, increased Demyelination, increased
KE 2378 Impaired axonal insulation Impaired axonal insulation
KE 2377 Decrease, neural network maturation neural network formation

KE 386 Decrease of neuronal network function Neuronal network function,
Decreased

KE 2108 Altered, white brain matter Altered, white brain matter

AO 341 Impairment, Learning and memory Impairment, Learning and memory
AO 2231 Locomotor function. Impaired Impaired locomotor function

Sequence Type Event
ID Title Short name

Key Event Relationships

Upstream Event Relationship
Type Downstream Event Evidence Quantitative

Understanding

Inhibition, monocarboxylate
transporter 8 (MCT8) adjacent Brain thyroid hormone (T4/T3)

decreased
Not
Specified Not Specified

Inhibition, organic anion-
transporting polypeptide 1C1
(OATP1C1)

adjacent Brain thyroid hormone (T4/T3)
decreased

Not
Specified Not Specified

Inhibition, Deiodinase 2 adjacent Brain thyroid hormone (T4/T3)
decreased

Not
Specified Not Specified

Brain thyroid hormone (T4/T3)
decreased adjacent Antagonism, Thyroid Receptor Not

Specified Not Specified

Antagonism, Thyroid Receptor adjacent Reduced levels of BDNF Not
Specified Not Specified

Reduced levels of BDNF adjacent Decrease of synaptogenesis Not
Specified Not Specified

Decrease of synaptogenesis adjacent Decrease, neural network
maturation

Not
Specified Not Specified

Decrease, neural network
maturation adjacent Locomotor function. Impaired Not

Specified Not Specified

Decrease, neural network
maturation adjacent Impairment, Learning and

memory
Not
Specified Not Specified

Antagonism, Thyroid Receptor adjacent Cell cycle, disrupted Not
Specified Not Specified

Antagonism, Thyroid Receptor adjacent Decreased, myelin basic protein
expression in oligodendrocytes

Not
Specified Not Specified

Cell cycle, disrupted adjacent Demyelination, increased Not
Specified Not Specified

Decreased, myelin basic protein
expression in oligodendrocytes

adjacent Demyelination, increased
Not
Specified

Not Specified

Demyelination, increased adjacent Impaired axonal insulation Not
Specified Not Specified

Impaired axonal insulation adjacent Decrease of neuronal network
function

Not
Specified Not Specified

Decrease of neuronal network
function adjacent Altered, white brain matter Not

Specified Not Specified
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Altered, white brain matter adjacent Impairment, Learning and
memory

Not
Specified Not Specified

Altered, white brain matter adjacent Locomotor function. Impaired Not
Specified Not Specified

Brain thyroid hormone (T4/T3)
decreased non-adjacent Reduced levels of BDNF Not

Specified Not Specified

Upstream Event Relationship
Type Downstream Event Evidence Quantitative

Understanding

Overall Assessment of the AOP

References

Appendix 1

List of MIEs in this AOP

Event: 2258: Inhibition, monocarboxylate transporter 8 (MCT8)

Short Name: Inhibition, monocarboxylate transporter 8 (MCT8)

Key Event Component

Process Object Action

thyroid hormone transport monocarboxylate transporter 8 decreased

AOPs Including This Key Event

AOP ID and Name Event Type

Aop:610 - Decreased thyroid hormone levels in the brain regulated via transport,
metabolism and TR activation leading to decreased cognition and motor function MolecularInitiatingEvent

Biological Context

Level of Biological Organization

Molecular

Domain of Applicability

Taxonomic Applicability
Term Scientific Term Evidence Links

human Homo sapiens Moderate NCBI
mouse Mus musculus Moderate NCBI
zebrafish Danio rerio Moderate NCBI
chicken Gallus gallus Moderate NCBI

Life Stage Applicability
Life Stage Evidence

All life
stages Moderate

Sex Applicability
Sex Evidence

Unspecific Moderate
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https://test.aopwiki.org/relationships/3192
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Event: 2376: Inhibition, organic anion-transporting polypeptide 1C1 (OATP1C1)

Short Name: Inhibition, OATP1C1

AOPs Including This Key Event

AOP ID and Name Event Type

Aop:610 - Decreased thyroid hormone levels in the brain regulated via transport,
metabolism and TR activation leading to decreased cognition and motor function MolecularInitiatingEvent

Biological Context

Level of Biological Organization

Molecular

Event: 1002: Inhibition, Deiodinase 2

Short Name: Inhibition, Deiodinase 2

Key Event Component

Process Object Action

catalytic activity type II iodothyronine
deiodinase decreased

AOPs Including This Key Event

AOP ID and Name Event Type

Aop:155 - Deiodinase 2 inhibition leading to increased mortality via reduced posterior
swim bladder inflation MolecularInitiatingEvent

Aop:156 - Deiodinase 2 inhibition leading to increased mortality via reduced anterior swim
bladder inflation MolecularInitiatingEvent

Aop:190 - Type II iodothyronine deiodinase (DIO2) inhibition leading to altered amphibian
metamorphosis MolecularInitiatingEvent

Aop:610 - Decreased thyroid hormone levels in the brain regulated via transport,
metabolism and TR activation leading to decreased cognition and motor function MolecularInitiatingEvent

Stressors

Name

iopanoic acid
PERFLUOROOCTANOIC
ACID

Biological Context

Level of Biological Organization

Molecular

Domain of Applicability

Taxonomic Applicability
Term Scientific Term Evidence Links
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rat Rattus norvegicus Moderate NCBI
human Homo sapiens High NCBI
pigs Sus scrofa Moderate NCBI
Oreochromis
niloticus

Oreochromis
niloticus Moderate NCBI

zebrafish Danio rerio Moderate NCBI
fathead minnow Pimephales promelas Moderate NCBI
African clawed frog Xenopus laevis NCBI

Term Scientific Term Evidence Links

Life Stage Applicability
Life Stage Evidence

All life
stages Moderate

Sex Applicability
Sex Evidence

Unspecific Moderate

Taxonomic: Deiodination by DIO enzymes is known to exist in a wide range of vertebrates and invertebrates. This KE
is plausibly applicable across vertebrates. Reports of inhibition of DIO2 activity are relatively scarce compared to
DIO1. Studies reporting DIO2 inhibition have used human recombinant DIO2 enzyme (Olker et al., 2019), primary
human astrocytes (Roberts et al., 2015), rat pituitary (Li et al., 2012), pig liver (Stinckens et al., 2018), Nile tilapia
(Oreochromis niloticus) liver (Walpita et al., 2007). Evidence for fish (e.g., zebrafish and fathead minnow) is mostly
indirect since DIO enzyme activity is usually not measured in chemical exposure experiments. Houbrechts et al.
(2016) showed decreased DIO2 activity in a DIO1-DIO2 knockdown zebrafish at the ages of 3 and 7 days post
fertilization together with impaired swim bladder inflation, showing that the enzyme is present, the activity is
measurable and impairing its activity has negative effects. Noyes confirmed decreased outer ring deiodination
activity in fathead minnows exposed to decabromodiphenyl ether (BDE-209). Walpita et al. (2007) showed decreased
DIO2 activity in the liver of Nile tilapia injected with dexamethasone. Stinckens et al. (2018) showed that chemicals
with DIO inhibitory potential in pig liver impaired swim bladder inflation in zebrafish, a thyroid hormone regulated
process. Six out of seven DIO1 inhibitors impaired posterior chamber inflation, but almost all of these compounds also
inhibit DIO2. TCBPA, the only compound that inhibits DIO1 and not DIO2, had no effect on the posterior swim bladder.
Based on these results, DIO2 seemed to be more important than DIO1.  

In mammals, DIO2 is thought to control the intracellular concentration of T3, while DIO1 is thought to be more
important in determining systemic T3 levels. The cells that express DIO2 locally produce T3 that can more rapidly
access the thyroid receptors in the nucleus than T3 from plasma (Bianco et al., 2002). For example, DIO2 is highly
expressed in the mammalian brain. However, this hypothesis has been challenged. For example, Maia et al. (2005)
determined that in a normal physiological situation in humans the contribution of DIO2 to plasma T3 levels is twice
that of DIO1. Only in a hyperthyroid state was the contribution of DIO1 higher than that of DIO2. A DIO1 knockout
mouse showed normal T3 levels and a normal general phenotype and DIO1 was rather found to play a role in limiting
the detrimental effects of conditions that alter normal thyroid function, including hyperthyroidism and iodine
deficiency (Schneider et al., 2006). van der Spek et al. concluded that the primary role of DIO1 in vivo is to degrade
inactivated TH (van der Spek et al., 2017).

The presence of DIO1 in the liver of teleosts has been a controversial issue and DIO1 function in teleostean and
amphibian T3 plasma regulation is unclear (Finnson et al., 1999; Kuiper et al., 2006). In teleosts, DIO2 has a markedly
higher activity level compared to other vertebrates and it is expressed in liver (Orozco and Valverde, 2005),
suggesting its importance in determining systemic thyroid hormone levels. This could explain why DIO2 inhibition
seems to be more important than DIO1 inhibition in determining the adverse outcome in zebrafish (Stinckens et al.,
2018). 

Life stage: Deiodinase activity is important for all vertebrate life stages. Already during early embryonic
development, deiodinase activity is needed to regulate thyroid hormone concentrations and coordinate
developmental processes. DIO2 shows more marked changes in expression around the time of the embryo-larval and
larval-to-juvenile transition periods during zebrafish development, highlighting its importance for early life stages
(Vergauwen et al., 2018).

Sex: This KE is plausibly applicable to both sexes. Deiodinases are important for TH homeostasis and identical in both
sexes. Therefore inhibition of deiodinases is not expected to be sex-specific.

Key Event Description

Disruption of the thyroid hormone system is increasingly being recognized as an important toxicity pathway, as it can
cause many adverse outcomes. Thyroid hormones do not only play an important role in the adult individual, but they
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are also critical during embryonic development. Thyroid hormones (THs) play an important role in a wide range of
biological processes in vertebrates including growth, development, reproduction, cardiac function, thermoregulation,
response to injury, tissue repair and homeostasis. Numerous chemicals are known to disturb thyroid function, for
example by inhibiting thyroperoxidase (TPO) or deiodinase (DIO), upregulating excretion pathways or modifying gene
expression. The two major thyroid hormones are triiodothyronine (T3) and thyroxine (T4), both iodinated derivatives
of tyrosine. Most TH actions depend on the binding of T3 to its nuclear receptors. Active and inactive THs are tightly
regulated by enzymes called iodothyronine deiodinases (DIO). The activation occurs via outer ring deiodination (ORD),
i.e. removing iodine from the outer, phenolic ring of T4 to form T3, while inactivation occurs via inner ring deiodination
(IRD), i.e. removing iodine from the inner tyrosol ring of T4 or T3.

Three types of iodothyronine deiodinases (DIO1-3) have been described in vertebrates that activate or inactivate THs
and are therefore important mediators of TH action. All deiodinases are integral membrane proteins of the thioredoxin
superfamily that contain selenocysteine in their catalytic centre. Type I deiodinase is capable to convert T4 into T3, as
well as to convert reverse T3 (rT3) to 3,3'-Diiodothyronine (3,3’ T2), through outer ring deiodination. rT3, rather than
T4, is the preferred substrate for DIO1. furthermore, DIO1 has a very high Km (µM range, compared to nM range for
DIO2) (Darras and Van Herck, 2012). Type II deiodinase (DIO2) is only capable of ORD activity with T4 as a preferred
substrate (i.e., activation of T4 to T3). DIO3 can inner ring deiodinate T4 and T3 to the inactive forms of THs,  rT3 and
3,3’-T2 respectively. DIO2 is a transmembrane protein anchored to the endoplasmic reticulum and the active site
faces the perinuclear cytosol. The relative contribution of the DIOs to thyroid hormone levels varies amongst species,
developmental stages and tissues.

How it is Measured or Detected

At this time, there are no approved OECD or EPA guideline protocols for measurement of DIO inhibition. Deiodination
is the major pathway regulating T3 bioavailability in mammalian tissues. In vitro assays can be used to examine
inhibition of deiodinase 2 (DIO2) activity upon exposure to thyroid disrupting compounds.

Several methods for deiodinase activity measurements are available. A first in vitro assay measures deiodinase
activities by quantifying the radioactive iodine release from iodine-labelled substrates, depending on the preferred
substrates of the isoforms of deiodinases (Forhead et al., 2006; Pavelka, 2010; Houbrechts et al., 2016; Stinckens et
al., 2018). Each of these assays requires a source of deiodinase which can be obtained for example using unexposed
pig liver tissue (available from slaughterhouses) or rat liver tissue. Olker et al. (2019) on the other hand used an
adenovirus expression system to produce the DIO2 enzyme and developed an assay for nonradioactive measurement
of iodide released using the Sandell-Kolthoff method, a photometric method based on Ce4+ reduction (Renko et al.,
2012). This assay was then used to screen the ToxCast Phase 1 chemical library. The specific synthesis of DIO2
through the adenovirus expression system provides an important advantage over other methods where activity of the
different deiodinase isoforms needs to be distinguished in other ways, such as based on differences in enzyme
kinetics.

Measurements of in vivo deiodinase activity in tissues collected from animal experiments are scarce. Noyes et al.
(2011) showed decreased rate of outer ring deiodination (mediated by DIO1 and DIO2) in whole fish microsomes after
exposure to BDE-209. After incubation with the substrate, thyroid hormone levels were measured using LC-MS/MS.
Houbrechts et al. (2016) confirmed DIO2 deiodination activity in a DIO1-DIO2 knockdown zebrafish at the ages of 3
and 7 days post fertilization. Decreased T3 levels are often used as evidence of DIO inhibition, for example after
exposure to iopanoic acid, in fish species such as zebrafish (Stinckens et al., 2020) and fathead minnow (Cavallin et
al., 2017). It should be noted that it is difficult to make the distinction between decreased T3 levels caused by outer
ring deiodination mediated by DIO2 inhibition or DIO1 inhibition.
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Event: 1656: Antagonism, Thyroid Receptor

Short Name: TR Antagnoism

AOPs Including This Key Event

AOP ID and Name Event Type

Aop:300 - Thyroid Receptor Antagonism and Subsequent Adverse Neurodevelopmental
Outcomes in Mammals MolecularInitiatingEvent

Aop:485 - Thyroid hormone antagonism leading to impaired oligodendrocyte maturation
during development and subsequent decreased cognition MolecularInitiatingEvent

Aop:525 - Reduced oligodendrocyte differentiation during neurodevelopment leading to
impaired learning and memory

KeyEvent

Aop:610 - Decreased thyroid hormone levels in the brain regulated via transport,
metabolism and TR activation leading to decreased cognition and motor function MolecularInitiatingEvent

Biological Context

Level of Biological Organization

Molecular

Domain of Applicability
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Taxonomic Applicability
Term Scientific Term Evidence Links

human Homo sapiens NCBI
mouse Mus musculus NCBI

Life Stage Applicability
Life Stage Evidence

During development and at
adulthood High

Sex Applicability
Sex Evidence

Mixed High

Key Event Description

Thyroid hormone receptors (TR) are a nuclear receptors that are activitated by binding of the thyroid hormones
triiodothyronine (T3) and thyroxine (T4). The majority of TH bound to TR being T3 due to its 10-fold higher affinity.   
Bound receptors, homodimerized or heterodimerized with retinoic acid, bind to thyroid response elements and
regulate gene expression by either increasing or decreasing tragent gene transcription activity. Important to note is
ligand free TR can form complexes with corepressors to inhibit gene expression.  There are two major thyroid
hormone receptor subtypes, thyroid receptor alpha(TRα) and thyroid receptor beta (TRβ). There are two subtypes for
each, TRb1, TRb2, TRa1, and TRa2.  Notably, the carboxy-terminal structure of TRalpha2 prevents hormone binding
and transscription (Sinha and Yen, 2018).   There are a large number of genes regualated by TH. These include genes
involved in

Both TRa and TRb are known to be expressed during neurodevelopment (ref). 

The predominate TR form during brain develop is TRa1expression of the

Sinha R, Yen PM. Cellular Action of Thyroid Hormone. [Updated 2018 Jun 20]. In: Feingold KR, Anawalt B, Boyce A, et al., editors. Endotext
[Internet]. South Dartmouth (MA): MDText.com, Inc.; 2000-. Available from: https://www.ncbi.nlm.nih.gov/books/NBK285568/

List of Key Events in the AOP

Event: 2093: Brain thyroid hormone (T4/T3) decreased

Short Name: Decreased brain T4/T3

AOPs Including This Key Event

AOP ID and Name Event
Type

Aop:402 - Thyroid peroxidase (TPO) inhibition leads to periventricular heterotopia formation in the
developing rat brain KeyEvent

Aop:610 - Decreased thyroid hormone levels in the brain regulated via transport, metabolism and TR
activation leading to decreased cognition and motor function KeyEvent

Biological Context

Level of Biological Organization

Organ

Event: 381: Reduced levels of BDNF

Short Name: BDNF, Reduced

Key Event Component

Process Object Action
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gene expression brain-derived neurotrophic factor decreased

secretion brain-derived neurotrophic factor decreased

Process Object Action

AOPs Including This Key Event

AOP ID and Name Event
Type

Aop:13 - Chronic binding of antagonist to N-methyl-D-aspartate receptors (NMDARs) during brain
development induces impairment of learning and memory abilities KeyEvent

Aop:54 - Inhibition of Na+/I- symporter (NIS) leads to learning and memory impairment KeyEvent
Aop:12 - Chronic binding of antagonist to N-methyl-D-aspartate receptors (NMDARs) during brain
development leads to neurodegeneration with impairment in learning and memory in aging KeyEvent

Aop:375 - test AOP KeyEvent
Aop:610 - Decreased thyroid hormone levels in the brain regulated via transport, metabolism and TR
activation leading to decreased cognition and motor function KeyEvent

Biological Context

Level of Biological Organization

Molecular

Cell term

Cell term

neural cell

Domain of Applicability

Taxonomic Applicability
Term Scientific Term Evidence Links

human Homo sapiens High NCBI
rat Rattus norvegicus High NCBI
mouse Mus musculus High NCBI

Life Stage Applicability
Life Stage Evidence

During brain
development High

Sex Applicability
Sex Evidence

Mixed High

BDNF plays a critical role in normal brain development in most vertebrates, primarily documented empirically in
mammalian species. Klein et al. (2011) examined blood, serum, plasma and brain-tissue and measured BDNF levels in
three different mammalian species: rat, pig, and mouse, using an ELISA method (Aid et al., 2007), whereas
Trajkovska et al. 2007 determined BDNF levels in human blood.

There is compelling data that demonstrates the role  of  BDNF  in brain development for many other taxa, including
fish where it acts as neurotrophic factor in controlling cell proliferation (D'Angelo L et al., 2014; Heinrich and
Pagtakhan, 2004) and  birds where BDNF influences development of the brain area that involved in the song control
(Brenowitz 2013) and  the addition of new neurons to a cortical nucleus in adults . In the Xenopus visual system, BDNF
acts as neurotrophic factor that mediates synaptic differentiation and maturation of the retinotectal circuit through
cell autonomous TrkB signaling on retinal ganglion cells (Sanchez et al., 2006; Marshak et al., 2007).

Key Event Description
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BDNF (Brain-derived neurotrophic factor) plays a critical role in normal brain development in most vertebrates,
primarily documented empirically in mammalian species. Klein et al. (2011) examined blood, serum, plasma and
brain-tissue and measured BDNF levels in three different mammalian species: rat, pig, and mouse, using an ELISA
method (Aid et al., 2007), whereas Trajkovska et al. 2007 determined BDNF levels in human blood.

There is compelling data that demonstrates the role  of  BDNF  in brain development for many other taxa, including
fish where it acts as neurotrophic factor in controlling cell proliferation (D'Angelo L et al., 2014; Heinrich and
Pagtakhan, 2004) and  birds where BDNF influences development of the brain area that involved in the song control
(Brenowitz 2013) and  the addition of new neurons to a cortical nucleus in adults . In the Xenopus visual system, BDNF
acts as neurotrophic factor that mediates synaptic differentiation and maturation of the retinotectal circuit through
cell autonomous tropomycin receptor kinase B also known as tyrosine receptor kinase B (TrkB) signaling on retinal
ganglion cells (Sanchez et al., 2006; Marshak et al., 2007).

Biological state: BDNF belongs to a family of closely related neurotrophic factors named neurotrophins and is widely
expressed in the developing and mature central nervous system (CNS). In the rodent cortex, postnatal BDNF
expression is initially low but slowly increases to reach high levels around weaning. Therefore, BDNF expression peaks
at a time when both structural and functional maturation of cortical circuitry occurs. During postnatal development,
BDNF levels are dynamically regulated, in part by neuronal activity dependent mechanisms (Waterhouse and Xu,
2009). Glutamate has been shown to increase the transcription and release of BDNF. Indeed, BDNF is synthesized,
stored and released from glutamatergic neurons (Lessmann et al., 2003).

Biological compartments: BDNF initially is synthesized as precursor proteins (proBDNF), which is processed
intracellularly to be transformed in its mature form (mBDNF) after proteolytically cleaved in the synaptic cleft by
plasmin which is a protease activated by tissue plasminogen activator (tPA) (Cohen-Cory et al., 2010). proBDNF is
constantly secreted while tPA release and mBDNF production depends on neuronal excitation (Head et al., 2009).
Storage and activity-dependent release of BDNF has been demonstrated in both dendrites and axon terminals
(Waterhouse and Xu, 2009). More specifically, in hippocampus, BDNF appears to be stored in dendritic processes of
neurons (Balkowiec and Katz, 2002). BDNF is abundant in cerebellum and cortex and has also been measured in
cerebrospinal fluid (CSF) (Zhang et al., 2008), whole blood, plasma, serum (plasma without clotting factors) and
platelets (Trajkovska et al., 2007). BDNF has been found to be produced by astrocytes under both physiological and
pathological conditions (Endo, 2005; Coco et al., 2013; Nelson and Alkon, 2014).

In humans (Pruunsild et al., 2007), mBDNF is sequestered in platelets, consequently BDNF can reach all tissues and
organs. Lymphocytic cells have been shown to express BDNF in vitro similarly to eosinophils, dendritic cells, and
endothelial cells. The visceral and airway epithelium are also significant sources of BDNF. Female reproductive system
including ovaries, placenta and uterus also express BDNF (Wessels et al., 2014).

General role in biology:  The biological functions of mBDNF are mediated by binding to tyrosine kinase B (TrkB)
receptor that leads to the activation of three major intracellular signalling pathways, including MAPK, PI3K and PLCγ1
(Soulé et al., 2006). TrkB-mediated signaling regulates gene transcription in the nucleus through the activation of
several transcription factors. These genes are involved in neurite outgrowth, synaptogenesis, synapse maturation and
stabilization (Pang et al., 2004; Lu et al., 2005; Nelson and Alkon, 2014).

On the other hand, proBDNF binds to the p75 neurotrophin receptor (p75NTR) and activates RhoA, a small GTPase
that regulates actin cytoskeleton polymerization leading to inhibition of axonal elongation, growth cone collapse, and
apoptosis (Dubreuil et al., 2003; Yamauchi et al., 2004; Head et al., 2009).

How it is Measured or Detected

Methods that have been previously reviewed and approved by a recognized authority should be included in the
Overview section above. All other methods, including those well established in the published literature, should be
described here. Consider the following criteria when describing each method: 1. Is the assay fit for purpose? 2. Is the
assay directly or indirectly (i.e. a surrogate) related to a key event relevant to the final adverse effect in question? 3.
Is the assay repeatable? 4. Is the assay reproducible?

No OECD methods are available to measure BDNF protein and mRNA levels. Measuring BDNF levels changes in the
brain, especially when low, at the boarder to be significant are technically difficult. Depending on the tissue or fluid
measurements distinct methods are used.

Brain tissue: BDNF protein levels can be measured by commercial available antibody sandwich ELISA kits, Western
blotting, immunohistochemistry and immunofluorescence. BDNF primers for different exons are available to
determine mRNA levels by RT-PCR. The Bdnf gene consists of multiple alternative exons (ten in human, eight in
rodents and six in lower vertebrates), and a single exon coding for the entire pro-BDNF protein (Cohen-Cory et al.,
2010).

Cerebro-spinal fluid (CSF): There are available commercial antibody sandwich ELISA kits (Trajkovska et al., 2007)
and immunobead-based multiplex assays for high throughput screening (Zhang et al., 2008).

Whole blood, serum, plasma and platelets: There are several commercial double antibody sandwich ELISA kits
that can be used for identification of BDNF levels in biological fluids (Trajkovska et al., 2007).

Methodological considerations that have to be taken into account during sample preparation and measurement of
BDNF by ELISA have been recently reviewed in Elfving et al. 2010. A study measuring BDNF by a commercially
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available ELISA kit in various tissues and biological liquids derived from distinct species revealed that BDNF is
undetectable in mouse blood and pig plasma (Klein et al., 2011). This study also showed that in most cases BDNF
levels are comparable to levels reported in humans and that there is positive correlation between blood BDNF levels
and hippocampal BDNF levels in rats and pigs (Klein et al., 2011).
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Event: 385: Decrease of synaptogenesis

Short Name: Synaptogenesis, Decreased

Key Event Component

Process Object Action

synapse
assembly synapse decreased

AOPs Including This Key Event

AOP ID and Name Event
Type

Aop:13 - Chronic binding of antagonist to N-methyl-D-aspartate receptors (NMDARs) during brain
development induces impairment of learning and memory abilities KeyEvent

Aop:54 - Inhibition of Na+/I- symporter (NIS) leads to learning and memory impairment KeyEvent
Aop:533 - Retinoic acid receptor antagonism during neurodevelopment leading to impaired learning and
memory KeyEvent

Aop:610 - Decreased thyroid hormone levels in the brain regulated via transport, metabolism and TR
activation leading to decreased cognition and motor function KeyEvent

Biological Context

Level of Biological Organization

Cellular

Cell term

Cell term

neuron

Domain of Applicability

Taxonomic Applicability
Term Scientific Term Evidence Links

human Homo sapiens High NCBI
rat Rattus norvegicus High NCBI
mouse Mus musculus High NCBI

Life Stage Applicability
Life Stage Evidence

During brain
development High

Sex Applicability
Sex Evidence
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Mixed High
Sex Evidence

The mechanisms governing synapse formation is considered conserved among both vertebrates and invertebrates
(Munno and Syed, 2003). Invertebrates have served as simple animal models to study synapse formation. Indeed,
Colón-Ramos (2009) has recently reviewed the early developmental events that take place in the process of
synaptogenesis pointing out the importance of this process in neural network formation and function. The
experimental evaluation of synaptogenesis has been performed using invertebrates and in particular C. elegans and
Drosophila as well as vertebrates (Colón-Ramos, 2009).

This vulnerable period of synaptogenesis appears to happen in different developmental stages across species. For
example, in rodents primarily synaptogenesis occurs during the first two weeks after birth (Bai et al., 2013). For
rhesus monkeys, this period ranges from approximately 115-day gestation up to PND 60 (Bai et al., 2013). In humans,
it starts from the third trimester of pregnancy and continues 2-3 years following birth (Bai et al., 2013).

Key Event Description

Biological state: Synaptogenesis is a multi-step process that is crucial for brain development and involves the
formation of synapses. It follows axonal migration, at which stage presynaptic and postsynaptic differentiation occurs
(Garner et al., 2002). "Synaptic assembly" that refers to the gathering of the appropriate components and "synaptic
formation" that is defined by the mechanisms involved in recruitment of molecules required for differentiation,
stabilization and maturation of synapse, are the main phases that characterise synaptogenesis (Colón-Ramos, 2009).
Elimination is a physiological step involved in synaptogenesis regarding the synapses that fail to get stabilised and
mature.

The first step is the recognition and the establishment of contact between an axon and a dendritic spine in which pre-
and postsynaptic neurons play important role. The presynaptic differentiation occurs followed by excretion of
neurotransmitters that bind to appropriate receptors located on the target spine. However, a postsynaptic neuron
does not passively receive guidance from a presynaptic axon but are the same dendritic filopodia that gradually are
transformed into spines that select and engage their presynaptic neurons. The transformation of dendritic filopodia
into dendritic spines that involves the expression of the whole postsynaptic machinery such as postsynaptic density
(PSD), receptor subunits, scaffolding proteins and actin cytoskeleton, is the first step to give nascent synapses.
However, to become functional and mature these synapses need an important number of cell-cell interactions,
including stimulation from glutamatergic synapses as well as the influence of neurotrophic factors (Munno and Syed,
2003).

However, all this is true for glutamatergic synapses because GABAergic synapses do not appear in dendritic spines,
but rather form on dendritic shafts, nerve cell somata and axon initial segments. These inhibitory synapses besides
their distinct location are also structurally different compared to excitatory synapses (reviewed in Gatto and Broadie,
2010).

Biological compartments: Synaptogenesis is spatially and temporally strictly controlled process. It does not happen
in a uniform way in all brain regions and there important differences between the times of appearance of the main
two types of synapses (reviewed in Erecinska et al., 2004). For example, in rat hippocampus excitatory synapses are
well established or fully mature within the two first postnatal weeks, whereas inhibitory synapses cannot be found
prior to PND 18, after which it increases steadily to reach adult levels at PND 28. In addition, in rat neostriatal neurons
the excitatory responses to both cortical and thalamic stimuli can be observed by PND 6, but the long-lasting
hyperpolarization and late depolarization is never seen before PND 12.

Structural remodelling of synapses and formation of new synaptic contacts has been postulated as a possible
mechanism underlying the late phase of long-term potentiation (LTP), a form of plasticity which is involved in learning
and memory. LTP induction results in a sequence of morphological changes consisting of a transient remodelling of
the postsynaptic membrane followed by a marked increase in the proportion of axon terminals contacting two or
more dendritic spines. Three-dimensional reconstruction revealed that these spines arose from the same dendrite. As
pharmacological blockade of LTP prevented these morphological changes, it is suggested that LTP is associated with
the formation of new, mature and probably functional synapses contacting the same presynaptic terminal and
thereby duplicating activated synapses (Erik et al., 2006).

In human, synaptogenesis does not happen at the same time in all brain regions, as the prefrontal cortex lags behind
in terms of synapse formation compared to the auditory and visual cortices. In contrast, synaptogenesis appears to
proceed concurrently in different brain areas for rhesus monkey (Erecinska et al., 2004).

General role in biology:  The period of rapid synaptogenesis or the so-called brain growth spurt is considered one of
the most important processes that take place during brain development (Garner et al., 2002). This process is crucial
not only in neurodevelopment but also plays a vital role in synaptic plasticity, learning and memory and adaptation
throughout life. Without this process no complex brain network can be established as synapse is the fundamental unit
of connectivity and communication between neurons (Tau and Peterson, 2010). Cell adhesion represents the most
direct way of coordinating synaptic connectivity in the brain. Recent evidence highlights the importance of a trans-
synaptic interaction between postsynaptic neuroligins and presynaptic neurexins. These transmembrane molecules
bind each other extracellularly to promote adhesion between dendrites and axons, facilitating synapse establishment
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(Dean and Dresbach, 2006). Furthermore, the number of excitatory versus inhibitory synapses created at single
neuron dictates neuronal excitability and function (Schummers et al., 2002).

How it is Measured or Detected

Methods that have been previously reviewed and approved by a recognized authority should be included in the
Overview section above. All other methods, including those well established in the published literature, should be
described here. Consider the following criteria when describing each method: 1. Is the assay fit for purpose? 2. Is the
assay directly or indirectly (i.e. a surrogate) related to a key event relevant to the final adverse effect in question? 3.
Is the assay repeatable? 4. Is the assay reproducible?

There is no OECD advised method for measuring synaptogenesis.

Anatomical methods can be used to structurally estimate the number of excitatory or inhibitory synapses.
Immunostaining can be employed with specific antibodies that recognize vesicular glutamate transporters (VGLUTs)
and the postsynaptic density protein-95 kDa (PSD-95) that are characteristic of excitatory synapses, while inhibitory
synapses are identified by the presence of the vesicular GABA (VGAT) and vesicular inhibitory amino acid (VIAAT)
transporters and the postsynaptic adaptor protein gephryin (Gatto and Broadie, 2010). There are commercial
available synaptogenesis assay kits that rely on the immunostaining of cells with MAP-2, PSD-95 and synaptophysin.
Some other presynaptic (Bassoon) and postsynaptic (ProSAP1/Shank2) markers have been suggested and showed to
correlate well with the ultrastructural studies in cultured hippocampus primary cells (Grabrucker et al., 2009).
Electron microscopy can also be applied to assess the prevalence of excitatory and inhibitory synapses amongst
convergent contacts (Megias et al., 2001). Recently, a high content image analysis based on RNAi screening protocols
has been suggested as a useful tool to create imaging algorithm for use in both in vitro and in vivo synaptic punctae
analysis (Nieland et al., 2014).
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Event: 1505: Cell cycle, disrupted

Short Name: Cell cycle, disrupted

Key Event Component
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Process Object Action

regulation of cell
cycle

cell cycle-related
cyclin disrupted

AOPs Including This Key Event

AOP ID and Name Event
Type

Aop:212 - Histone deacetylase inhibition leading to testicular atrophy KeyEvent
Aop:393 - AOP for thyroid disorder caused by triphenyl phosphate via TRβ activation KeyEvent
Aop:396 - Deposition of ionizing energy leads to population decline via impaired meiosis KeyEvent
Aop:591 - DBEPE-induced DNA damage increase in liver leading to Non-alcoholic fatty liver disease via
liver steatosis and inhibition of regeneration KeyEvent

Aop:602 - Excessive reactive oxygen species leading to growth inhibition via oxidative DNA damage KeyEvent
Aop:603 - Excessive reactive oxygen species leading to growth inhibition via protein oxidation and cell
cycle disruption

KeyEvent

Aop:610 - Decreased thyroid hormone levels in the brain regulated via transport, metabolism and TR
activation leading to decreased cognition and motor function KeyEvent

Biological Context

Level of Biological Organization

Cellular

Cell term

Cell term

cell

Organ term

Organ term

organ

Domain of Applicability

Taxonomic Applicability
Term Scientific Term Evidence Links

Homo
sapiens Homo sapiens High NCBI

Mus
musculus Mus musculus High NCBI

Life Stage Applicability
Life Stage Evidence

Not Otherwise
Specified Moderate

Sex Applicability
Sex Evidence

Unspecific High

The histone gene expression alters in each phase of the cell cycle in human HeLa cells (Homo sapiens) [Heintz et al.,
1982].
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Key Event Description

The disruption of the cell cycle leads to a decrease in cell number. The cell cycle consists of G1, S, G2, M, and G0
phases. The cell cycle regulation is disrupted by the cell cycle arrest in certain cell cycle phases. The histone gene
expression is regulated in cell cycle phases [Heintz et al., 1983].

How it is Measured or Detected

The percentage of cells at G1, G0, S, and G2/M phases can be detected by flow cytometry  [Li et al., 2013]. Cell cycle
distribution was analyzed by fluorescence-activated cell sorter (FACS) analysis with a Partec PAS-II sorter [Zupkovitz
et al., 2010]. The four cell-cycle phases in living cells can be measured with four-color fluorescent proteins using live-
cell imaging [Bajar et al., 2016]. The incorporation of [3H]deoxycytidine or [3H]thymidine into cell DNA during the S
phase can be monitored as DNA synthesis [Heintz et al., 1982].
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Event: 2105: Decreased, myelin basic protein expression in oligodendrocytes

Short Name: Decreased, mbp expression in oligodendrocytes

AOPs Including This Key Event

AOP ID and Name Event
Type

Aop:485 - Thyroid hormone antagonism leading to impaired oligodendrocyte maturation during
development and subsequent decreased cognition KeyEvent

Aop:610 - Decreased thyroid hormone levels in the brain regulated via transport, metabolism and TR
activation leading to decreased cognition and motor function KeyEvent

Biological Context

Level of Biological Organization

Molecular

Event: 2266: Demyelination, increased

Short Name: Demyelination, increased

Key Event Component

Process Object Action

demyelination increased
CNS demyelination increased

AOPs Including This Key Event

AOP ID and Name Event
Type
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Aop:543 - Inhibition of neuropathy target esterase leading to delayed neuropathy via lysolecithin cell
membrane integration KeyEvent

Aop:544 - Inhibition of neuropathy target esterase leading to delayed neuropathy via increased
inflammation KeyEvent

Aop:610 - Decreased thyroid hormone levels in the brain regulated via transport, metabolism and TR
activation leading to decreased cognition and motor function KeyEvent

AOP ID and Name Event
Type

Biological Context

Level of Biological Organization

Cellular

Organ term

Organ term

nervous system

Domain of Applicability

Taxonomic Applicability
Term Scientific Term Evidence Links

Homo
sapiens Homo sapiens NCBI

Sex Applicability
Sex Evidence

Unspecific

Key Event Description

Demyelination is defined by the loss of myelin sheaths in nervous tissue, typically following insult from injury or
disease. Demyelination is initiated by fractioning of myelin lamellae followed by removal of the fragments by
proteolytic and lipolytic enzymes that can digest the myelin pieces (Cuzner & Norton, 1996; Höftberger & Lassmann,
2017). Considering myelin functions to maintain axon functionality and survival, once myelin is lost
neurodegeneration ensues (Ohno & Ikenaka, 2019).  Demyelinating lesions can occur anywhere within the CNS
including on myelin surrounding axons of both sensory and motor neurons (Höftberger & Lassmann, 2017).
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Event: 2378: Impaired axonal insulation

Short Name: Impaired axonal insulation

AOPs Including This Key Event

AOP ID and Name Event
Type

Aop:610 - Decreased thyroid hormone levels in the brain regulated via transport, metabolism and TR
activation leading to decreased cognition and motor function KeyEvent
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Biological Context

Level of Biological Organization

Tissue

Event: 2377: Decrease, neural network maturation

Short Name: neural network formation

AOPs Including This Key Event

AOP ID and Name Event
Type

Aop:610 - Decreased thyroid hormone levels in the brain regulated via transport, metabolism and TR
activation leading to decreased cognition and motor function KeyEvent

Biological Context

Level of Biological Organization

Tissue

Event: 386: Decrease of neuronal network function

Short Name: Neuronal network function, Decreased

Key Event Component

Process Object Action

synaptic signaling decreased

AOPs Including This Key Event

AOP ID and Name Event
Type

Aop:13 - Chronic binding of antagonist to N-methyl-D-aspartate receptors (NMDARs) during brain
development induces impairment of learning and memory abilities KeyEvent

Aop:78 - Nicotinic acetylcholine receptor activation contributes to abnormal role change within the
worker bee caste leading to colony death failure 1 KeyEvent

Aop:90 - Nicotinic acetylcholine receptor activation contributes to abnormal roll change within the worker
bee caste leading to colony loss/failure 2 KeyEvent

Aop:54 - Inhibition of Na+/I- symporter (NIS) leads to learning and memory impairment KeyEvent
Aop:17 - Binding of electrophilic chemicals to SH(thiol)-group of proteins and /or to seleno-proteins
involved in protection against oxidative stress during brain development leads to impairment of learning
and memory

KeyEvent

Aop:405 - Organo-Phosphate Chemicals induced inhibition of AChE leading to impaired cognitive function KeyEvent
Aop:429 - A cholesterol/glucose dysmetabolism initiated Tau-driven AOP toward memory loss (AO) in
sporadic Alzheimer's Disease with plausible MIE's plug-ins for environmental neurotoxicants KeyEvent

Aop:501 - Excessive iron accumulation leading to neurological disorders KeyEvent
Aop:475 - Binding of chemicals to ionotropic glutamate receptors leads to impairment of learning and
memory via loss of drebrin from dendritic spines of neurons KeyEvent

Aop:522 - Estrogen antagonism leading to increased risk of autism-like behavior KeyEvent
Aop:533 - Retinoic acid receptor antagonism during neurodevelopment leading to impaired learning and
memory KeyEvent
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Aop:610 - Decreased thyroid hormone levels in the brain regulated via transport, metabolism and TR
activation leading to decreased cognition and motor function KeyEvent

AOP ID and Name Event
Type

Biological Context

Level of Biological Organization

Organ

Organ term

Organ term

brain

Domain of Applicability

Taxonomic Applicability
Term Scientific Term Evidence Links

humans Homo sapiens High NCBI
rat Rattus norvegicus High NCBI
mice Mus sp. High NCBI
cat Felis catus High NCBI

Life Stage Applicability
Life Stage Evidence

During brain
development High

Sex Applicability
Sex Evidence

Mixed High

In vitro studies in brain slices applying electrophysiological techniques showed significant variability among species
(immature rats, rabbits and kittens) related to synaptic latency, duration, amplitude and efficacy in spike initiation
(reviewed in Erecinska et al., 2004).

Key Event Description

Biological state: There are striking differences in neuronal network formation and function among the developing
and mature brain. The developing brain shows a slow maturation and a transient passage from spontaneous, long-
duration action potentials to synaptically-triggered, short-duration action potentials.

Furthermore, at this precise developmental stage the neuronal network is characterised by "hyperexcitability”, which
is related to the increased number of local circuit recurrent excitatory synapses and the lack of γ-amino-butyric acid A
(GABAA)-mediated inhibitory function that appears much later. This “hyperexcitability” disappears with maturation
when pairing of the pre- and postsynaptic partners occurs and synapses are formed generating population of
postsynaptic potentials and population of spikes followed by developmental GABA switch. Glutamatergic
neurotransmission is dominant at early stages of development and NMDA receptor-mediated synaptic currents are far
more times longer than those in maturation, allowing more calcium to enter the neurons. The processes that are
involved in increased calcium influx and the subsequent intracellular events seem to play a critical role in
establishment of wiring of neural circuits and strengthening of synaptic connections during development (reviewed in
Erecinska et al., 2004). Neurons that do not receive glutaminergic stimulation are undergoing developmental
apoptosis.

During the neonatal period, the brain is subject to profound alterations in neuronal circuitry due to high levels of
synaptogenesis and gliogenesis. For example, in neuroendocrine regions such as the preoptic area-anterior
hypothalamus (POA-AH), the site of gonadotropin-releasing hormone (GnRH) system is developmentally regulated by
glutamatergic neurons. The changes in the expression of the N-methyl-D-aspartate (NMDA) receptor subunits NR1
and NR2B system begin early in postnatal development, before the onset of puberty, thereby playing a role in
establishing the appropriate environment for the subsequent maturation of GnRH neurons (Adams et al., 1999).
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Biological compartments: Neural network formation and function happen in all brain regions but it appears to
onset at different time points of development (reviewed in Erecinska et al., 2004). Glutamatergic neurotransmission
in hippocampus is poorly developed at birth. Initially, NMDA receptors play important role but the vast majority of
these premature glutamatergic synapses are “silent” possibly due to delayed development of hippocampal AMPA
receptors. In contrast, in the cerebral cortex the maturation of excitatory glutamatergic neurotransmission happens
much earlier. The “silent” synapses disappear by PND 7-8 in both brain regions mentioned above.

There is strong evidence suggesting that NMDA receptor subunit composition controls synaptogenesis and synapse
stabilization (Gambrill and Barria, 2011). It is established fact that during early postnatal development in the rat
hippocampus, synaptogenesis occurs in parallel with a developmental switch in the subunit composition of NMDA
receptors from NR2B to NR2A. It is suggested that early expression of NR2A in organotypic hippocampal slices
reduces the number of synapses and the volume and dynamics of spines. In contrast, overexpression of NR2B does
not affect the normal number and growth of synapses. However, it does increase spine motility, adding and retracting
spines at a higher rate. The C terminus of NR2B, and specifically its ability to bind CaMKII, is sufficient to allow proper
synapse formation and maturation. Conversely, the C terminus of NR2A was sufficient to stop the development of
synapse number and spine growth. These results indicate that the ratio of synaptic NR2B over NR2A controls spine
motility and synaptogenesis, and suggest a structural role for the intracellular C terminus of NR2 in recruiting the
signalling and scaffolding molecules necessary for proper synaptogenesis. Interestingly, it was found that genetic
deletion of NR3A accelerates glutamatergic synaptic transmission, as measured by AMPAR-mediated postsynaptic
currents recorded in hippocampal CA1. Consistent, the deletion of NR3A accelerates the expression of the glutamate
receptor subunits NR1, NR2A, and GluR1 sugesting that glutamatergic synapse maturation is critically dependent
upon activation of NMDA-type glutamate receptors (Henson et al., 2012).

General role in biology:  The development of neuronal networks can be distinguished into two phases: an early
‘establishment’ phase of neuronal connections, where activity-dependent and independent mechanisms could
operate, and a later ‘maintenance’ phase, which appears to be controlled by neuronal activity (Yuste and Sur, 1999).
These neuronal networks facilitate information flow that is necessary to produce complex behaviors, including
learning and memory (Mayford et al., 2012).

How it is Measured or Detected

Methods that have been previously reviewed and approved by a recognized authority should be included in the
Overview section above. All other methods, including those well established in the published literature, should be
described here. Consider the following criteria when describing each method: 1. Is the assay fit for purpose? 2. Is the
assay directly or indirectly (i.e. a surrogate) related to a key event relevant to the final adverse effect in question? 3.
Is the assay repeatable? 4. Is the assay reproducible?

In vivo: The recording of brain activity by using electroencephalography (EEG), electrocorticography (ECoG) and local
field potentials (LFP) assists towards the collection of signals generated by multiple neuronal cell networks. Advances
in computer technology have allowed quantification of the EEG and expansion of quantitative EEG (qEEG) analysis
providing a sensitive tool for time-course studies of different compounds acting on neuronal networks' function
(Binienda et al., 2011). The number of excitatory or inhibitory synapses can be functionally studied at an
electrophysiological level by examining the contribution of glutamatergic and GABAergic synaptic inputs. The number
of them can be determined by variably clamping the membrane potential and recording excitatory and inhibitory
postsynaptic currents (EPSCs or IPSCs) (Liu, 2004).

In vitro: Microelectrode array (MEA) recordings are also used to measure electrical activity in cultured neurons
(Keefer et al., 2001, Gramowski et al., 2000; Gopal, 2003; Johnstone et al., 2010). MEAs can be applied in high
throughput platforms to facilitate screening of numerous chemical compounds (McConnell et al., 2012). Using
selective agonists and antagonists of different classes of receptors their response can be evaluated in a quantitative
manner (Novellino et al., 2011; Hogberg et al., 2011).

Patch clamping technique can also be used to measure neuronal network activity.In some cases, if required, planar
patch clamping technique can also be used to measure neuronal networks activity (e.g., Bosca et al., 2014).
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Event: 2108: Altered, white brain matter

Short Name: Altered, white brain matter

AOPs Including This Key Event

AOP ID and Name Event
Type

Aop:485 - Thyroid hormone antagonism leading to impaired oligodendrocyte maturation during
development and subsequent decreased cognition KeyEvent

Aop:487 - Unknown MIE altering cholesterol metabolism leading to decreased cognition KeyEvent
Aop:488 - Increased reactive oxygen species production leading to decreased cognitive function KeyEvent
Aop:489 - Inhibition of voltage-gated sodium channels leading to decreased cognition KeyEvent
Aop:525 - Reduced oligodendrocyte differentiation during neurodevelopment leading to impaired
learning and memory KeyEvent

Aop:610 - Decreased thyroid hormone levels in the brain regulated via transport, metabolism and TR
activation leading to decreased cognition and motor function KeyEvent

Biological Context

Level of Biological Organization

Tissue

List of Adverse Outcomes in this AOP

Event: 341: Impairment, Learning and memory

Short Name: Impairment, Learning and memory
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Key Event Component

Process Object Action

learning decreased
memory decreased

AOPs Including This Key Event

AOP ID and Name Event Type

Aop:13 - Chronic binding of antagonist to N-methyl-D-aspartate receptors (NMDARs) during brain
development induces impairment of learning and memory abilities AdverseOutcome

Aop:48 - Binding of agonists to ionotropic glutamate receptors in adult brain causes excitotoxicity
that mediates neuronal cell death, contributing to learning and memory impairment. AdverseOutcome

Aop:54 - Inhibition of Na+/I- symporter (NIS) leads to learning and memory impairment AdverseOutcome
Aop:77 - Nicotinic acetylcholine receptor activation contributes to abnormal foraging and leads to
colony death/failure 1 KeyEvent

Aop:78 - Nicotinic acetylcholine receptor activation contributes to abnormal role change within
the worker bee caste leading to colony death failure 1 KeyEvent

Aop:87 - Nicotinic acetylcholine receptor activation contributes to abnormal foraging and leads to
colony loss/failure KeyEvent

Aop:88 - Nicotinic acetylcholine receptor activation contributes to abnormal foraging and leads to
colony loss/failure via abnormal role change within caste KeyEvent

Aop:89 - Nicotinic acetylcholine receptor activation followed by desensitization contributes to
abnormal foraging and directly leads to colony loss/failure KeyEvent

Aop:90 - Nicotinic acetylcholine receptor activation contributes to abnormal roll change within the
worker bee caste leading to colony loss/failure 2 KeyEvent

Aop:12 - Chronic binding of antagonist to N-methyl-D-aspartate receptors (NMDARs) during brain
development leads to neurodegeneration with impairment in learning and memory in aging AdverseOutcome

Aop:99 - Histamine (H2) receptor antagonism leading to reduced survival KeyEvent
Aop:17 - Binding of electrophilic chemicals to SH(thiol)-group of proteins and /or to seleno-
proteins involved in protection against oxidative stress during brain development leads to
impairment of learning and memory

AdverseOutcome

Aop:475 - Binding of chemicals to ionotropic glutamate receptors leads to impairment of learning
and memory via loss of drebrin from dendritic spines of neurons AdverseOutcome

Aop:483 - Deposition of Energy Leading to Learning and Memory Impairment AdverseOutcome
Aop:490 - Co-activation of IP3R and RyR leads to reduced IQ through non-cholinergic mechanisms AdverseOutcome
Aop:499 - Activation of MEK-ERK1/2 leads to deficits in learning and cognition via disrupted
neurotransmitter release AdverseOutcome

Aop:500 - Activation of MEK-ERK1/2 leads to deficits in learning and cognition via ROS and
apoptosis AdverseOutcome

Aop:520 - Retinoic acid receptor agonism during neurodevelopment leading to impaired learning
and memory AdverseOutcome

Aop:525 - Reduced oligodendrocyte differentiation during neurodevelopment leading to impaired
learning and memory AdverseOutcome

Aop:533 - Retinoic acid receptor antagonism during neurodevelopment leading to impaired
learning and memory AdverseOutcome

Aop:535 - Binding and activation of GPER leading to learning and memory impairments AdverseOutcome
Aop:610 - Decreased thyroid hormone levels in the brain regulated via transport, metabolism and
TR activation leading to decreased cognition and motor function AdverseOutcome

Biological Context

Level of Biological Organization
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Individual
Level of Biological Organization

Domain of Applicability

Taxonomic Applicability
Term Scientific Term Evidence Links

human Homo sapiens High NCBI
rat Rattus norvegicus High NCBI
fruit fly Drosophila melanogaster High NCBI
zebrafish Danio rerio High NCBI
gastropods Physa heterostropha High NCBI
mouse Mus musculus High NCBI

Life Stage Applicability
Life Stage Evidence

During brain development High
Adult, reproductively
mature High

Sex Applicability
Sex Evidence

Mixed High

Basic forms of learning behavior such as habituation have been found in many taxa from worms to humans
(Alexander, 1990). More complex cognitive processes such as executive function likely reside only in higher
mammalian species such as non-human primates and humans. Recently, larval zebrafish has also been suggested as
a model for the study of learning and memory (Roberts et al., 2013). 

Life stage applicability: This key event is applicable to various life stages such as during brain development and
maturity (Hladik & Tapio, 2016). 

Sex applicability: This key event is not sex specific (Cekanaviciute et al., 2018), although sex-dependent cognitive
outcomes have been recently ; Parihar et al., 2020). 

Evidence for perturbation by a prototypic stressor: Current literature provides ample evidence of impaired
learning and memory being induced by ionizing radiation (Cekanaviciute et al., 2018; Hladik & Tapio, 2016). 

Key Event Description

 (Adapted from KE: 341 - in blue) 

Learning can be defined as the process by which new information is acquired to establish knowledge by systematic
study or by trial and error (Ono, 2009). Two types of learning are considered in neurobehavioral studies: a)
associative learning and b) non- associative learning. Associative learning is based on making associations between
different events. In associative learning, a subject learns the relationship among two different stimuli or between the
stimulus and the subject’s behavior. On the other hand, non-associative learning can be defined as an alteration in
the behavioral response that occurs over time in response to a single type of stimulus. Habituation and sensitization
are some examples of non-associative learning. 

The memory formation requires acquisition, retention and retrieval of information in the brain, which is characterized
by the non- conscious recall of information (Ono, 2009). There are three main categories of memory, including
sensory memory, short-term or working memory (up to a few hours) and long-term memory (up to several days or
even much longer). 

Learning and memory depend upon the coordinated action of different brain regions and neurotransmitter systems
constituting functionally integrated neural networks (D’Hooge and DeDeyn, 2001). Among the many brain areas
engaged in the acquisition of, or retrieval of, a learned event, the hippocampal-based memory systems have received
the most study. For example, the hippocampus has been shown to be critical for spatial-temporal memory, visio-
spatial memory, verbal and narrative memory, and episodic and autobiographical memory (Burgess et al., 2000;
Vorhees and Williams, 2014). However, there is substantial evidence that fundamental learning and memory
functions are not mediated by the hippocampus alone but require a network that includes, in addition to the
hippocampus, anterior thalamic nuclei, mammillary bodies cortex, cerebellum and basal ganglia (Aggleton and
Brown, 1999; Doya, 2000; Mitchell et al., 2002, Toscano and Guilarte, 2005; Gilbert et al., 2006, 2016). Thus, damage
to variety of 
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brain structures can potentially lead to impairment of learning and memory. The main learning areas and pathways
are similar in rodents and primates, including man (Eichenbaum, 2000; Stanton and Spear, 1990). While the
prefrontal cortex and frontostriatal neural circuits have been identified as the primary sites of higher-order cognition
in vertebrates, invertebrates utilize paired mushroom bodies, shown to contain ~300,000 neurons in honey bees
(Menzel, 2012; Puig et al., 2014). 

For the purposes of this KE (AO), impaired learning and memory is defined as an organism’s inability to establish new
associative or non-associative relationships, or sensory, short-term or long-term memories which can be measured
using different behavioral tests described below. 

How it is Measured or Detected

In laboratory animals: in rodents, a variety of tests of learning and memory have been used to probe the integrity of
hippocampal function. These include tests of spatial learning like the radial arm maze (RAM), the Barnes maze, Hebb-
Williams maze, passive avoidance and Spontaneous alternation and most commonly, the Morris water maze (MWM).
Test of novelty such as novel object recognition, and fear based context learning are also sensitive to hippocampal
disruption. Finally, trace fear conditioning which incorporates a temporal component upon traditional amygdala-based
fear learning engages the hippocampus. A brief description of these tasks follows. 

RAM, Barnes, MWM, Hebb-Williams maze are examples of spatial tasks, animals are required to learn the location of a
food reward (RAM); an escape hole to enter a preferred dark tunnel from a brightly lit open field area (Barnes maze),
or a hidden platform submerged below the surface of the water in a large tank of water (MWM) (Vorhees and Williams,
2014). The Hebb- Williams maze measures an animal’s problem solving abilities by providing no spatial cues to find
the target (Pritchett & Mulder, 2004). 

Novel Object recognition. This is a simpler task that can be used to probe recognition memory. Two objects are
presented to animal in an open field on trial 1, and these are explored. On trial 2, one object is replaced with a novel
object and time spent interacting with the novel object is taken evidence of memory retention – I have seen one of
these objects before, but not this one (Cohen and Stackman, 2015). 

Contextual Fear conditioning is a hippocampal based learning task in which animals are placed in a novel
environment and allowed to explore for several minutes before delivery of an aversive stimulus, typically a mild foot
shock. Upon reintroduction to this same environment in the future (typically 24-48 hours after original training),
animals will limit their exploration, the context of this chamber being associated with an aversive event. The degree
of suppression of activity after training is taken as evidence of retention, i.e., memory (Curzon et al., 2009). 

Trace fear conditioning. Standard fear conditioning paradigms require animals to make an association between a
neutral conditioning stimulus (CS, a light or a tone) and an aversive stimulus (US, a footshock). The unconditioned
response (CR) that is elicited upon delivery of the footshock US is freezing behavior. With repetition of CS/US delivery,
the previously neutral stimulus comes to elicit the freezing response. This type of learning is dependent on the
amygdala, a brain region associated with, but distinct from the hippocampus. Introducing a brief delay between
presentation of the neutral CS and the aversive US, a trace period, requires the engagement of the amygdala and the
hippocampus (Shors et al., 2001). 

Operant Responding. Performance on operant responding reflects the cortex’ ability to organize processes (Rabin et
al., 2002). 

In humans: A variety of standardized learning and memory tests have been developed for human neuropsychological
testing, including children (Rohlman et al., 2008). These include episodic autobiographical memory, perceptual motor
tests, short and long term memory tests, working memory tasks, word pair recognition memory; object location
recognition memory. Some have been incorporated in general tests of intelligence (IQ) such as the Wechsler Adult
Intelligence Scale (WAIS) and the Wechsler. 

Modifications have been made and norms developed for incorporating of tests of learning and memory in children.
Examples of some of these tests include: 

Rey Osterieth Complex Figure test (RCFT) which probes a variety of functions including as visuospatial abilities,
memory, attention, planning, and working memory (Shin et al., 2006). 

Children’s Auditory Verbal Learning Test (CAVLT) is a free recall of presented word lists that yields measures of
Immediate Memory Span, Level of Learning, Immediate Recall, Delayed Recall, Recognition Accuracy, and Total
Intrusions. (Lezak 1994; Talley, 1986). 

Continuous Visual Memory Test (CVMT) measures visual learning and memory. It is a free recall of presented
pictures/objects rather than words but that yields similar measures of Immediate Memory Span, Level of Learning,
Immediate Recall, Delayed Recall, Recognition Accuracy, and Total Intrusions. (Lezak, 1984; 1994). 

Story Recall from Wechsler Memory Scale (WMS) Logical Memory Test Battery, a standardized neurospychological test
designed to measure memory functions (Lezak, 1994; Talley, 1986). 

Autobiographical memory (AM) is the recollection of specific personal events in a multifaceted higher order cognitive
process. It includes episodic memory- remembering of past events specific in time and place, in contrast to semantic
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autobiographical memory is the recollection of personal facts, traits, and general knowledge. Episodic AM is
associated with greater activation of the hippocampus and a later and more gradual developmental trajectory.
Absence of episodic memory in early life (infantile amnesia) is thought to reflect immature hippocampal function
(Herold et al., 2015; Fivush, 2011). 

 

Staged Autobiographical Memory Task. In this version of the AM test, children participate in a staged event involving a
tour of the hospital, perform a series of tasks (counting footprints in the hall, identifying objects in wall display, buy
lunch, watched a video). It is designed to contain unique event happenings, place, time, visual/sensory/perceptual
details. Four to five months later, interviews are conducted using Children’s Autobiographical Interview and scored
according to standardized scheme (Willoughby et al., 2014). 

Attentional set-shifting (ATSET) task. Measures the ability to relearn cues over various schedules of reinforcement
(Heisler et al., 2015). 

In Honey Bees: For over 50 years an assay for evaluating olfactory conditioning of the proboscis extension reflex (PER)
has been used as a reliable method for evaluating appetitive learning and memory in honey bees (Guirfa and Sandoz,
2012; LaLone et al., 2017). These experiments pair a conditioned stimulus (e.g., an odor) with an unconditioned
stimulus (e.g., sucrose) provided immediately afterward, which elicits the proboscis extension (Menzel, 2012). After
conditioning, the odor alone will lead to the conditioned PER. This methodology has aided in the elucidation of five
types of olfactory memory phases in honey bee, which include early short-term memory, late short-term memory,
mid-term memory, early long-term memory, and late long-term memory (Guirfa and Sandoz, 2012). These phases are
dependent on the type of conditioned stimulus, the intensity of the unconditioned stimulus, the number of
conditioning trials, and the time between trials. Where formation of short-term memory occurs minutes after
conditioning and decays within minutes, memory consolidation or stabilization of a memory trace after initial
acquisition leads to 

mid-term memory, which lasts 1 d and is characterized by activity of the cAMP-dependent PKA (Guirfa and Sandoz,
2012). Multiple conditioning trials increase the duration of the memory after learning and coincide with increased
Ca2+-calmodulin-dependent PKC activity (Guirfa and Sandoz, 2012). Early long-term memory, where a conditioned
response can be evoked days to weeks after conditioning requires translation of existing mRNA, whereas late long-
term memory requires de novo gene transcription and can last for weeks (Guirfa andSandoz, 2012)." 

Regulatory Significance of the AO

A prime example of impairments in learning and memory as the adverse outcome for regulatory action is
developmental lead exposure and IQ function in children (Bellinger, 2012). Most methods are well established in the
published literature and many have been engaged to evaluate the effects of developmental thyroid disruption. The US
EPA and OECD Developmental Neurotoxicity (DNT) Guidelines (OCSPP 870.6300 or OECD TG 426) as well as OECD TG
443 (OECD, 2018) both require testing of learning and memory (USEPA, 1998; OECD, 2007) advising to use the
following tests passive avoidance, delayed-matching-to-position for the adult rat and for the infant rat, olfactory
conditioning, Morris water maze, Biel or Cincinnati maze, radial arm maze, T-maze, and acquisition and retention of
schedule-controlled behavior. These DNT Guidelines have been deemed valid to identify developmental neurotoxicity
and adverse neurodevelopmental outcomes (Makris et al., 2009). 

Also, in the frame of the OECD GD 43 (2008) on reproductive toxicity, learning and memory testing may have
potential to be applied in the context of developmental neurotoxicity studies. However, many of the learning and
memory tasks used in guideline studies may not readily detect subtle impairments in cognitive function associated
with modest degrees of developmental thyroid disruption (Gilbert et al., 2012). 
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Event: 2231: Locomotor function. Impaired

Short Name: Impaired locomotor function

AOPs Including This Key Event

AOP ID and Name Event Type

Aop:532 - Retinoic acid receptor agonism during cerebellar development leading to impaired
locomotor function AdverseOutcome

Aop:610 - Decreased thyroid hormone levels in the brain regulated via transport, metabolism and
TR activation leading to decreased cognition and motor function AdverseOutcome

Biological Context

Level of Biological Organization

Population

Appendix 2

List of Key Event Relationships in the AOP

List of Adjacent Key Event Relationships

Relationship: 3651: Inhibition, monocarboxylate transporter 8 (MCT8) leads to Decreased
brain T4/T3

AOPs Referencing Relationship
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https://test.aopwiki.org/relationships/3651


AOP Name Adjacency
Weight

of
Evidence

Quantitative
Understanding

Decreased thyroid hormone levels in the brain regulated via transport,
metabolism and TR activation leading to decreased cognition and motor
function

adjacent Not
Specified Not Specified

Relationship: 3652: Inhibition, OATP1C1 leads to Decreased brain T4/T3

AOPs Referencing Relationship

AOP Name Adjacency
Weight

of
Evidence

Quantitative
Understanding

Decreased thyroid hormone levels in the brain regulated via transport,
metabolism and TR activation leading to decreased cognition and motor
function

adjacent Not
Specified Not Specified

Relationship: 3653: Inhibition, Deiodinase 2 leads to Decreased brain T4/T3

AOPs Referencing Relationship

AOP Name Adjacency
Weight

of
Evidence

Quantitative
Understanding

Decreased thyroid hormone levels in the brain regulated via transport,
metabolism and TR activation leading to decreased cognition and motor
function

adjacent Not
Specified Not Specified

Relationship: 3654: Decreased brain T4/T3 leads to TR Antagnoism

AOPs Referencing Relationship

AOP Name Adjacency
Weight

of
Evidence

Quantitative
Understanding

Decreased thyroid hormone levels in the brain regulated via transport,
metabolism and TR activation leading to decreased cognition and motor
function

adjacent Not
Specified Not Specified

Relationship: 3655: TR Antagnoism leads to BDNF, Reduced

AOPs Referencing Relationship

AOP Name Adjacency
Weight

of
Evidence

Quantitative
Understanding

Decreased thyroid hormone levels in the brain regulated via transport,
metabolism and TR activation leading to decreased cognition and motor
function

adjacent Not
Specified Not Specified

Relationship: 448: BDNF, Reduced leads to Synaptogenesis, Decreased

AOPs Referencing Relationship

AOP Name Adjacency
Weight

of
Evidence

Quantitative
Understanding
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Inhibition of Na+/I- symporter (NIS) leads to learning and memory
impairment

non-
adjacent Moderate Low

Decreased thyroid hormone levels in the brain regulated via transport,
metabolism and TR activation leading to decreased cognition and motor
function

adjacent Not
Specified Not Specified

AOP Name Adjacency
Weight

of
Evidence

Quantitative
Understanding

Evidence Supporting Applicability of this Relationship

Taxonomic Applicability
Term Scientific Term Evidence Links

rat Rattus norvegicus High NCBI
mouse Mus musculus High NCBI

Life Stage Applicability
Life Stage Evidence

During brain
development High

Sex Applicability
Sex Evidence

Mixed High

Empirical evidence comes from work with laboratory rodent-derived cells and brain slices, and rodent in vivo studies.

Key Event Relationship Description

Disruption of BDNF signaling (and other factors, such as NGF or Reelin, etc.) during brain development was shown to
interfere with synaptogenesis in the hippocampus (Sanchez-Martin et al., 2013; Neal et al., 2010; Stansfiled et al.,
2012). In the adult brain, BDNF is involved in synaptic plasticity (Lu et al., 2013; Leal et al., 2014), which is a
fundamental process linked with learning and memory. Synaptic dysfunction is a key pathophysiological hallmark in
neurodegenerative disorders, including Alzheimer's disease, and synaptic repair therapies based on the use of trophic
factors, such as BDNF, are currently under consideration (Lu et al., 2013).

BDNF is released by the BDNF-producing neurons of the CNS and binds to Trk-B of the PV-interneurons, an interaction
necessary for the subsequent developmental effects of this neurotrophin (Polleux et al., 2002; Jin et al., 2003; Rico et
al., 2002; Aguado et al., 2003). BDNF promotes the morphological and neurochemical maturation of hippocampal and
neocortical interneurons and promotes GABAergic synaptogenesis (Danglot et al., 2006; Hu and Russek, 2008).

BDNF plays an important role in axonal and dendritic differentiation during embryonic stages of neuronal
development, as well as in the formation and maturation of dendritic spines during postnatal development (Chapleau
et al., 2009). Recent studies have also implicated vesicular trafficking of BDNF via secretory vesicles, and both
secretory and endosomal trafficking of vesicles containing synaptic proteins, such as neurotransmitter and
neurotrophin receptors, in the regulation of axonal and dendritic differentiation, and in dendritic spine morphogenesis.
Abnormalities in dendritic and synaptic structure are consistently observed in human neurodevelopmental disorders
associated with mental retardation, as well as in mouse models of these disorders (Chapleau et al., 2009).

Evidence Supporting this KER

Biological Plausibility

BDNF, in addition to its pro-survival effects, has powerful synaptic effects, promoting synaptic transmission, synaptic plasticity
and synaptogenesis (Lu et al., 2013; Sanchez-Martin et al., 2013; Neal et al., 2010; Stansfiled et al., 2012; Danglot et al., 2006;
Hu and Russek, 2008). NMDAR activity has been linked to the signaling of the trans-synaptic neurotorophin BDNF (Neal et al.,
2010).

Use of selective agonist or antagonist of BDNF receptor TrkB demonstrates the contribution of BDNF in synaptogenesis in
adult-generated neurons in the rat dentate gyrus (Ambrogini et al., 2013). In this regard, exogenous application of BDNF
significantly increased the number of functional synapses in culture (Vicario-Abejon et al., 1998; Marty et al., 2000), while
blocking of BDNF with antibodies greatly reduced the formation of inhibitory synapses (Seil and Drake-Baumann, 2000).
Similar results were described also in an in vivo study on mutant mice characterized by deletion of the trkB gene in cerebellar
precursors (obtained by Wnt1-driven Cre--mediated recombination). TrkB mutant mice showed reduced amounts of GABAergic
markers and develop reduced numbers of GABAergic boutons and synaptic specializations, whilst granule and Purkinje cell
dendrites appeared normal and the former presented typical numbers of excitatory synapses. This study demonstrated that
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TrkB is essential to the development of GABAergic neurons and the regulation of synapse formation (Rico et al., 2002). BDNF is
also a potent regulator of spontaneous neuronal activity in GABAergic neurons and interneurons, as shown in in embryonic
(E18) hippocampal slices (Aguado et al., 2003), and plays a critical role in controlling the emergence, complexity and
networking properties of spontaneous networks.

TH deficiency during the foetal and/or the neonatal period, apart from reducing synaptogenesis, can produce several other
deleterious effects for neural growth and development (e.g., such as reduced synaptic connectivity, delayed myelination,
disturbed neuronal migration, deranged axonal projections, and alterations in neurotransmitters' levels), possibly through
decreased BDNF levels (Koromilas et al., 2010; Shafiee et al., 2016).

Empirical Evidence

Several studies (in vitro, ex vivo, and in vivo) have shown correlations between downregulation of BDNF signaling
(e.g., in trasgenic animals, or upon treatment with K252a (a BDNF receptor inhibitor) or with an antibody anti-BDNF)
and synaptogenesis (and synapses) decrease:

- Westerholz et al., 2013 In recent in vitro studies with rat T3-deficient cultures of cortical GABAergic PV+
interneurons, which are subject to BDNF regulation, it was shown that the number of synaptic boutons (i.e.,
presynaptic terminals containing the presynaptic marker synaptophysin) was reduced, an effect that was abolished
after exogenous BDNF application. Additionally, inhibition of BDNF TrkB receptors by K252a in cultures containing T3
resulted also in decreased number of synaptic boutons, as in the T3-deprived cultures. These results indicate that
BDNF signaling promotes the formation of synaptic boutons and that this function is mediated by THs (T3 and T4).
Additionally, T3-related increase of spontaneous network activity was remarkably reduced after addition of K252a,
and also upon inhibition of mTOR pathway (with rapamycin), a pathway known to control synaptogenesis (Buckmaster
et al., 2009).

- Sato et al., 2007 This study on rat cultured hippocampal slices showed that beta-estradiol (E2) induced
synaptogenesis between mossy fibers (one of the major inputs to cerebellum) and hippocampal CA3 neurons by
enhancing BDNF release from dentate gyrus (DG) granule cells, by increasing the expression of PSD95, a postsynaptic
marker. E2 effects on in hippocampal slice cultures and subregional neuron cultures were completely inhibited by
blocking the BDNF receptor (TrkB) with K252a (200 nM) or by using a function-blocking antibody to BDNF (10 μg/ml),
which inhibited the expression of PSD95 induced by E2. Both K252a and the antibody anti-BDNF elicited ~ 60-70%
decrease of spine density and ~ 55% decrease of presynaptic sites in dentate gyrus granule cells (measured as
number of puncta/neuron).

- Schjetnan and Escobar, 2012 In this study, intrahippocampal microinfusion of BDNF (3 µg/3 µl; 0.2 µl/min,) in
adult rats modified the ability of the hippocampal mossy fiber pathway to present long-term potentiation (LTP, i.e., a
persistent strengthening of synapses based on recent patterns of activity) by high frequency stimulation (HFS). This
indicates that BDNF initiates the metaplastic mechanisms that modify  the ability of the mossy fiber pathway to
present LTP induced by subsequent HFS. On the contrary, microinfusion of K252a (administered in combination with
BDNF: 3 μg of BDNF/3 μl of K252a 20 μM; 0.2 μl/min) blocked the functional and morphological effects produced by
BDNF (shown by densitometric analysis on synaptic reorganization: ~ 30% reduction of the relative area of the dorsal
hippocampus in the contralateral side of HFS, and ~ 70% reduction in the ipsilateral side of HFS, compared to BDNF
administered alone), supporting the role of BDNF in the regulation of synaptic plasticity.

- Schildt et al., 2013 Using field potential recordings in CA3 of adult heterozygous BDNF knockout (BDNF+/-) mice,
an impairment of NMDAR-independent mossy fiber (MF)-LTP (~ 50% decrease) was observed. Additionally, inhibition
of TrkB/BDNF with K252a (slices preincubated for 3 hr with 100 nM), or with the selective BDNF scavenger TrkB-Fc
(slices preincubated for 3 hr with 5 μg/ml), both inhibited MF-LTP to the same extent as observed in BDNF+/- mice
(K252a: ~ 60% decrease vs control slices; TrkB-Fc: ~ 50% decrease vs control slices).

- Cortés et al., 2012 Adult male Sprague-Dawley rats were treated with 6-propyl-2-thiouracil (PTU, a TPO inhibitor)
(0.05% in drinking water) for 20 days to induce hypothyroidism. PTU-treated rats showed decrease serum fT4 (~ 70%
decrease vs control) and tT3 (~ 45% decrease vs control) levels, and increased TSH levels (~ 9.5-fold increase over
control). The hippocampus of hypothyroid adult rats displayed increased apoptosis levels in neurons and astrocyte
and reactive gliosis compared with controls. The glutamatergic synapses from the stratum radiatum of CA3 from
hypothyroid rats, contained lower postsynaptic density (PSD) than control rats (~ 25% lower PSD than control). This
observation was in agreement with a reduced content of NMDAR subunits (NR1 and NR2A/B subunits, both subunits:
~ 25% decrease vs control) at the PSD in hypothyroid animals. Additionally, the hippocampal amount of BDNF mRNA
(assessed by in situ hybridization) was higher (~ 4.8-fold increase over control) of hypothyroid rats, while the content
of TrkB protein (BDNF receptor) was reduced (~ 30% decrease vs control) at the PSD of the CA3 region of hypothyroid
rats, compared with controls. Even though BDNF levels were increased, the decrease of BDNF receptor (TrkB)
compromises the signalling pathway under BDNF control.

- Koibuchi et al., 2001 Here newborn mice were rendered hypothyroid by administering MMI (TPO inhibitor) and
perchlorate (NIS inhibitor) in drinking water to their mothers. Neurotrophin-3 (NT-3) and BDNF gene expression was
depressed in the perinatal hypothyroid cerebellum. Furthermore, the expression of retinoid-receptor-related orphan
nuclear hormone receptor-alpha (ROR-alpha), an orphan nuclear receptor that plays critical roles in Purkinje cell
development, was also decreased. Morphologically, disappearance of the external granule cell layer was retarded and
arborization of Purkinje cell dendrite was decreased in hypothyroid rats. Dendritic arborization is used as readout for
synapse formation, as post-synaptic side (synaptogenesis) is mainly located on dendrites.

- Aguado et al., 2003 BDNF overexpression in transgenic embryos raised the spontaneous activity of E18
hippocampal neurons, as shown by increased number of synapses (63% more synapses in the hippocampus of BDNF
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transgenic embryos than in controls), and increased spontaneous neuronal activity (2.3 times more active neurons
than wild type embryos, and 36.3% greater rates of activation). Moreover, BDNF transgenic embryos had higher
number of GABAergic interneuron synapses, as shown by higher GAD67 mRNA (by 3-fold) and K(+)/Cl(-) KCC2 mRNA
expression (by 4.3-fold) (responsible for the conversion of GABA responses from depolarizing to inhibitory), without
altering the expression of GABA and glutamate ionotropic receptors. These data indicate that BDNF controls both
GABAergic pre- and postsynaptic sites.

 

KEs proceeding the AO (decreased cognition), such as "Reduced BDNF Release" and "Decreased synaptogenesis" are
also common to the AOP 13, entitled "Chronic binding of antagonist to N-methyl-D-aspartate receptors (NMDARs)
during brain development induces impairment of learning and memory abilities" (https://aopwiki.org/aops/13). In this
AOP 13, data on lead (Pb) exposure, as a reference chemical, are reported. These studies do not refer to TH
disruption; however, they provide empirical support for this KER (Reduced release of BDNF leads to decreased
synaptogenesis).

Synaptic structural plasticity was shown to be modified by Pb treatment during early (pre-weaning) or late (post-
weaning) brain development in rats exposed to 2 mM Pb in drinking water for 3 weeks (Xiao et al., 2014). An iron
chelator (clioquinol) can rescue the Pb-induced impairment of synaptic plasticity in hippocampus (Chen et al., 2007),
showing that Pb can affect synaptogenesis and synaptic plasticity. Primary hippocampal neurons obtained from ED18
rat pups and treated with Pb (1, 2 microM) for 5 days exhibited pre-synaptic deficits due to disruption of NMDAR-
dependent BDNF signaling (Neal et al., 2010; Stansfield et al., 2012). A decrease in bdnf expression was observed in
mouse embryonic stem cells differentiated into neurons, if they were exposed to Pb 0.1 microM throughout the whole
differentiation process (Sanchez-Martin et al., 2013). Similar alterations in gene expression patterns of neural markers
(synapsin 1), neurotrophins (bdnf), transcription factors and glutamate-related genes were found in mice, when their
mothers were exposed to 0-3 ppm of Pb in drinking water from 8 weeks prior to mating, through gestation and until
postnatal day 10 (Sanchez-Martin et al., 2013).

Uncertainties and Inconsistencies

Alterations of BDNF signaling is probably not the only mechanism leading to impaired synaptogenesis and synaptic
plasticity. Indeed NMDAR activity can also modulate nitric oxide (NO) signaling. Exogenous NO addition during Pb
exposure results in complete recovery of whole-cell synaptophysin levels and partial recovery of synaptophysin and
synaptobrevin in synapses in Pb-exposed neurons (Neal et al., 2012). In addition, in Wistar rats, the anti-oxidant and
radical scavenger quercetin was able to relieve the impairment of synaptic plasticity induced by chronic Pb exposure
(from parturition through adulthood (PND 60); 0.2% Pb in drinking water of mothers and post-weaning pups) (Hu et
al., 2008), suggesting that oxidative stress can also interfere with synapse formation.

Additionally, while PTU (a TPO inhibitor) has been shown to decrease brain BDNF levels and expression in offspring
born from PTU-treated rat dams (Shafiee et al. 2016; Chakraborty et al., 2012; Gilbert et al. 2016), in the study from
Cortés and colleagues (Cortés et al., 2012), treatment of adult male Sprague-Dawley rats with PTU induced an
increase in the amount of BDNF mRNA in the hippocampus, while the content of TrkB protein, the BDNF receptor,
resulted reduced at the PSD of the CA3 region compared with controls. Treated rats presented also thinner PSD than
control rats, and a reduced content of NMDAr subunits (NR1 and NR2A/B subunits) at the PSD. These indicate
differential effects elicited by PTU (i.e., TPO inhibition) on BDNF expression/regulation comparing the adult vs foetal
brain. However, even though BDNF levels were increased, the decrease of BDNF receptor (TrkB) compromises the
signalling pathway under BDNF control.

Results variability from study to study is due to different experimental study designs, accounting for differences in
brain development stages (PND vs adult), times of exposures to chemicals, and regional brain differences.
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Relationship: 3656: Synaptogenesis, Decreased leads to neural network formation
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Decreased thyroid hormone levels in the brain regulated via transport,
metabolism and TR activation leading to decreased cognition and motor
function
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Relationship: 3657: neural network formation leads to Impaired locomotor function
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Relationship: 3659: neural network formation leads to Impairment, Learning and memory
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Relationship: 3660: TR Antagnoism leads to Cell cycle, disrupted
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Relationship: 3661: TR Antagnoism leads to Decreased, mbp expression in
oligodendrocytes
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Relationship: 3662: Cell cycle, disrupted leads to Demyelination, increased
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Relationship: 3192: Altered, white brain matter leads to Impairment, Learning and memory
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metabolism and TR activation leading to decreased cognition and motor
function

adjacent Not
Specified Not Specified

Relationship: 3667: Altered, white brain matter leads to Impaired locomotor function
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Relationship: 3658: Decreased brain T4/T3 leads to BDNF, Reduced
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