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Drugs – how many are neurotoxic ?  



6 Fung et al, 2001  



7 Onakpoya et al, 2016  











Cook et al, 2014: “…75% of safety 
closures were compound-related (that 
is, they were off-target or other 
properties of the compound other than 
its action at the primary 
pharmacological target)…” 

Cook et al, 2014, Nature Reviews, Drug Discovery, Volume 13, 2014, 419-431 



13 Olson et al, 2000, Reg  Toxicol and Pharmacol, Volume 32, 2000, 56-67 



Excipients in Generic Drugs 

14 Rayavarapu et al, 2015 



Approximately 85,000 chemicals 
in the US (USEPA, 2010) 

A survey of High Production 
Volume chemicals indicates that 
“67% have not been tested for 
neurotoxicity” (EDF, 1997)  

29% of chemicals have occupational 
exposure limits based in part, on direct 
neurological or behavioral effects, or 
on factors associated with the nervous 
system (Anger, 1984) 

Chemicals 





Increase in critical high profile human neurological disorders in the US 

~ 15 million Depression US $ 47 billion-anxiety (Ganz, 2006) 
 
> 7 million Bipolar disorder and Schizophrenia US $ 33 billion (Ganz, 2006) 

 
~ 5 million Alzheimer's disease US $ 91 billion (Ganz, 2006) 

 
~ 5 million Learning disabilities US $ 42.5 billion (Pelham et al, 2007)   
 (primarily ADHD) 
 
2.5 million Epilepsy US $ 15.5 billion (Yoon et al., 2009) 
 
1.5 million Parkinsons‘ disease US $ 23 billion annually (Huse et al., 2005) 
 
0.5 million Autism spectrum disorders US $ 35 billion annually (Ganz, 2006) 
  
0.5 million Cerebral palsy US $ 11.5 billion (Honeycutt et al., 2004) 
  
0.5 million Mental retardation US $ 51 billion (Ganz, 2006) 
 
~ 0.5 million Multiple Sclerosis (MS) US $ 6.8 billion (Whetten-Goldstein et al., 1998) 
 
0.025 million ALS or Lou Gehrig's disease US $ 300 million (Society for Neuroscience, 2005) 
 
 
 

Total = ~ 356.6 billion Total = ~ 38 million 

Rao, Little, Malarkey, Herbert, Sills, 
Toxicologic Pathology, 39: 463, 2011 
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How many neurotoxicants are there ? 
They exist. Drugs. Chemicals. Excipients. Unidentified. 











Neuropathology 

Neurobehavior 

(Neuro)physiology 

Neurochemistry 

Neuroimaging 

Endpoints in Neurotoxicity Assessment 

Brain 

Neuron 
Molecules 

Subsites 
Circuits 

Synapses 

Anatomic Level End-Points 
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How many neurotoxicants are there ? 
They exist. Drugs. Chemicals. Excipients. Unidentified. 

Neurotoxicity Assessment:  
which endpoint to use ? 

Multiple endpoints is the best approach because  
the nervous system is unusually complex  





In neuropathology evaluation:  
Why is ‘where’ important before 

‘what’? 





   An Example with Ethylene Oxide (EO)  

•     Brain tumors were noted with chronic rat 
studies with ethylene oxide (Garman et al,1985, 
Garman and Snellings, 1986)  
 
•     Of 23 recorded tumors, only 2 were 
detected grossly.  Only 3 rats demonstrated 
abnormal clinical signs  
 

•     Additional sectioning revealed additional 
tumors 

 





Neurotoxicants are remarkably 
specific 

...... much depends on where we look 
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Neurotoxicants are remarkably specific 



Neurotoxicants are remarkably specific 

...... but much depends on where we look 





Affects the pyramidal cells of 
the hippocampus….. 



Effect of Domoic acid to the Brain: Hippocampus, California sea lion  

Silvagni P A et al. Vet Pathol 2005;42:184-191 

Copyright © by American College of Veterinary Pathologists 



Domoic acid model depicting lesions along the olfactory pathway 

Tiedeken J A et al. Toxicol Pathol 2012;41:454-469 

Copyright © by Society of Toxicologic Pathology 



Medial  
Geniculate 

Posterior  
Colliculus 

Dorsal 
Ventral 
Lateral 

Lemniscus 

Dorsal 
Cochlear 
Nucleus 

Lateral and  
Medial Anterior 
Olivary Nucleus 

Cortex 

PVCN 

Sills, Morgan, Herr, Little, George, 
Ton, Love, Maronpot, Johnson, 
Toxicologic Pathology,  
32: 501, 2004 

Carbonyl Sulfide - Auditory Pathway 
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How many neurotoxicants are there ? 
They exist. Drugs. Chemicals. Excipients. Unidentified. 

Neurotoxicity Assessment:  
which endpoint to use ? 

Multiple endpoints is the best approach because  
the nervous system is unusually complex  

Key Factors for Neuropathology 
1) Location – is it part of a neuroanatomical circuit ? 



In addition to location: 
Timing is important 
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How many neurotoxicants are there ? 
They exist. Drugs. Chemicals. Excipients. Unidentified. 

Neurotoxicity Assessment:  
which endpoint to use ? 

Multiple endpoints is the best approach because  
the nervous system is unusually complex  

Key Factors for Neuropathology 
1) Location – is it part of a neuroanatomical circuit ? 

2) Timing 















Neuroanatomic subsites 
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How many neurotoxicants are there ? 
They exist. Drugs. Chemicals. Excipients. Unidentified. 

Neurotoxicity Assessment:  
which endpoint to use ? 

Multiple endpoints is the best approach because  
the nervous system is unusually complex  

Neuropathology Evaluation:  
how many sections ?  

Routine – Seven sections at least 
Should be hypothesis driven  

based on what we know about the molecule  

Key Factors for Neuropathology 
1) Location – is it part of a neuroanatomical circuit ? 

2) Timing 


