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The Time Course of Neuronal Degeneration Assessing Neurotoxicity at the Wrong Time Can 
is Usually ~2-4 Days Post-administration Should Guide the Timing of Assessment

Study 1: C57BL/6 and BALB/c 
mice did NOT exhibit excitotoxic cell 

Study 2:      C57Bl/6J exhibited 
extensive cell death in limbic 

Lead to False-Negative Results
ExampleWith the burgeoning number of neuroactive compounds being created, be they drugs or 

chemicals introduced into the environment, it is vital to public health that adequate 
means of assessing neurotoxicity are utilized. Fortunately, new technologies are not 
required as there is a wealth of information and tools embedded in the history of

The evidence of cell death is a transient 
event in the brain. Unlike other organs, it is 

Cell death in known neurotoxins has been found to vary between 
compounds, but overlap significantly

death in limbic structures at any of 
the time points examined (4, 7, 12, 
20 days post-administration), leading 
to a conclusion that these animals 
were genetically resistant to kainate-

structures at 12 and 24 hrs following 
kainic acid administration, which was 
dramatically attenuated by 3 days 
post-administration. These mice are 
NOT resistant to kainate-induced

required, as there is a wealth of information and tools embedded in the history of 
neuroscience. The fundamental objective measure of neurotoxicity is to measure 
cell death in the brain following administration of the potential toxin. There are 
three elements critical for adequate detection of potential neurotoxicity: 1) schedule of 
sacrifice times following insult or exposure, 2) sampling intervals within the brain, and 3) 
means of detection. Of these, the first is typically not implemented effectively in 

difficult to observe cell death after it has 
occurred because (1) debris from dead and 
dying cells is rapidly cleared from the brain by 
macrophagic microglia and  (2) surviving 
neurons and glia can ‘close ranks’ leaving no is
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toxicology studies and the second needs significant overhaul. 

Although extensively documented in earlier literature, it is generally unappreciated that 
the debris associated with neurodegeneration does not persist indefinitely and is 
cleared away from the nervous tissue. The time course for the degeneration of 
neuronal components was worked out in the course of studies in the 1960s and 70s by

neurons and glia can close ranks  leaving no 
‘empty spaces’ (unless the lesion is huge, of 
course). While the observable evidence is 
transient, the effects of cell death are 
permanent.  c
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neuronal components was worked out in the course of studies in the 1960s and 70s by 
researchers tracing axon pathways in the brain (utilizing deliberately-created lesions and 
varied time-points of sacrifice). From those studies we know there are consistent 
windows of opportunity for witnessing the degeneration of the different neuronal 
components. Evidence of degenerated synaptic terminals appear the earliest and 
disappear the quickest (all within a 2-3 day span); the debris of dendrites and cell bodies 
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Figure legend: Timing profiles of 
neurodegeneration have been described by 
many researchers, however a comparative 
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enis cleared by 5 days post-insult; and axonal debris -persisting the longest- is gone by 7 

days. For forms of insult that result in delayed neurotoxicity (e.g. certain 
organophosphates) the disintegration process is delayed but, once started, follows the 
same time course. If the test animal is sacrificed too soon or too late, the degenerative 
debris is not visible. 

study has not previously been done to our 
knowledge. Here we overlay known timing 
profiles for 10 neurotoxins to illustrate that 
despite variations between compounds, acute 
neurotoxic effects can be observed in the
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The probability of observing damage induced by kainic acid (brown curve)

Disintegration of each Neuronal Element Has 
Predictable Temporal Characteristics

Neurotoxicity study designs have traditionally included dosing regimens of 14 or 28 days 
followed by sacrifice, however, this may not include adequate windows of opportunity for 
observing degeneration in any of the neuronal elements. Today, we can use information 
gleaned from historical studies and implement similar techniques to detect degeneration 
caused by neurotoxins. Here we present degeneration profiles for several known 
neurotoxins and show how essential sacrifice times are for accurate neurotoxicity testing

neurotoxic effects can be observed in the 
same narrow window of time for all of them. Days post‐administration
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The probability of observing damage induced by kainic acid (brown curve) 

peaks around 2 days post-administration and is negligible after 4 days. In the 
first study neurotoxicity was assessed at time points too late to witness the 

damage and the results were incorrectly interpreted. 

Sub-Chronic and Chronic Neurotoxicity TestingPredictable Temporal Characteristics

Temporal Characteristics of Cell Death Following 
Acute Exposure

Subchronic and chronic dosing/exposures are relevant to potential 
new drugs and environmental agents.

Neurotoxic effects after acute dosing are revealed at early time 

neurotoxins and show how essential sacrifice times are for accurate neurotoxicity testing.
Making assessments too early or too late can lead to incorrect answers. 

Until studies have been done to describe the full timing profile of a 
neurotoxin, a given result can only be valid for the time-point assessed.
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The potential neurotoxic affects following repeated sub-chronic and 
chronic dosing/exposure are likely to be broadly distributed over time 
and require a broader range of sacrifice times.

Cellular changes associated with cell death are visible in 
neurons ~2-5 days after exposure to an acute neurotoxin
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Cell 1

Acute Neurotoxicity: all affected 
cells die within a short window of time.

Sub-chronic and Chronic 
Neurotoxicity: cell death is scattered 

across time.
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Following acute neurotoxicity, a general screening staining method such as 
H&E (hematoxylin and eosin) detect pyknotic nuclear changes in neurons 

(condensation of chromatin in the nucleus of a dying cell is represented in this 
cartoon by dark blue-ish nucleus) and karyorrhexis (fragmentation of the 

nucleus is represented here by a blue-ish speckled nucleus) There is a limited

Affected Structures Revealed by Histological Stains

FluoroJade X X X X

TUNEL X

Nissl X

H&E X

p g
Windows of opportunity are expanded by the use of a 

neurodegeneration stain that reveals all parts of the neurons.
Summary of Concepts Gathered from Past Research

All cells vulnerable to a compound tend to begin dying at the same time
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nucleus is represented here by a blue-ish speckled nucleus). There is a limited 
window of opportunity in which to observe these changes.

Many histological staining methods indicate somatic damage. For more information and complete references please see:This cell death pattern begins within 1-5 days after acute administration
The peak observation opportunity for cell death is 2-5 days after dosing
By 5-10 days, no evidence exists that cell death occurred

Decreased evidence of neurotoxicity (fewer observables) at any given 
time point under repeated dosing conditions requires a wider range of 

sacrifice times as well as a means of detection that captures all elements 
of the neuron (e.g., amino cupric silver, FluoroJade).

Many histological staining methods indicate somatic damage.
Neurodegeneration stains (e.g.,amino cupric silver or FluoroJade) can detect 

pathological changes involving all elements of the neuron. 
Neurodegeneration stains provide a longer window of opportunity to view 

death of the neuron.

For more information and complete references, please see: 
http://www.nsalabs.com/sfn07
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Allen, H. L., L. L. Iverson, et al. (1990). "Phencyclidine, Dizocilpine, and Cerebrocortical Neurons." Science 247(4939): 221. 
Belcher, A. M., S. J. O'Dell, et al. (2005). "Impaired Object Recognition Memory Following Methamphetamine, but not p-Chloroamphetamine- or d-Amphetamine-

Induced Neurotoxicity." Neuropsychopharmacology 30(11): 2026-2034. 
Beltramino, C. A., J. S. de Olmos, et al. (1993). Silver Staining as a Tool for Neurotoxic Assessment. Assessing Neurotoxicity of Drugs of Abuse. L. Erinoff. Rockville, 

MD, U.S. Department of Health and Human Services: 101-132. 
Benkovic, S. A., J. P. O'Callaghan, et al. (2004). "Sensitive indicators of injury reveal hippocampal damage in C57BL/6J mice treated with kainic acid in the absence of 

tonic-clonic seizures." Brain Research 1024(1-2): 59-76. 
Benkovic, S. A., J. P. O'Callaghan, et al. (2006). "Regional neuropathology following kainic acid intoxication in adult and aged C57BL/6J mice." Brain Research 1070: 

215-231. 
Bowyer, J. F. (2000). "Neuronal degeneration in the limbic system of weanling rats exposed to saline, hyperthermia or d-amphetamine." Brain Research 885(2): 166-171. 
Bowyer, J. F., R. R. Delongchamp, et al. (2004). "Glutamate N-methyl-D-aspartate and dopamine receptors have contrasting effects on the limbic versus the 

somatosensory cortex with respect to amphetamine-induced neurodegeneration." Brain Research 1030(2): 234-246. 
Bowyer, J. F., S. L. Peterson, et al. (1998). "Neuronal degeneration in rat forebrain resulting from -amphetamine-induced convulsions is dependent on seizure severity and 

age." Brain Research 809(1): 77-90. 
Buesa, R. J. (2007). "Histo procedures: examining costs." ADVANCE for Medical Laboratory Professionals 19(2): 12-15. 
Carlson, J., B. Armstrong, et al. (2000). "Selective neurotoxic effects of nicotine on axons in fasciculus retroflexus further support evidence that this a weak link in brain 

across multiple drugs of abuse." Neuropharmacology 39(13): 2792-2798. 
Carlson, J., K. Noguchi, et al. (2001). "Nicotine produces selective degeneration in the medial habenula and fasciculus retroflexus." Brain Research 906(1-2): 127-134. 
Colman, J. R., K. J. Nowocin, et al. (2005). "Mapping and reconstruction of domoic acid-induced neurodegeneration in the mouse brain." Neurotoxicoloty and Teratology 

27: 753-767. 
Creeley, C., D. F. Wozniak, et al. (2006). "Low Doses of Memantine Disrupt Memory in Adult Rats." J. Neurosci. 26(15): 3923-3932. 
Creeley, C. E., D. F. Wozniak, et al. (2006). "Donezepil markedly potentiates memantine neurotoxicity in the adult rat brain." Neurobiology of Aging in press. 
Crews, F. T., C. J. Braun, et al. (2000). "Binge ethanol consumption causes differential brain damage in young adolescent rats compared with adult rats." Alcoholism: 

Clinical and Experimental Research 24(11): 1712-1723. 
De Olmos, J. S., S. Ebbesson, et al. (1990). Silver methods for the impregnation of degenerating axoplasm. Neuroanatomical Tract-tracing Methods. L. Heimer and N. 

Robards. New York, Plenum: 117-168. 
Ellison, G. (1995). "The N-methyl--aspartate antagonists phencyclidine, ketamine and dizocilpine as both behavioral and anatomical models of the dementias." Brain 

Research Reviews 20(2): 250-267. 
Ellison, G. (2002). "Neural degeneration following chronic stimulant abuse reveals a weak link in brain, fasciculus retroflexus, implying the loss of forebrain control 

circuitry." European Neuropsychopharmacology 12: 287-297. 
Fix, A. S., J. W. Horn, et al. (1993). "Neuronal vacuolization and necrosis induced by the noncompetitve N-methyl-D-aspartate (NMDA) antagonist MK(+)801 

(dizolcilpine maleate): a light and electron microscope evaluation of the rat retrosplenial cortex." Experimental Neurology 123(2): 204-215. 
Fix, A. S., G. G. Long, et al. (1994). "Pathomorphologic effects of N-methyl-D-aspartate antagonists in the rat posterior ingulate/retrosplenial cerebral cortex: A review." 

Drug Development Research 32(3): 147-152. 
Fix, A. S., J. F. Ross, et al. (1996). "Integrated Evaluation of Central Nervous System Lesions: Stains for Neurons, Astrocytes, and Microglia Reveal the Spatial and 

Temporal Features of MK-801-induced Neuronal Necrosis in the Rat Cerebral Cortex." Toxicologic Pathology 24(3): 291-304. 
Fix, A. S., D. F. Wozniak, et al. (1995). "Quantitative analysis of factors influencing neuronal necrosis induced by MK-801 in the rat posterior cingulate/retrosplenial 

cortex." Brain Research 696: 194-204. 
Garman, R. H., A. S. Fix, et al. (2001). "Methods to identify and characterize developmental neurotoxicity for human health risk assessment II: neuropathology." 

Environmental Health Perspectives 109(supplement 1): 93-100. 
Han, J. Y., Y. Joo, et al. (2005). "Ethanol induces cell death by activating caspase-3 in the rat cerebral cortex." Molecules and Cells 20(2): 189-195. 
Harvey, J. A., S. E. McMaster, et al. (1975). "p-Chloroamphetamine: selective neurotoxic action in brain." Science 187(4179): 841-843. 
Haymaker, W. and R. D. Adams (1982). Histology and Histopathology of the Nervous System. Histology and Histopathology of the Nervous System. W. Haymaker and 

R. D. Adams. Springfield, Charles C. Thomas. 
Heimer, L. (1995). The Human Brain and Spinal Cord. New York, Springer-Verlag, Inc. 
Horvath, Z. C., J. Czopf, et al. (1997). "MK-801-induced neuronal damage in rats." Brain Research 753(2): 181-195. 
Huang, L. Z., L. C. Abbott, et al. (2007). "Effects of chronic neonatal nicotine exposure on nicotinic acetylcholine receptor binding, cell death and morphology in 

hippocampus and cerebellum." Neuroscience In Press, Corrected Proof. 
Ikegami, Y., S. Goodenough, et al. (2003). "Increased TUNEL positive cells in human alcoholic brains." Neuroscience Letters 349: 201-205. 
Jakab, R. L. and J. F. Bowyer (2002). "Parvalbumin neuron circuits and microglia in three dopamine-poor cortical regions remain sensitive to amphetamine exposure in 

the absence of hyperthermia, seizure and stroke." Brain Research 958(1): 52-69. 
Jakab, R. L. and J. F. Bowyer (2003). The injured neuron/phagocytic microglia ration "R" reveals the progression and sequence of neurodegeneration. Toxicological 

Sciences, Society of Toxicology. 
Jensen, K. F., J. Olin, et al. (1993). Mapping toxicant-induced nervous system damage with a cupric silver stain: a quantitative analysis of neural degeneration induced by 

3,4-methylenedioxymethamphetamine. Assessing Neurotoxicity of Drugs of Abuse. L. Erinoff. Rockville, MD, U.S. Department of Health and Human Services. 
NIDA Research Monograph 136: 133-149. 

Jevtovic-Todorovic, V., J. Beals, et al. (2003). "Prolonged exposure to inhalational anesthetic nitrous oxide kills neurons in adult rat brain." Neuroscience 122(3): 609-616. 
Jevtovic-Todorovic, V., N. Benshoff, et al. (2000). "Ketamine potentiates cerebrocortical damage induced by the common anaesthetic agent nitrous oxide in adult rats." Br 

J Pharmacol 130(7): 1692-1698. 
Jevtovic-Todorovic, V., R. E. Hartman, et al. (2003). "Early Exposure to Common Anesthetic Agents Causes Widespread Neurodegeneration in the Developing Rat Brain 

and Persistent Learning Deficits." J. Neurosci. 23(3): 876-882. 
Johnson, E. A., J. P. O'Callaghan, et al. (2002). "Chronic treatment with supraphysiological levels of corticosterone enhances D-MDMA-induced dopaminergic 

neurotoxicity in the C57BL/6J female mouse." Brain Research 933: 130-138. 
Johnson, E. A., A. A. Shvedova, et al. (2002). "d-MDMA during vitamin E deficiency: effects on dopaminergic neurotoxicity and hepatotoxicity." Brain Research 933(2): 

150-163. 
Kuhar, M. J., J. W. Boja, et al. (1995). Cocaine and Dopamine Transporters. The Neurobiology of Cocaine:  Cellular and Molecular Mechanisms. R. Hammer. Boca 

Raton, CRC Press: 201-213. 
Luellen, B. A., D. B. Miller, et al. (2003). "Neuronal and Astroglial Responses to the Serotonin and Norepinephrine Neurotoxin: 1-Methyl-4-(2'-aminophenyl)-1,2,3,6-

tetrahydropyridine." J Pharmacol Exp Ther 307(3): 923-931. 
Maas, J. W., Jr., R. A. Indacochea, et al. (2005). "Calcium-Stimulated Adenylyl Cyclases Modulate Ethanol-Induced Neurodegeneration in the Neonatal Brain." J. 

Neurosci. 25(9): 2376-2385. 
Miller, P. J. and L. Zaborsky (1997). "3-Nitropropionic acid neurotoxicity: visualization by silver staining and implications for use as an animal model of Huntington's 

Disease." Experimental Neurology 1146: 212-229. 
O'Callaghan, J. P. and K. Sriram (2005). "Glial fibrillary acidic protein and related glial proteins as biomarkers of neurotoxicity." Expert Opinion on Drug Safety 4(3): 

433-442. 
O'Shea, E., R. Granados, et al. (1998). "The relationship between the degree of neurodegeneration of rat brain 5-HT nerve terminals and the dose and frequency of 

administration of MDMA ('ecstasy')." Neuropharmacology 37: 919-926. 
Olney, J. W. (2003). "Excitotoxicity, apoptosis and neuropsychiatric disorders." Current Opinion in Pharmacology 3(1): 101-109. 
Olney, J. W., N. B. Farber, et al. (2000). "Environmental agents that have the potential to trigger massive apoptotic neurodegeneration in the developing brain." 

Environmental Health Perspectives 108(Supplement 3): 383-388. 
Olney, J. W., C. Ikonomidou, et al. (1989). "MK-801 prevents hypobaric-ischemic neuronal degeneration in infant rat brain." The Journal of Neuroscience 9(5): 1701-

1704. 
Olney, J. W., J. Labruyere, et al. (1989). "Pathological changes induced in cerebrocortical neurons by phencyclidine and related drugs." Science 244(4910): 1360-1362. 
Olney, J. W., M. T. Price, et al. (1987). "MK-801 powerfully protects against N-methyl aspartate neurotoxicity." European Journal of Pharmacology 141: 357-361. 
Olney, J. W., C. Young, et al. (2004). "Do pediatric drugs cause developing neurons to commit suicide?" TRENDS in Pharmacological Science 25(3): 135-139. 
Paxinos, G. and C. Watson (2007). The Rat Brain in Stereotaxic Coordinates. Amsterdam, Elsevier, Inc. 
Schmued, L. C. and J. F. Bowyer (1997). "Methamphetamine exposure can produce neuronal degeneration in mouse hippocampal remnants." Brain Research 759(1): 135-

140. 
Switzer, R. C., III (1991). "Strategies for assessing neurotoxicity." Neuroscience & Biobehavioral Reviews 15(1): 89-93. 
Switzer, R. C., III (2000). "Application of Silver Degeneration Stains for neurotoxicity Testing." Toxicologic Pathology 28(1): 70-83. 
Wilson, M. A. and M. E. Molliver (1994). "Microglial response to degeneration of serotonergic axon terminals." Glia 11: 18-34. 
Wozniak, D. F., K. Dikranian, et al. (1998). "Disseminated corticolimbic neuronal degeneration induced in rat brain by MK801." Neurobiology of Disease 5(5): 305-322. 
 
 
 


	SFN 2007 poster draft 42x66 Bobs edits hiq.pdf
	reference list ver 1

