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Abstract
Neuropathology methods in rodent developmental neurotoxicity (DNT) studies have evolved with experience and changing
regulatory guidance. This article emphasizes principles and methods to promote more standardized DNT neuropathology eva-
luation, particularly procurement of highly homologous brain sections and collection of the most reproducible morphometric
measurements. To minimize bias, brains from all animals at all dose levels should be processed from brain weighing through paraffin
embedding at one time using a counterbalanced design. Morphometric measurements should be anchored by distinct neuroana-
tomic landmarks that can be identified reliably on the faced block or in unstained sections and which address the region-specific
circuitry of the measured area. Common test article–related qualitative changes in the developing brain include abnormal cell
numbers (yielding altered regional size), displaced cells (ectopia and heterotopia), and/or aberrant differentiation (indicated by
defective myelination or synaptogenesis), but rarely glial or inflammatory reactions. Inclusion of digital images in the DNT pathology
raw data provides confidence that the quantitative analysis was done on anatomically matched (i.e., highly homologous) sections.
Interpreting DNT neuropathology data and their presumptive correlation with neurobehavioral data requires an integrative
weight-of-evidence approach including consideration of maternal toxicity, body weight, brain weight, and the pattern of findings
across brain regions, doses, sexes, and ages.
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Introduction

Developmental neurotoxicity (DNT) is a recognized hazard in

human infants and juveniles who have been exposed to many

different xenobiotics (Vorhees 1994; Andersen, Nielsen, and

Grandjean 2000; Bearer 2001). Accordingly, animal testing for

potential DNT is an important element of the registration pack-

age presented to regulatory agencies for new chemical entities.

The push for evidence-based DNT regulation is decades old

(Buelke-Sam and Mactutus 1990; Francis, Kimmel, and Rees

1990; Levine and Butcher 1990; Rees, Francis, and Kimmel

1990; Stanton and Spear 1990; Tyl and Sette 1990), but only

recently has the degree of communal experience expanded to the

point where intelligent adjustments to regulatory guidelines may

be considered (Crofton et al. 2004; de Groot, Bos-Kuijpers,

et al. 2005; Crofton et al. 2008; Tyl et al. 2008; Makris

et al. 2009; Raffaele et al. 2010; Tsuji and Crofton 2012).

Current regulatory guidelines that govern rodent DNT

testing have been promulgated by the U.S. Environmental

Protection Agency (EPA) and the Organisation for Economic

Co-operation and Development (OECD). One guideline by the

EPA Office of Prevention, Pesticides, and Toxic Substances

(OPPTS Guideline 870.6300; EPA 1998b) and one by the

OECD (Test No. 426; OECD 2007) specifically apply to

the DNT setting, while the recently adopted OECD guideline

for the extended 1-generation reproductive toxicity study

(EOGRTS; Test No. 443; OECD 2012) also has bearing for this

topic. Taken together, these 3 guidelines specify in some detail

the expectations for appropriate neurohistological processing

and neuropathology analysis (Table 1). Such structure-based
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Table 1. Comparison of requirements from common regulatory guidance documents with preferred practices for collecting DNT
neuropathology data sets.

Requirement Guidance document

Practices recommended
by neuropathologistsType

EPA No. 870.6300
(1998) DNT

OECD No. 426
(2007) DNT

OECD No. 443 (2011)
Extended 1-generation

Rat strain Not F344 Common strains Common strains Common strains
Group size for

neuropathology
Per sex/dose/time 6 required (10

recommended by EPA
OPP)

10 10 (≥ 6 homologous
sections for
morphometry)

10 recommended
(6 required)

Total number of
litters dosed

20 litters 20 litters 20 litters 20 litters

Number of litters/
dose level
required for
neuropathology

12 litters (20 litters
recommended by EPA
OPP)

20 litters 20 litters (>12 litters
or 6 rats/sex/dose
for morphometry)a

20 litters (>12 litters
required for
morphometry)

Animal numbers 6 males, 6 females (1 pup/
litter)

10 males, 10 females
(1 pup/litter)

10 males, 10 females
(1 pup/litter)

10 males, 10 females (1 pup/
litter)

Dosing Prenatal þ early
postnatal

GD 6 to PND 10
(mandated by original
EPA guidance)

GD 6 to PND 21
(currently
recommended by EPA
OPP based on data call-
ins)

GD 6 to PND 21 Pre-mating (2-week),
through gestation
and lactation, and on
until terminal
necropsy

Follow the relevant
guidelines

Time points for
neuropathology
assessment

Early PND 11 (mandated by
original EPA guidance)

PND 11- 22 (EPA OPP
allows same option as
OECD 426)

PND 11–22 PND 21 or 22 PND 11 or 22 (for histo)
PND 22 (for
morphometry)

Late At termination of study
(after PND 60
behavioral testing)

Around PND 70 PND 75–90 PND 70–90

Tissue sampling Early Brain only Brain only Brain only Brain only
Late Brain, spinal cord, DRG,

dorsal and ventral
root fibers, peripheral
nervesb

Brain, spinal cord,
DRG, dorsal and
ventral root fibers,
peripheral nervesc

Brain, spinal cord,
DRG, dorsal and
ventral root fibers,
peripheral nervesd

Brain, spinal cord, DRG,
dorsal and ventral root
fibers, peripheral nervese

Macroscopic (gross)
appearance

Yes Yes Yes Yes

Brain weights Fresh PND 11 (including those
selected for
neuropathology) and
at termination: 10/sex;
1 M or 1 F/litter

PND 11 or 21 and
around PND 70: 10/
sex; 1M or 1 F/litter

As for OECD 426 PND 21 and 70 (10/sex, 1 M
or 1 F/litter) not selected
for neuropathology

Fixed At termination (EPA
OPP recommends
this for PND 21): 10/
sex; 1 M or 1 F/litter

At PND 11 or 21 and
around PND 70: 10/
sex selected for
neuropathology; 1 M
or 1 F/litter

As for OECD 426 At PND 21 and 70 (10/sex, 1
M or 1 F/litter) selected
for neuropathology

Special instructions Not specified Not specified Counterbalance time of
weighing brains
across all dosegroups

Counterbalance time of
weighing brains across all
dose groups

Study design
considerations

Counterbalance (all
processing runs
should have some
samples from each
dose group)

Not specified Required for perfusion,
processing of tissue,
and slide staining

Not specified Required for perfusion and
processing of tissue from
all dose groups at least to
the block stage

Up-front processing of
the entire brain to
the block stage for
all dose groups

Not specified Not specified Required Recommended

Recommendations for
coded (blinded)
microscopic analysis

Required if evidence of
neuropathological
alterations found

Recommended if
evidence of
neuropathological
alterations found

Recommended if
evidence of
neuropathological
alterations found

Recommended for
morphometric analysis
but not for the
histopathologic evaluation

(continued)
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Table 1. (continued)

Requirement Guidance document

Practices recommended
by neuropathologistsType

EPA No. 870.6300
(1998) DNT

OECD No. 426
(2007) DNT

OECD No. 443 (2011)
Extended 1-generation

Processing
Fixation type Early Aldehyde ‘‘Appropriate fixative’’ As for OECD 426 Appropriate aldehyde (e.g.,

neutral buffered 10%
formalin)

Late Aldehyde ‘‘Appropriate fixative’’ As for OECD 426 Appropriate aldehyde (e.g.,
neutral buffered 10%
formalin)

Fixation
procedure

Early (PND 11 or
PND 22)

Immersion Immersion or perfusion Immersion or
perfusion

Immersion (PND 11)
Perfusion (PND 22)

Late (adult [PND70]) Perfusion Perfusion Perfusion Perfusion
Embedding

medium
Paraffin for CNS (but

plastic is encouraged),b

plastic for PNS

Paraffin for CNS and
PNS (but plastic
encouraged if higher
resolution needed)

As for OECD 426 Paraffin for CNS and PNS
(unless plastic is required
by the regulatory agency)

Staining
procedures

Routine (paraffin
sections of brain)

H&E H&E As for OECD 426 H&E plus appropriate stains
(e.g., LFB for myelin)

Routine (plastic
sections of PNS)

H&E H&E As for OECD 426 H&E or toluidine blue

Special If warranted Not specified As for OECD 426 Appropriate myelin and
neuronal process stain
such as a silver stain

Histopathological
analysis
Brain: (F1 pups

and adults)
Basic principle ‘‘For all guidance documents: multiple representative sections’’ oriented to assess ‘‘all major structures’’
Specifications for

morphometric
brain
measurements

‘‘Simple’’ morphometrics:
neocortex, H, Ce

‘‘Linear or areal
measurements of
specific brain
regions’’: no regions
specified

‘‘Linear and/or areal
measurements’’ of
‘‘representative’’
areas

‘‘Simple’’ morphometrics:
neocortex, H, and Ce as
well as the S and CC

Spinal corde: (F1
adults only)

‘‘Multiple
representative’’
(not otherwise
specified)

Histo — Histo as for OECD
426d

Histo (PND 70 only,
although some labs also
do PND 22)

Cervical Histoc C1 + C4-6

Thoracic Not specified T6-8

Lumbar Histoc L4-5

Peripheral nerves
and gangliae: (F1

adults only)

‘‘Multiple
representative’’
(not otherwise
specified)

Histob — Histo as for OECD
426d

Distal portions of hind leg
nerves (sciatic, tibial,
fibular, and sural)

DRGs Histoc Multiple (cervical, thoracic,
and lumbar)

Dorsal and ventral
spinal nerve root

Histoc Multiple (cervical, thoracic,
and lumbar)

Sciatic or tibial nerve Histoc Multiple hind leg nerves
(sciatic, tibial, fibular, and
sural)

Note. Ce ¼ cerebellum; CC ¼ corpus callosum; DRG ¼ dorsal root ganglion; F ¼ female; GD ¼ gestational day; H ¼ hippocampus; H&E ¼ hematoxylin and eosin;
LFB ¼ Luxol fast blue; M ¼ male; OPP ¼ Office of Pesticide Programs; PND ¼ postnatal day; S ¼ striatum.
aThe Organization for Co-operation and Development (OECD) 443 guideline (OECD 2012), paragraph 75, states that less than 10 rats/sex/group but no fewer than
6 rats/sex/group are allowed for morphometric measurements so that the laboratory can select only the most homologous sections for analysis.
bFor neuropathology evaluation of adult offspring, the U.S. Environmental Protection Agency (EPA) Office of Prevention, Pesticides, and Toxic Substances (OPPTS)
870.6300 developmental neurotoxicity (DNT) guideline (EPA 1998b) refers to the OPPTS 870.6200 adult neurotoxicity guideline (EPA 1998a) for neuropathology
requirements, which in turn cite a textbook for dissection procedures and the list of central nervous system (CNS) and peripheral nervous system (PNS) structures
that should be sampled for toxicologic pathology of the rat nervous system (Spencer, Bischoff, and Schaumberg 1980).
cThe OECD 426 guideline (OECD 2007) provides the following specific guidance for neuropathology of the adult offspring: ‘‘In adults humanely killed
at study termination, representative sections of the spinal cord and the PNS should be sampled. The areas examined should include the eye with optic
nerve and retina, the spinal cord at the cervical and lumbar swellings, the dorsal and ventral root fibers, the proximal sciatic nerve, the proximal tibial nerve
(at the knee), and the tibial nerve calf muscle branches. The spinal cord and peripheral nerve sections should include both cross or transverse and
longitudinal sections.’’
dThe OECD 443 guideline (OECD 2012) refers to the OECD 426 guideline (OECD 2007).
eThe Society of Toxicologic Pathology (STP) position paper on best practices for rodent DNT neuropathology includes a recommended list of CNS and PNS
structures to sample (Bolon et al. 2006).
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assessments are considered to be valued components of the DNT

test battery because they are reported to exhibit relatively low

variability within and across laboratories (reviewed in Makris

et al. 2009). Despite their potential for overall concordance,

these guidelines permit a substantial degree of flexibility to

testing facilities regarding their application.

Our understanding of rodent DNT testing as a means of

human risk assessment has evolved over time with the

expanding library of neuropathology data sets. This evolu-

tion in knowledge has demonstrated certain insufficiencies

that are inherent in the application of the existing EPA

and OECD guidelines for rodent DNT testing. In particular,

the experience of one of us (R.H.G.) in performing numer-

ous peer reviews of rodent DNT studies confirms that the

broad flexibility in implementing these guidelines remains a

challenge, particularly with respect to the quantitative (mor-

phometric) analysis. The primary difficulties in obtaining

reliable morphometric data reside in 2 features of the rou-

tine DNT neuropathology analysis: (1) consistent produc-

tion of highly homologous (i.e., essentially identical) brain

sections and (2) acquisition of quantitative brain measurements

for reproducible features within such homologous sections.

The current article offers practical recommendations to assist

DNT testing facilities in addressing many aspects of the rodent

DNT neuropathology assessment and particularly these 2 chal-

lenges. The dialogue that led to creation of this article

occurred at a workshop on ‘‘Brain Pathology and Morphology

Elements of the DNT Assay’’ held among a panel of neuro-

pathologists, toxicologists, and regulatory scientists on March

25–26, 2013, under the aegis of the Health Canada Pest Man-

agement Regulatory Agency (PMRA).

The present treatment will be limited to consideration of

practical advice regarding the optimal processing and analy-

tical conditions for undertaking the brain pathology portion

of the rodent DNT test and the rationale underpinning the

need to utilize an integrative weight-of-evidence strategy for

assessment of DNT neuropathology data. This article will

not address in detail the principles and methodology for

preparing and analyzing the spinal cord and peripheral ner-

vous system (i.e., dorsal root ganglia [DRGs] and nerves),

which have been the focus of other papers (e.g., Bolon et al.

2006). This choice reflects the desire to promote greater

standardization of brain sectioning and morphometric anal-

ysis across laboratories, which experience has shown are

the 2 elements of the DNT neuropathology analysis that are

most likely to diverge considerably among laboratories. As

such, the current article uses the recent experience of the

authors to build further on the recommended practices for

implementing the EPA and OECD guidelines, which have

been discussed in depth in prior publications (Garman

et al. 2001; Bolon et al. 2006; Kaufmann and Gröters

2006; Bolon et al. 2011a; Bolon, et al. 2011b; Kaufmann

2011; Salvo and Butt 2011). Finally, the present treatment

provides a logical basis for interpreting the DNT brain

pathology findings in the context of all the results within the

data set for a rodent DNT study.

Designation of Animals for DNT
Neuropathology Evaluation

Conventional DNT studies incorporate both structural (neuro-

pathology) assessment and functional (neurobehavioral)

evaluation. Behavioral testing represents an experience in envi-

ronmental enrichment, the quality of which can vary from indi-

vidual to individual. Such enrichment will increase the synaptic

density on neurons in brains of rats exposed to neurotoxicants,

but the impact on measurements of regional linear dimensions

or volume is not yet clear (reviewed in Hannigan, O’leary-

Moore, and Berman 2007; B. J. Anderson 2011). Therefore,

where feasible, animals slated for neurobehavioral and neuro-

pathology examinations should by design be drawn from dif-

ferent experimental cohorts so that the enrichment offered by

behavioral training and testing does not have an opportunity to

alter the structure of regions slated for morphometric measure-

ment. This strategy can be implemented readily in standard

DNT studies (EPA 1998b; OECD 2007) but cannot be adopted

in the EOGRTS setting as the latter design requires that the

same animals be used for both the neurobehavioral and neuro-

pathology assessments (OECD 2012).

Necropsy and Histological Procedures
for Developing Neural Tissues

General Principles

The histological procedures required to produce the highly

homologous sections needed for DNT studies differ substan-

tially from the standard operating procedures (SOPs) typically

used to process tissues for all other guideline-mandated studies

for mammalian toxicity. In addition, artifactual differences that

are introduced as a result of processing tissues from different

dose groups to the paraffin block stage at different times (e.g.,

processing the high-dose and control groups at one point and

the mid-dose and low-dose groups later) may have little influ-

ence on qualitative histopathological evaluations but can nega-

tively impact the quantitative morphometric evaluation to the

point where the data set is not of sufficient quality for inter-

pretation. Pathologists can minimize these difficulties by over-

seeing the development of SOPs specific for DNT studies. The

key facets to address via such documents are maintaining iden-

tical conditions for harvesting and processing nervous tissue

(especially brains) from all dose groups as well as describing

techniques and training to help histotechnicians identify the

specific neuroanatomic landmarks needed to reliably produce

highly homologous sections.

The most important individuals involved in ensuring the

generation of highly homologous brain sections are the histo-

technicians. For this reason, staff tasked with slicing brains and

preparing sections for quantitative evaluation must receive suf-

ficient training in rodent neuroanatomy to be able to recognize

the contours of critical neuroanatomic regions that are expected

to be present in sections of the 3 brain levels from which

morphometric measures are to be obtained. The number of
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structures that must be identified for this purpose is fairly

small, thus requiring individuals to learn a limited number of

patterns in order to accomplish this task.

Optimal Age for DNT Neuropathology Analysis

The published EPA DNT guideline requires that the exposure

period in a rodent DNT study extend from gestational day (GD)

7 to postnatal day (PND) 11 (EPA 1998b). However, since the

EPA DNT guideline was finalized, the second author has been

involved with DNT data call-ins by the EPA Office of Pesticide

Programs (OPP) for which the length of exposure was required

to last until PND 21 (Table 1). The more recent OECD 426

DNT and 443 EOGRTS guidelines codify the EPA OPP man-

date by requiring that exposure last until PND 21 (OECD 2007,

2012). The outcome of this harmonization is that neuropathol-

ogy evaluation of offspring for DNT risk assessment typically

will occur at PND 22 and approximately PND 70 (Table 1;

EPA 1998b; OECD 2007). While similar, the specific require-

ment in the OECD 443 EOGRTS guideline sets the stages for

neuropathology analysis for adults to fall between PND 75 to

90 for adults (Table 1; OECD 2012). The Society of Toxico-

logic Pathology (STP) ‘‘best practice’’ recommendations1 for

DNT neuropathology assessment propose that PND 22 is the

optimal age for neuropathology analysis of the younger

cohort, particularly for the acquisition of linear morphometric

measurements, unless existing information endorses the

choice of a different age (Bolon et al. 2006). The reason for

this recommendation is that the brains in PND 11 rats exhibit

a greater inherent biological variability in size (Garman et al.

2001).

Optimal Fixation Procedures for DNT
Neuropathology Analysis

Different fixation methods are recommended for optimal pre-

servation of the nervous system based on the age of the ani-

mals. All EPA and OECD guidelines require whole-body

perfusion of adults (PND 70 or older, Table 1; EPA 1998b;

OECD 2007, 2012). The published EPA DNT guideline recom-

mends that the PND 11 nervous system be preserved by immer-

sion fixation (Table 1; EPA 1998b), while the OECD 426 DNT

and 433 EOGRTS guidelines permit fixation by either immer-

sion or perfusion (Table 1; OECD 2007, 2012). The STP ‘‘best

practice’’ recommendations for DNT neuropathology assess-

ment recommend perfusion fixation at both PND 22 and PND

70 to ensure that preservation of the nervous system is optimal

and to reduce the likelihood of introducing artifacts during

dissection and fixation that will distort cellular features and/

or increase the interindividual variability in brain dimensions

(Bolon et al. 2006).

In the event that PND 11 brains will be analyzed chiefly via

qualitative means (i.e., histopathology) rather than quantitative

approaches (e.g., linear morphometric analysis), immersion

fixation is a suitable method for preserving brain anatomy. The

rationale for this choice is that PND 11 brains are smaller and

less myelinated and thus can be effectively penetrated by

immersion in standard fixatives (Table 1). Perfusion fixation

in PND 11 pups can be conducted, but the infusion pressure

must be carefully controlled and kept at the lower range of the

systolic blood pressure (approximately 100 mmHg) in order to

prevent vascular rupture and artifactual distortion of the soft

brain tissue (Bolon et al. 2006; Kaufmann 2011).

Linear and Weight Measurements of the Intact Brain

All brains should be removed and weighed only after a con-

sistent period of in situ fixation (Table 1). This rigorous main-

tenance of identical handling conditions is contrary to the

practice in routine toxicity studies, in which tissues from the

mid-dose and low-dose groups are stored in fixative for much

longer periods unless findings are noted during the initial

examination of tissues from the high-dose group. For the pur-

pose of brain morphometric analysis, however, this standard

stepwise approach to processing nervous tissues will introduce

differences of variable degree in the sizes and weights of brains

and other nervous tissues. Such differences arise because con-

ventional aldehyde-based fixation shrinks the brain tissue by

approximately 50% (Mouritzen Dam 1979) to 60% (Wehrl

et al. 2015) via cross-linking the proteins. The degree of

shrinkage varies in different brain regions and in 3 dimensions

(Kretschmann, Tafesse, and Herrmann 1982; Quester and

Schröder 1997). The degree of size reduction is multiplicative

in space; for example, linear (1-dimensional) shrinkage to 90%
(0.9) of the original brain length yields an area (2-dimensional)

shrinkage of 81% (i.e., 0.9 � 0.9). The shrinkage imparted

by routine formalin fixation also occurs with other cross-

linking fixatives, such as paraformaldehyde (Wree et al.

1995; Wehrl et al. 2015). Longer fixation may produce more

shrinkage, although most of the size reduction occurs during

the initial stages of preservation. Therefore, all brains should

be handled and processed in a comparable fashion—fixation

time, temperature, and length should remain ‘‘constant’’—at

the beginning of the study. The authors recommend that this

strategy be followed consistently for all future rodent DNT

neuropathology evaluations to avoid the need to consider

variations in histological processing when examining dose-

related differences in linear morphometric measurements

between groups processed early in the analysis (e.g., high-

dose and control) versus those processed much later (e.g.,

low-dose and mid-dose).

Unfortunately, no means can be applied retroactively to data

sets from older DNT studies to define whether or not any dose-

related discrepancies of late-processed groups relative to the

early processed concurrent control cohort represents a shrink-

age artifact due to extended fixation or a test article–related

effect on linear dimensions of the brain. In cases where

1 Two authors of this article (B.B. and R.H.G.) participated in the formulation

of these recommendations.
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significant differences are detected in late-processed low-dose

and mid-dose groups that exceed those identified in the early

processed high-dose group (i.e., the changes are not dose

dependent), the authors concur that the results of the late-

processed groups are likely to reflect a processing artifact and

that the DNT risk assessment most appropriately should be

based on comparison of the concurrently processed high-dose

and control groups.

Some institutions may choose to acquire multiple gross

quantitative measurements prior to brain slicing and process-

ing. For example, in addition to weighing the brains, certain

laboratories may perform brain volume determinations (see,

e.g., Dorph-Petersen et al. 2005). Gross morphometric analysis

of the intact brain may be as simple as taking a single linear

measurement (Kaufmann and Gröters 2006) or may include

procurement of several linear measurements (Bolon et al.

2006). The biological basis for collecting such measurements

is that test article–related disruption of neural development will

reduce the number of cells and/or cell processes in brain

regions and thus lessen the overall size (linear and volumetric

dimensions) of the structure. Typically, the plane of the sec-

tions to be used for histopathological evaluation will define the

placement of linear measurements when assessing the intact

brain; brain length in the longitudinal plane typically is deter-

mined if transverse (coronal) sections are to be produced, while

brain width is gauged if lengthwise (sagittal) sections are to be

generated.2 Either option (coronal or sagittal) is an effective

means for acquiring gross linear measurements of brain size, as

long as the same external neuroanatomic landmarks are used

consistently to place (or ‘‘anchor’’) the lines for measurement.

An alternative approach to gross quantification of brain

dimensions is to determine the area of well-demarcated struc-

tures (Bolon et al. 2006). This tactic may be less cost effective

since areal measurements require computer analysis of digital

images and thus cannot be performed quickly using simple

instrumentation. The important point is that desired gross

morphometric measurements must be planned in advance and

acquired prior to brain slicing since structures that are out of

the visible planes of the sections can no longer be measured

once brains have been sliced and sectioned (e.g., preparation

of coronal brain sections will preclude acquisition of sagittal

measurements).

Embedding and Sectioning Neural Tissues

The OECD guidelines for DNT and EOGRTS testing (Test

Nos. 426 and 443) require that ‘‘brain tissue collected for

morphometric analysis should be embedded in appropriate

media at all dose levels at the same time in order to avoid

shrinkage artifacts that may be associated with prolonged

storage in fixative’’ (Table 1; OECD 2007, 2012). The EPA

DNT guideline stipulates that tissues from the central nervous

system (CNS) and peripheral nervous system (PNS) are to be

embedded in paraffin and plastic, respectively (Table 1; EPA

1998a, 1998b). In DNT studies, the systematic analysis of the

PNS (including DRG) and the spinal cord often is concen-

trated on assessment of structures in adult animals (PND 70).

The choice of plastic for embedding the PNS requires a bal-

ance between tissue resolution and practicality. Selection of a

hard plastic (e.g., epon-araldite) provides good resolution of fine

axonal and myelin features, especially if they are enhanced by

osmium postfixation (which is imperative for a detailed assess-

ment of myelin structure), but the difficulty in cutting hard plas-

tic usually limits the number of samples that are processed and

assessed for each animal (commonly to 1 or 2 nerves and 1 DRG

per spinal cord division—cervical, thoracic, and lumbar). Utili-

zation of a soft plastic (e.g., methacrylate), which is much easier

to section, supports the evaluation of greater numbers of DRG

and spinal nerves within a single block (although not nearly as

many as can be embedded in a single paraffin block). In the

experience of the pathology-trained authors,3 in the absence of

osmium enhancement, the resolution of PNS (nerves/ganglia)

features that have been embedded in soft plastic is not suffi-

ciently improved relative to paraffin embedding to warrant the

expense and increased effort. Nerve cross sections that have

been postfixed in osmium and embedded in resin/hard plastic

do provide a substantial improvement over paraffin-embedded

tissues. Nerve samples to be examined in cross section may be

osmicated and embedded in paraffin if for some reason (often

expense) resin embedding is not performed. Nerve specimens to

be assessed in longitudinal orientation typically are not osmi-

cated because of the overlap of nerve fibers, and the dark myelin

sheaths produced by osmium postfixation obscure many

cytoarchitectural features.

For both CNS and PNS tissues, all aspects of the embedding

process should be balanced across all dose groups. In practice,

therefore, each cycle of the tissue processor should include

randomly chosen cassettes from every dose group rather than

be limited to cassettes from a single group (e.g., if all control

brains are segregated in 1 cycle and all high-dose brains held in

another). This strategy will ensure that no systematic bias will

arise if a tissue processor malfunction were to occur.

Another procedural factor that can introduce artifactual dif-

ferences is related to the consistency of the histotechnicians.

The ideal practice is to have a single histotechnician embed and

section all brain blocks for a given brain plane. This strategy

will greatly reduce differences in the plane of section that will

diminish the degree of homology among sections. Such differ-

ences arise due to subtle variations in the application of SOPs

that occur even in individuals who have received the same

training. If multiple persons participate in preparing brain
2 The choice of orientation for brain sections (coronal vs. sagittal) depends on

pathologist and institutional preference, which may be informed both by tra-

dition (i.e., most toxicologic neuropathologists are trained in assessment of

coronal brain sections) and practicality (i.e., the trimming plane for making

sagittal sections of cerebellum is extremely easy to find, even for inexperienced

histotechnicians).

3 The authors with pathology training and rodent DNT experience include

R.H.G., W.K., R.N.A., and B.B.
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slides for a single study, the technicians may be allocated to

work specifically with brain blocks from only 1 sex as gender

dissimilarities in neuropathologic findings usually are of less

consequence than dose-dependent differences for risk assess-

ment. Similarly, if a brain comparison between sexes is desir-

able, then brain blocks for a given brain plane from males and

females should be processed at the same time by the same

technician to ensure that histological conditions experienced

by tissues are equivalent (Maurissen 2010).

When processing tissues from rodent DNT studies, consid-

eration should be given to processing brains from all dose groups

all the way to sections maintained on glass slides. These options

address potential areas of concern that may arise over time from

changes in technicians and/or other experimental factors (new

microtomes, variable angling of microtome blades, fluctuating

water bath conditions, etc.), any of which might introduce dif-

ferences in morphometric measurements between tissues pro-

cessed first (control and high-dose) and those held for later

processing (low-dose and mid-dose). An important downside

to simultaneous processing of brains from all 4 dose groups prior

to the analysis is the high cost of sectioning 2 times as many

brains as may be necessary. On the other hand, this extra cost is

considered by some companies as protection of the larger invest-

ment already made to conduct the DNT or EOGRTS assay

(typically >US$1 million). For example, a regulatory decision

mandating acquisition of morphometric measurements for the

mid-dose and low-dose groups can take 2 or more years from the

time the control and high-dose tissues were evaluated, during

which time changes in laboratory staff, equipment, and/or pro-

cedures are likely to have occurred.

Further consideration should be given to simultaneous

acquisition of morphometric measurements for all dose groups.

Reasons for considering this up-front completion of the quant-

itative analysis for all dose groups rather than merely the high-

dose and control cohorts include situations in which (a)

evidence of behavioral abnormalities has been obtained in the

DNT or EOGRTS study, (b) evidence of behavioral abnorm-

alities or neuropathologic lesions has been found in prior stud-

ies with the same molecule, or (c) detection of a lowest

observed adverse effect level (LOAEL) at the low-dose level

could impact the risk assessment. If there is evidence of test

article–mediated CNS effects from the DNT test or other

studies, regulatory agencies are more likely to require that

the low-dose and mid-dose groups be evaluated even if the

pathologist attributes the numerical differences in measure-

ments between the high-dose and control groups to delays in

growth or if the differences are not statistically significant.

Producing Highly Homologous Brain Sections Based
on Neuroanatomic Landmarks

The key to producing highly homologous sections is to anchor

slicing and sectioning of the brain on clearly defined neuroa-

natomic landmarks and to develop a training program for his-

totechnicians so that they are proficient at identifying these

landmarks. This twin focus is not typically required for brain

assessment performed during standard toxicity studies, in

which sections need to be similar but not highly homologous,

and thus requires additional planning to ensure that the DNT

brain pathology data set will be of the highest possible quality.

The importance of highly homologous sections for acquir-

ing quantitative data is underscored by the most recent gui-

dance on morphometric measurements in DNT testing. The

EOGRTS guideline states that ‘‘[w]hile the objective is to sam-

ple all animals reserved for this purpose (10/sex/dose level),

smaller numbers may still be adequate’’ (Table 1; OECD

2012). Data collection from fewer than 6 animals/sex/dose

level would generally not be considered sufficient for risk

assessment (OECD 2012). This recent regulatory clarification

allows more flexibility for the pathologist to concentrate on

selecting suitably highly homologous sections for morpho-

metric measurements from a subset of animals rather than

having to include less optimal sections to fully satisfy a

rigid sample size of 10 rats/sex/dose level. Nevertheless, every

effort should be made to obtain highly homologous sections for

10 animals/sex (i.e., 1 pup/litter from 20 litters). The approach

to obtaining such sections proceeds in a stepwise fashion.

Step 1: Precision trimming of the brain based on neuroanatomic
landmarks. To dependably obtain comparable neuroanatomic

structures in unstained sections, the initial emphasis must be

placed on trimming brains for each animal at all dose levels

through similar planes. The neuroanatomic knowledge needed

to generate highly homologous brain sections is based on rec-

ognition of easily discerned external and internal macroscopic

landmarks. Figure 1 illustrates the use of external landmarks on

the ventral brain surface to place 9 transverse cuts necessary to

generate coronal sections for 8 brain levels. Other gross planes

of orientation dictated by different landmarks also are accep-

table (Bolon et al. 2006; Kaufmann 2011); the key is that the

landmarks chosen by a particular institution reliably permit the

collection of highly reproducible sections. The landmarks used

for positioning the cuts shown in Figure 1 are as follows:

Cut #1: Just caudal to the olfactory bulbs,

Cut #2: Midway between the rostral cut surface and the optic

chiasm,

Cut #3: Just rostral to the optic chiasm,

Cut #4: Just rostral to the infundibulum,

Cut #5: Just rostral to the caudal edge of the mammillary

body,

Cut #6: Just rostral to the rostral border of the pons,

Cut #7: Just rostral to the midpoint (in the transverse plane)

of the cerebellar cortex,

Cut #8: Through the caudal portion of the cerebellar cortex

(approximately 25% of the cerebellum’s [Ce] length

forward from the caudal margin of the Ce), and

Cut #9: Through the rostral portion of the medulla oblongata

(just caudal to the Ce).

Some investigators may prefer to sample the Ce and brain-

stem along the mid-sagittal plane (Figure 1, cut #10) since
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reproducible cerebellar features (for later morphometric

analysis) are obtained readily in sections with this orientation.

The most important aspect of brain slicing is to maintain a

consistent knife angle that is also perpendicular to the long axis

of the brain. The brain may be trimmed using a mechanical aid

(e.g., a brain matrix) or without the use of an aid (i.e., ‘‘free-

hand’’). Whether or not to use a brain matrix is a matter of

personal preference. Brain matrices often are preferred as a

means to keep the slicing blade vertical, while ‘‘freehand sli-

cing’’ often is justified due to variations in neuroanatomic

dimensions among animals (Figure 2). The blade may be main-

tained in a vertical orientation during freehand brain trimming

by placing a mirror on the opposite side of the brain (to that of

the trimmer) when making each cut (Figure 3). Small devia-

tions in the knife angle when trimming can result in significant

differences in the dimensions of certain structures (as demon-

strated by variation in the thickness of the corpus callosum

[CC] in Figure 4), which can produce substantial divergence

in morphometric measurements.

Step 2: Embedding and sectioning strategies for achieving highly
homologous sections. Once brains have been sliced, the brain

slices are placed into cassettes according to whether or not

highly homologous sections must be produced. Brain slices

designated only for qualitative examination do not require

highly homologous sections and may be embedded together

in a single cassette and sectioned once. In contrast, levels

that contain structures selected for morphometric analysis

(Figure 5) do require highly homologous sections and thus

must be embedded individually and sectioned serially. To

make highly homologous sections, some facilities merely

instruct their histotechnicians to cut a certain number of step

sections (usually taking three to five 5-μm-thick sections

over a distance of 50–100 μm) or serial sections (usually five

to ten 5-μm-thick sections) and to then have the study pathol-

ogist pick out those sections that are most homologous for

that particular study. Such an automated approach increases

interstudy variability in the morphometry data, which will

have a negative impact on any historical data for that labora-

tory. Some institutions also assign greater than 10 rats/dose

group, so that the morphometric data from those rats not

having homologous sections can be discarded. Either of these

approaches takes more time for both the histotechnicians and

pathologists. In addition, excessive sectioning of the brain

blocks may limit the amount of brain tissue available should

a recut of the block be needed later (e.g., for additional spe-

cial staining procedures). A far better strategy for obtaining

highly homologous sections is for the histotechnicians to

section the paraffin blocks only until specific internal neu-

roanatomic landmarks can be identified (Figure 5), at which

point a single section or a small number of serial sections can

be taken.

Step 3: Training technicians to orient brain blocks and select
unstained sections based on internal neuroanatomic landmarks.
After the brains are sliced, technicians should be able to readily

identify the rostral and caudal faces of the coronal slices or the

medial and lateral faces of sagittal slices. One simple approach

to train technicians in this task is to lay out all the slices for 1 or

several individual brains and then, while the histotechnician is

not observing, randomly flip some slices over for them to cor-

rect (e.g., resulting in having all of the rostral faces placed

upward). Once certain macroscopic features are demonstrated

to the technicians within the brain slices, these technicians also

should find it relatively easy to identify the same structures on

the face of a block mounted on a microtome and within

unstained paraffin sections floating on a water bath (whether

observed by the naked eye or observed with a jeweler’s loupe

or microscope).

The DNT study team should strive to ensure that, for each

brain level, the section taken from every rat exhibits similar

neuroanatomic structures as those from all animals in the study

(i.e., the sections exhibit homology). Such structural equiva-

lence greatly aids the qualitative examination and is a neces-

sary prerequisite for accurate quantitative morphometry.

Indeed, the extent of homology must be exacting in sections

containing structures destined for morphometric analysis (i.e.,

cerebral cortex [Cx], hippocampus [H], and Ce, which are

mandated for quantitative assessment by EPA DNT guidelines;

EPA 1998b). The necessary high degree of homology is deli-

neated using a few key internal landmarks (Figure 5), which are

discussed in greater detail subsequently.

The accuracy of the chosen plane for making highly homo-

logous sections can be confirmed without leaving the

Figure 1. Ventral surface of an adult rat brain delineating levels at
which slices are made using gross neuroanatomic landmarks. Lines
1 to 6 denote slices that are made from the ventral surface, whereas
lines 7 to 9 indicate cuts made from the dorsal surface. Line 10 (dotted)
shows the position of a mid-axial slice if a sagittal orientation is pre-
ferred for cerebellar morphometric measurements; in this case, the
opposite side of the brain would still be sliced at lines 7 to 9 to
produce hemisections for qualitative assessment. In general, the slices
are made just rostral to the neuroanatomic region of interest (to allow
for some ‘‘facing in’’ of the paraffin block), and the rostral faces of each
slice are embedded downward in the tissue cassettes (so that they are
sectioned first).
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microtome area by viewing the gross neuroanatomic landmarks

as the unstained sections float on the water bath (Figure 6) or

by examining structural details more closely in an unstained

section on a slide using a standard bright-field microscope with

the iris diaphragm partly closed (Figure 7). As the plane show-

ing the structure of interest is approached, the histotechnician

will start to collect serial sections—usually mounting 3 or 4

sections taken at the same level on a single slide (Figure 8).

This approach is consistent with the OECD 443 EOGRTS

guideline, which specifies that at least 3 consecutive sections

should be taken at each landmark level in order to select the

most homologous and representative section (OECD 2012).

Depending upon whether or not special neurohistological

stains are employed, multiple slides, one or more for each stain,

may be required. However, highly homologous sections for all

animals are essential only for the brain levels (and stains) from

which morphometric measurements are to be obtained.

Many landmarks within the brain interior may be employed

to ensure that brain levels are taken in the same orientation for

all animals within a given DNT study and ideally over time

for all rodent DNT studies performed in a given institution.

Neuroanatomic landmarks utilized to produce highly homo-

logous sections in the first author’s laboratory have included

the decussation of the rostral (anterior) commissure (RC), the

horizontal positioning of the dorsal H, and the 7th cranial

nerve (7) tract within the brainstem (Figures 5 and 6). The

decussation of the rostral commissure and the 7th cranial

nerve were chosen because of their relatively short (approx-

imately 250–350 μm) rostral to caudal dimensions within the

adult rat brain. The appropriate hippocampal level is defined

based on very clear and reproducible anatomic features: com-

plete separation of the dentate gyrus (DG) medially plus an

absence of the lateral extension of the H downward on either

side of the thalamus (T). Desirable features that can be seen

and measured in the 3 highly homologous brain sections are

readily identifiable in rats at both weaning (PND 21) and in

adulthood (PND 70; Figure 9). Although different labora-

tories might utilize somewhat different brain levels, the essen-

tial point illustrated by this example is that the levels chosen

by an institution need to be clearly defined by consistent

neuroanatomic landmarks and that the same levels need to

be available for all animals to ensure that morphometric mea-

surements will have value.

Step 4: Selecting stains to highlight neuroanatomic landmarks
in DNT studies. Different neuroanatomic features may be

Figure 2. Ventral surfaces of 4 adult rat brains from a developmental neurotoxicity (DNT) study showing variations in rostral–caudal dimensions,
maximal widths, and points of fusion of the optic nerves. Because of this normal biologic variation, some laboratories prefer freehand brain slicing
rather than the use of a brain matrix, even though matrices may permit better maintenance of a relatively constant knife angle during slicing.
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highlighted by using a variety of histologic stains. The EPA

guideline for DNT studies (OPPTS 870.6300; EPA 1998b)

refers to the EPA guideline adult neurotoxicity studies (OPPTS

870.6200; EPA 1998a) in mandating that ‘‘histological sections

should be stained for hematoxylin and eosin (H&E), or a com-

parable stain according to standard published protocols.’’ In

guidelines for adult neurotoxicity and DNT studies, H&E is

the stain most commonly employed for initial brain screening

(Table 1). This choice is predicated on convenience (i.e., all

other protocol tissues will be stained in this fashion), conven-

tion (i.e., this stain has been utilized successfully for this

purpose for decades), and perceived ease of regulatory accep-

tance (EPA 870.6200, EPA 870.6300, OECD 426, OECD

443). However, certain neuroanatomic features are better

delineated using other stains. For example, the cresyl violet/

Luxol fast blue (CV/LFB) stain is superior to H&E for

demonstrating both the margins of brain nuclei (CV, which

highlights neurons) and the quality of myelination in white

matter tracts (LFB, which showcases myelin-rich structures).

In particular, myelin stains like LFB reveal that the structural

outlines of major brain regions are similar in rats at PND 21

and PND 70 (except for size), but that more rostral brain

sections are relatively hypomyelinated at PND 21 (Figure 9).

The authors recommend that the standard staining battery for

rodent DNT studies include, at minimum, H&E and a myelin

stain (i.e., LFB or CV/LFB). The reasons for this recommenda-

tion are that H&E has proven suitable for routine qualitative

analysis of brain sections, while the LFB-based stain is better

than H&E for quantitative assessment (i.e., linear morphometry).

The superiority of LFB-stained sections relative to H&E-stained

sections when gathering morphometric measurements rests on

the ability of LFB to more crisply highlight the borders of the

neuroanatomic regions, which should permit anchor points for

morphometric measurements to be recognized more easily. The

use of CV in combination with LFB also will better reveal

overall cellularity in brain regions than does H&E. This battery

is acceptable for DNT neuropathology screening because com-

mon DNT lesions (described in more detail subsequently) tend

to reflect aberrations in neuronal numbers, location, or differen-

tiation rather than the frank neuronal necrosis with correspond-

ing glial reaction that is the more typical pattern seen in adult rats

exposed to neurotoxicants. In general, then, additional special

stains to showcase necrotic neurons (e.g., fluoro-jade), apoptotic

cells (e.g., anti-cleaved caspase 3), reactive astrocytes (e.g., anti-

glial fibrillary acidic protein [GFAP]), or microglia (e.g., anti-

ionized calcium-binding adaptor protein 1) need not be under-

taken during the initial qualitative analysis unless some charac-

teristic of the test item (known brain targets, specific historical

information on the test item, structural homology with a known

neurotoxic agent, prior experience with the test item) warrants

inclusion of these (or other) stains that might reveal a morpho-

logic change not evident on the H&E- and/or LFB-stained sec-

tions. As with all neuropathology investigations, additional

stains/procedures should be utilized if the initial assessment of

the H&E- and LFB-stained sections suggests that further inves-

tigation is needed to complete the morphologic assessment.

Figure 3. Freehand slicing of a rat brain in a tissue trimming hood.
The mirror assists the technician in achieving a standardized vertical
cut on both sides of the brain.

Figure 4. Sagittal sections of a rat brain stained with cresyl violet/Luxol
fast blue (CV/LFB) demonstrating that variations among the plane of sli-
cing (red lines) will yield quite different thicknesses for the corpus callo-
sum (CC), even though both of these cuts pass through the decussation of
the rostral (anterior) commissure (RC; arrows). The labels ‘‘correct’’ and
‘‘incorrect’’ reflect the decision of this laboratory regarding the most
appropriate position of the brain slice (in this case, perpendicular to the
dorsal [superior] surface of the cerebral cortex [Cx]).

Garman et al. 23

 at Hoffmann-La Roche on February 11, 2016tpx.sagepub.comDownloaded from 

http://tpx.sagepub.com/


Quantitative Measurements for the Brain

General Principles

Quantitative analysis in DNT studies may use any of many

recognized techniques. Common choices include linear or, less

often, areal measures that assess structural dimensions in

highly homologous preparations. Other methodologies include

stereology (on either thick or thin serial sections) for enumer-

ating cell numbers within a determined volume of tissue (Bolon

et al. 2011b; Butt 2014; Duffell, Soames, and Gunby 2000) and

regional volumetric measures performed via magnetic reso-

nance microscopy (MRM; Calabrese et al. 2013; G. A. Johnson

et al. 2014). At the present time, modalities such as MRM are

not practical for routine use in most contract laboratories, but

MRM is likely to become a major ancillary technique in the

conduct of rodent DNT studies in the future (K. Johnson

et al. 2006).

The EPA DNT guidelines require ‘‘simple morphometric mea-

sures’’ that would consist of a ‘‘reliable estimate of the thickness

of major layers at representative locations within the neocortex,

hippocampus and cerebellum’’ (Table 1; EPA 1998b). The sci-

entific basis for such ‘‘simple’’ measurements is that they screen

for alterations in all neural elements within the region: cell num-

bers (especially but not limited to neurons), synaptic densities,

and extent of myelination. The more recent OECD DNT and

EOGRTS guidelines suggest ‘‘linear or areal measurements of

specific brain regions’’ as well as stereology (OECD 2007, 2012).

The guidelines do not specify if such measurements should be

acquired unilaterally or bilaterally. The recent STP best practices

paper detailing optimal practices for DNT neuropathology anal-

ysis recommends that brain measurements for bilaterally symme-

trical structures be taken bilaterally where feasible, but that the

data for each side should be kept separately. The measurements

may be analyzed and reported separately, or the average of the

Figure 5. Sections of the common brain levels used for making linear morphometric measurements of cerebral cortex (Cx), hippocampus
(H), and cerebellum (Ce). The planes of the coronal sections (i.e., those with a blue hue imparted by cresyl violet/Luxol fast blue [CV/LFB])
are defined by such internal neuroanatomic landmarks as the rostral (anterior) commissure (RC), dentate gyrus (DG) of H, and 7th cranial
nerve (7). The midsagittal cerebellar section (pink hue) was stained with hematoxylin and eosin (H&E). Level numbers reflect those of the
labeled lines in Figure 1. Abbreviations for other major neuroanatomic landmarks: CC ¼ corpus callosum; S ¼ striatum (caudate-putamen);
T ¼ thalamus.
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2 measures can be calculated and subjected to analysis (Bolon

et al. 2006). Both approaches should yield a similar outcome, but

the authors all acquire measurements on both sides of the brain

because this approach removes potential bias in cases where the

sections are slightly oblique or where subtle morphologic asym-

metry exists in certain brain structures (Rosen 1996; Czéh et al.

2008). Currently, the majority of laboratories conducting rodent

DNT studies under the various regulatory guidelines perform

linear measurements utilizing either the actual brain sections on

slides or the digitized images of the whole sections.

Although counting neuronal numbers via optical dissector

stereology has been suggested as a more sensitive approach

relative to linear or areal measures (e.g., Duffell, Soames, and

Gunby 2000), most contract laboratories have preferred to take

linear measurements of selected neuroanatomic regions for

several reasons. First, linear measurements can be performed

in a relatively short amount of time (as little as 10–15 min per

animal) once highly homologous sections are obtained (Bolon

et al. 2011b). By comparison, stereologic procedures require

substantially more time for performing the cell counts (hours

per animal, depending upon the number of brain regions to be

evaluated; Bolon et al. 2011b). Second, stereologic procedures

require considerably more sections and thus significantly

increased histotechnological processing time. Third, some opti-

cal dissector stereology procedures require thick sections (in

order to achieve an adequate Z-axis) and therefore need to be

performed on a separate set of brains (thus requiring additional

animals because thick sections are not optimal for detecting

Figure 6. Unstained paraffin sections from 3 levels of an adult rat
brain as they appear when floating on a water bath immediately after
being transferred there from the microtome, demonstrating that such
key internal landmarks as the rostral (anterior) commissure (RC),
hippocampus (H), and 7th cranial nerve (7) may be recognized readily
with a modest degree of neuroanatomical training.

Figure 7. Although many neuroanatomic structures can be seen easily
within sections floating on the water bath, viewing these unstained sec-
tions with a microscope (after they have been mounted on a slide)
represents another technique that may prove to be helpful to the histo-
technician. The iris diaphragm of the microscope must be partially closed
to obtain sufficient contrast. In the top image, the rostral (anterior)
commissure (RC; encircled) is seenoneither side but has not yet crossed
the midline. In the bottom image, its midline decussation is readily visible.
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histopathologic alterations). Finally, the scientific basis for

stereological analysis is not applicable to routine DNT neuro-

pathology assessment. For a neurostereological analysis to be

truly unbiased, the region to be evaluated must be sectioned in

its entirety, exhibit distinct boundaries (to make sure that only

the cell population of interest is counted), and then subjected to

systematic and random sampling. Furthermore, stereology in

the nervous system is applied most commonly to neuronal

counts, so quantitative changes in other elements (e.g., extent

of myelination, number of synapses, and/or degrees of dendri-

tic arborization) would be missed. These constraints thus ren-

der the use of stereology problematic for DNT studies, which

by design are intended to screen the entire brain.

Whatever quantitative procedures are utilized, these analy-

ses should be conducted using a coded (blinded) design to

control for bias. This strategy is both scientifically appropriate

and in agreement with the requirements as stated in both the

EPA (EPA 1998b) and OECD (OECD 2007) DNT guidelines.

Given the screening nature of DNT and EOGRTS assays,

the authors believe that simple linear measurements represent

a suitable compromise for quantitative analysis of brain

size. The rationale for this recommendation is that such

measurements balance the need for quantitative data with the

imperative to gather such data at a reasonable cost in terms of

time and money.

Selection of Histomorphometric Measurements

Linear measurements that have been performed routinely in

rodent DNT studies conducted over the past two decades are

described in Table 2 and illustrated in Figures 10 to 12. Based

on their experiences, the authors have prioritized the reliability

of these measures, using principles outlined subsequently for

selecting the most appropriate practices. The authors recom-

mend that morphometric measurements be obtained using

LFB-stained sections, as the clear distinction of the borders

between gray matter and white matter permit the more effective

placement of anchor points. However, acquisition of linear

measurements from H&E-stained sections is preferred by some

laboratories, and such data sets usually are acceptable if suffi-

cient care has been taken in choosing the neuroanatomic struc-

tures to be used as anchor points for the morphometry

Figure 8. This composite image represents a photograph of 3 microscope slides, each of which bears 3 cresyl violet/Luxol fast blue (CV/LFB)-stained
coronal brain sections. The slide label/frosted end is at the top and, since the slices were sectioned starting at their rostral faces, the topmost sections
are more rostral than those at the bottom. For each series of 3, the sections are fairly close together (because the histotechnician knew that he or she
was getting close to the region of interest). However, the sections that possess the most highly homologous internal features in each series (based on
the landmarks shown in Figure 5) are indicated by an asterisk. Level numbers reflect those of the labeled lines in Figure 1.
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evaluation. Regardless of the chosen stain, evidence that appro-

priate care has been taken will include a complete written

description accompanied by visual documentation (i.e., a sche-

matic diagram or ideally an annotated photomicrograph) that

details the placement of the lines to be measured and their

specific anchor points.

In performing linear measurements on brain sections,

anchor points must be set consistently among animals to ensure

that the measurements will be comparable across the study. An

anchor point is a starting or ending position for the line, which

should be defined by a specific neuroanatomic landmark. Deli-

miting anchor points may sometimes be difficult when using

low-magnification images on a computer screen to perform

the measurements. This hurdle has practical implications. For

example, cortical neurons may penetrate into the external cap-

sule of the Cx for a short distance (*50 μm), which represents

approximately 5% of the total cortical thickness (Figure 13).

Thus, the thickness of the Cx may vary by 5% based just on the

choice of which cortical neurons to use as the anchor point. The

importance of this point is that an arbitrary decision to consider

a statistically significant difference of 5% in measurements

between 2 dose groups may reflect a biased analytical strategy

rather than a test article–related neurotoxic effect; therefore, a

5% difference in morphometric measurements between treat-

ment groups should not automatically be taken—a practice that

is common in some regulatory agencies—as a trigger point

that raises concern about the possibility of a developmentally

significant effect. The bottom line when taking linear brain

measurements is to perform them in as consistent a manner

as possible. Furthermore, measurements generally should be

performed at the highest magnification that will span the dis-

tance to be measured, as this practice will offer the most clear

anatomic distinction of the borders used to define the anchor

points.

In general, microscopic linear measurements that are con-

fined within a specific neuroanatomic structure are superior to

those that bridge multiple neuroanatomic regions. The rea-

sons for this recommendation are (1) measurements confined

to a given structure reflect developmental changes affecting

its underlying functional circuitry and (2) domain-specific

dimensions typically can be devised, which avoid paths that

cross over curves in nonlinear brain regions. Measurements

that span multiple regions may still provide some estimate of

overall brain size (i.e., in a similar fashion as the gross mea-

sures). Whenever possible, the linear measurements should be

aligned with the micro-anatomic structure of the region. For

instance, neurons in the Cx are arranged in linear vertical

columns, so the most appropriate measurement of the Cx

thickness represents the shortest distance from the pial surface

to the external capsule along the columnar organization of the

cortex (Table 2; Figure 10, level 3, lines 1 or 2; Figure 11,

level 3, lines 11 and 12).

In general, linear measurements should not cross regions

defined by curved borders since subtle shifts in curvature can

Figure 9. Highly homologous cresyl violet/Luxol fast blue (CV/LFB)-stained brain sections from juvenile (postnatal day [PND] 21, top row) and
young adult (PND 70, bottom row) rats. The neuroanatomic features are similar except for the sizes of the sections and the degrees of
myelination (in which more mature white matter tracts exhibit a more intense blue staining with LFB). In particular, myelination is deficient
within the more rostral brain levels at PND 21, indicating that this age represents a good ‘‘window’’ on myelination for the developmental
neurotoxicity (DNT) neuropathology assessment. Level numbers reflect those of the labeled lines in Figure 1.
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Table 2. Utility of common morphometric measurements used by neuropathologists for quantitative assessment in producing DNT
neuropathology data sets.a

Measurement/brain structure Locationb Comments on morphometric measurements

Recommended measurements (technically simple, highly reproducible, and biologically relevant)a

Cx—thickness 1 (Motor)
2 (Sensory)

� Most appropriate measure is the shortest distance across the cortex, although some
laboratories acquire a measurement parallel to the midline fissure (as for measurement 10)

� Both the frontal (motor) and parietal (sensory) cortex typically are measured
S (caudate-putamen)—width 3 � May optimally be taken along a diagonal line (to adjust for contour variations of the lateral

ventricle wall)
CC—thickness 4 � Some labs take this measure in the midline but, depending upon the section level, bilateral

measures are often better (i.e., less affected by section orientation, and thus less variable)
� As with the cortical thickness measures, the best measure represents the shortest

distance across – that is, perpendicular to the long axis of the nerve fibers in the callosum
� Evaluates axon numbers and/or the degree of myelination

H (dorsal/rostral)—thickness 5, 6, 7 � Most appropriate measure is the shortest distance across any sector
� Usual sites for measurement are the DG (line 5), individual CA sectors (e.g., line 6), or the

thickness of the entire H (line 7)
Ce (sagittal orientation)—length,

width, or thickness
8, 9 � The recommended measure is along the maximal height or the rostrocaudal distance of

specimens in midsagittal orientation (since individual cerebellar lobules are easily identified
on sagittal sections).

� Should exhibit minimal variation if measured at the midline
� Measurements can be made for the entire Ce and/or individual lobules

Other reproducible measurements (fairly replicable and likely to have biological relevance)a

Cx—additional measures 10, 11, 12 � Most appropriate measures represent the shortest distance across the cortex
� Positioning typically is assigned using ‘‘clock hand’’ coordinates

T—height 13 � Often taken along or just lateral to the midline
� Relatively reproducible along the rostrocaudal axis

Ce (sagittal orientation)—
thickness of lobules

14 (full)
15 (layers)

� Measure at the midline for one or more easily identified lobules
� Measure at a specific site relative to the lobule apex or base
� Values may represent the thickness of the entire lobule or a specific layer

Ce (coronal orientation)
height

16 � Acceptable measure is a line from the midline meninges to the roof of the 4th ventricle
� May vary considerably due to surface lobulation and the degrees to which either lobule 1

or lobule 10 protrudes into the fourth ventricle
� Measurements can be made for the entire Ce or individual lobules

width 17 � Measure using a line across the widest point
� Will vary slightly due to conformational changes along the rostrocaudal axis

Brainstem height 18 � Most appropriate measure is the shortest perpendicular line from the floor of the 4th
ventricle to the ventral surface of the brainstem

� Should exhibit minimal variation if measured at the midline

Alternative measurements (technically feasible but often less helpful in the authors’ experiences due to inherent interindividual variability)b

All regions—all
measurements

NA � Measurements from coronal sections with oblique/tangential orientation are to be
avoided due to excessive variation from 1 side of the section to the other

� Measurements that are parallel to the midline (on coronal sections) often have increased
variation due to the absence of specific structures defining one or both ends of the line

� Measurements that cross multiple brain regions (e.g., Ce, from dorsal to ventral brain
surfaces)

Rostral levels of CC—
midline thickness

19 � One midline measure if too rostral (such as in the region of the genu) due to variations in
thickness over the rostrocaudal axis

S—width 20 � A horizontal linear measure intended to divide S into half
� Differences in the contours of the lateral ventricles will result in variable placement of the

medial anchor points
S—height 21 � A linear measure along the greatest dimension of the region’s height

� Differences in the course of the RC may potentially alter the placement of the ventral
anchor points

H (DG)—lengths of dorsal or
ventral blade

22 � This linear measurement assesses the length of a curved neuronal layer

H (dorsal/rostral)—width 23 � The linear measurement assesses the distance from the midline to the most lateral extent
of H

� H expands laterally to a great degree over a short rostrocaudal distance, which increases
the inherent variability of line placement

H (diagonal measure) 24 � This represents a common hippocampal measure, but the dorsal anchor point is often
poorly defined and, therefore, inconsistently applied

(continued)

28 Toxicologic Pathology 44(1)

 at Hoffmann-La Roche on February 11, 2016tpx.sagepub.comDownloaded from 

http://tpx.sagepub.com/


Figure 10. Sections demonstrating the morphometric measurements recommended by the authors for rodent developmental neurotoxicity
(DNT) testing. Line numbers have been transferred from the ‘‘location’’ column of Table 2; level numbers for the sections reflect those of the
labeled lines in Figure 1. Orientation of these lines is technically simple, highly reproducible, and biologically relevant. Taking measurements
bilaterally (for lines 1 to 7) is recommended and is particularly important if the plane of the section is not perfectly perpendicular to the midline of
the brain and/or is slightly oblique. An average of bilateral measurements typically is used for statistical analysis, although some investigators prefer
to analyze the right- and left-sided measurements separately. In either case, the values for each side of bilateral measures should be retained
individually in the raw data. The coronal sections (blue hue, upper row) were stained with cresyl violet/Luxol fast blue (CV/LFB), which affords
especially sharp margins between certain neuroanatomic structures based on their degree of myelination, while the midsagittal section (pink hue,
lower left panel) was stained with hematoxylin and eosin (H&E). The regional circuitry of the hippocampus (H) is highlighted in a Bielschowsky’s
silver-stained section (yellow hue, lower right panel) to show that the linear measurements recommended for H (lines 5–7) are biologically
relevant as they are aligned with the axes of neuronal processes/neural circuits within the various CA fields (CA1 to 4) and the dentate gyrus
(DG), rather than positioned to cross them.

Table 2. (continued)

Measurement/brain structure Locationb Comments on morphometric measurements

T—width 25 � Usually taken across the widest (i.e., mid to dorsal) portion of this region
� Substantial variation is likely to occur with relatively minimal departures from complete

section homology
H (lateral)—width 26 � Taken across the structure, as it attains its most vertical orientation (lateral to T)

� Substantial variation is likely to occur with minimally oblique sections (Figure 12, level 5)

Note. Measurements of cerebral cortex (Cx), hippocampus (H), and cerebellum (Ce) are required by the U.S. Environmental Protection Agency (EPA) Office of
Prevention, Pesticides, and Toxic Substances (OPPTS) 870.6300 developmental neurotoxicity (DNT) guideline (EPA 1998b). CA ¼ Cornu Ammonis; CC ¼ corpus
callosum; DG ¼ dentate gyrus; DNT ¼ developmental neurotoxicity; NA ¼ not available; S ¼ striatum; T ¼ thalamus.
aStatements regarding the utility of these measurements represent the collective opinion of 3 experienced developmental neuropathologists.
bNumbers in the ‘‘Location’’ column reflect the labeled lines superimposed on the brain sections in Figures 10, 11, and 12.
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substantially impact where lines will be anchored. However, all

components of H are slightly to considerably curved, so when

measuring 1 or more regions of this structure, the best approach

is to measure the shortest linear distance across any of the

sectors (e.g., as for the hippocampal Cornu Ammonis [CA]

areas 1 and 3 (CA1, CA3), shown in Figure 10, level 4, lines

5, 6, and 7). Such measures will sample major fields harbor-

ing the highest densities of neuronal processes and will thus

best reflect the numbers of pyramidal neurons, densities of

neuronal processes, and numbers of interneurons plus glial

cells present within these sectors; in H in particular, selection

of 1 of these lines (Figure 10, level 4, lines 5, 6, and 7) will

measure the linear dimension in direct alignment with the

known orientation of the local circuitry. Some laboratories

acquire linear measurements of H across its curved morpho-

logic structures (e.g., measuring the lengths of the blades of

the dentate gyrus or the lateral widths of the entire dorsal H,

the contours of which change considerably depending

upon the section level; Figure 12, level 4, lines 22 and 23).

The authors’ experiences as well as their discussions with

regulatory scientists who routinely evaluate neuropathology

data sets from rodent DNT studies indicate that the latter

measures are less reflective of neuronal process densities in

specific portions of the hippocampal circuitry.

Regions in which morphometric measurements should be

undertaken for rodent DNT studies according to current regula-

tory guidelines (plus some additional measurement options) are

detailed subsequently (Table 2). It is worthwhile noting that only

3 structures are mandated for measurement by the EPA DNT

guidelines (EPA 1998b), while the OECD guidelines require

measurements but remain flexible regarding the choice of struc-

tures to be assessed (OECD 2007, 2012; Table 1). Accordingly,

the authors recommend that morphometric analysis for DNT

studies be limited to collection of 5 to 8 easily reproduced and

reliable measurements to avoid the potential for false-positive

(i.e., statistically significant but biologically irrelevant) results.

The authors have found by years-long practice that some mea-

surements provide a more consistent and reproducible

Figure 11. Sections demonstrating other suitable morphometric measurements for rodent developmental neurotoxicity (DNT) testing.
Placement of these lines is fairly reproducible and likely to have biological relevance, but the variability in defining the anchor points for some
of the non-cortical measures is likely to be somewhat greater among animals and histotechnicians. The coronal sections (blue hue) were stained
with cresyl violet/Luxol fast blue (CV/LFB), while the midsagittal section (pink hue) was stained with hematoxylin and eosin (H&E). The line
numbers have been transferred from the ‘‘location’’ column of Table 2. Level numbers for the sections reflect those of the labeled lines in Figure 1.
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quantitative assessment of brain dimensions (Table 2 and Fig-

ures 10 and 11) than others (Table 2 and Figure 12). Given these

experiences, a practical battery of measurements that incorpo-

rates the 3 EPA-mandated measurements (EPA 1998b) and

encompasses the major brain regions commonly impacted by

neurotoxic agents will include the motor and sensory cortices

(Figure 10, level 3, lines 1 and 2, respectively), H (Figure 10,

level 4, line 7 for CA1 plus CA3, or lines 5 and 6 for the CA3 and

CA1, respectively), and the Ce (either Figure 10, level 10, line 8

or 9, or Figure 11, level 7, line 16). The authors also recom-

mend that measurements be acquired for the striatum (S; Figure

10, level 3, line 3) and CC (Figure 10, level 3, line 4), as these

structures play a major role in coordinating motor activities and

facilitating interhemispheric coordination, respectively. Where

feasible (e.g., measurements for Cx, CC, and H thickness), ana-

lytical reproducibility is improved by acquiring and comparing

bilateral measurements. If necessary, additional nonstandard

measurements (Table 2 and Figures 11 and 12) may be selected

for analysis based on the appearance of structures within the

histologic sections or preexisting knowledge regarding the lesion

patterns and/or modes of action associated with the test article.

When acquiring morphometric measurements, care must

be taken to ensure that drift (i.e., shifting in the positions of

anchor points for the linear measurements) does not occur

among animals within a given DNT study. As noted earlier,

drift can be minimized by including clear descriptions and

visual depictions (schematic diagrams or ideally representa-

tive photomicrographs) of the linear measurements and their

anchor points in either the laboratory SOPs or in the study

protocol, as illustrated in the following sections.

Histomorphometric Measurements of the Cerebral
Cortex (CX) and Related Structures

Thicknesses of the Cx may be taken in any homologous

transverse (coronal) brain section. (Because of the curved

nature of the Cx surface, cortical thickness measures within

sagittal sections are somewhat more problematic, requiring

even greater attention to generating highly homologous

sections.) The specific location of these measurements natu-

rally will be laboratory specific. In this article, the cortical

measures are shown for the coronal section within which the

Figure 12. Sections demonstrating alternative morphometric measurements for rodent developmental neurotoxicity (DNT) testing. Placement
of these lines is technically feasible, but the authors have found them to be less reproducible because of inherent neuroanatomic variability among
sections from different animals. Note, for example, the ‘‘side-related differences’’ for line 26, which result from the fact that the brain slice was not
made in a perfectly symmetric fashion. The sections were stained with cresyl violet/Luxol fast blue (CV/LFB). The line numbers have been
transferred from the ‘‘location’’ column of Table 2. Level numbers for the sections reflect those of the labeled lines in Figure 1.
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decussation (or crossing over) of the RC is present (Figures

10 and 11, level 3), but these cortical thicknesses also could

be taken more caudally (e.g., in a section containing the

dorsal H, [level 4]). Note that the section shown in Figure

10 represents the most rostral homologous section typically

required for morphometric analysis, although some labora-

tories have taken measurements from more rostral forebrain

sections. The primary reason for selecting this section is that

identification of the decussation of the RC allows for a high

degree of homology. Although the various regulatory guide-

lines do not specify which region(s) of the cortex (Cx)

should be measured, the authors recommend that measure-

ments be performed on representative portions of both

the motor cortex and sensory cortex (i.e., the frontal and

parietal cortices as delineated in Figure 10, level 3, lines 1

and 2, respectively).

Although not included in the original EPA guidelines

(which called for measurements of the Cx, H, and Ce only;

EPA 1998b), some laboratories now routinely assess the thick-

ness of the CC. This evaluation affords at least some data

regarding numbers of crossing axons and their degrees of mye-

lination. Some laboratories perform this measurement at the

midline (Figure 12, level 3, line 19), but other practitioners

prefer to acquire dual measurements on both sides of the mid-

line (e.g., at the level of layer 2 of the overlying cingulate

cortex as shown in Figure 10, level 3, line 4). The latter pre-

ference, which is shared by the current authors, reflects the fact

that the CC tends to ‘‘dip down’’ (become thicker) in the mid-

line (i.e., in the region of the genu; Figure 4) within sections

taken slightly rostral to the one shown in Figure 10. To circum-

vent this possibility, which can increase interindividual varia-

bility in this measurement, some laboratories instead measure

the thickness of the CC within the next more caudal homolo-

gous section (i.e., in the section that contains the dorsal H,

[level 4]), a level at which differences in thickness of the CC

are less substantial. However, within this more caudal section,

the individual performing the measurements also must decide

whether or not to assess only the thickness of the CC proper or

to also include the underlying hippocampal commissure (the

boundaries of which may not always be easy to distinguish).

The S (and specifically the caudate-putamen; Figure 10, level

3, line 3) is another structure that is measured in some labora-

tories, even though not included for assessment in the original

EPA guidelines. This measurement also is a logical and impor-

tant addition as S contains very high levels of acetylcholinester-

ase, a target for a class of chemicals (organophosphates) that was

especially targeted for safety evaluation under the early EPA

guidelines for DNT studies. Unlike the Cx, in which the neurons

are arranged in columnar fashion, the cells in S are more

randomly arranged with regard to their neuronal processes. It

follows, then, that no one ‘‘best measurement’’ can be defined

for this neuroanatomic region. Laboratories typically have taken

either a horizontal measure across S (extending from the exter-

nal capsule to the lining of the lateral ventricle (Figure 12, level

3, line 20) or a vertical measure (extending from the external

capsule dorsally to its boundary with the RC ventrally; Figure

12, level 3, line 21). Regardless of their orientation, these lines

typically are placed so that they bisect S into approximately

equal halves. In the first author’s experience, however, a diag-

onal line (Figure 10, level 3, line 3) is easier to replicate (over

multiple repeated measurements), and the length of this line is

less affected by changes in the contour of the lateral ventricle (or

even the presence of a mild degree of hydrocephalus). Further-

more, the first author’s experience with this diagonal striatal

measurement has shown that if one places the tip of the measur-

ing device on the ventromedial point of S and then rotates the

other end along the arc formed by the external capsule, the

length of this measurement will vary less than does the distance

covered by a truly horizontal measure, even if the angle taken by

this diagonal measurement is not highly consistent.

Figure 13. Anchor points for linear measures should be placed as
consistently as possible and at the highest resolution to minimize
sampling bias as a source of variation. These panels indicate that total
cortical thickness (top panel) can vary by more than 5% because
cortical neurons penetrate the external capsule (EC) for a distance
of approximately 50 μm (bottom panel), which represents the dia-
meters of only 3 or 4 cortical neurons. Therefore, rigid application of
5% (or a lesser percentage difference) as an inflexible threshold indi-
cative of biological relevance—an approach used by some regula-
tors—is not a biologically supportable practice.
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Histomorphometric Measurement
of the Hippocampus (H)

Multiple options exist for measuring the H (Figures 10 or 12).

As noted earlier, the preferred hippocampal measurements

should cover the shortest linear distance across any one par-

ticular sector because this approach will provide the most

information about cellular and neuronal process densities

within that sector (e.g., Figure 10, level 4, lines 5, 6, and 7).

If a single measurement is to be performed on this region, the

authors recommend selecting one that spans the entire H

through regions CA1 and CA3 (i.e., Figure 10, level 4, line

7). The ventral (inferior) anchor point of line 7 is the lateral tip

of the DG, and this measure is then oriented so as to measure

the shortest distance from this ventral anchor across the H to

the external capsule (thus measuring the thicknesses of both

the CA1 and CA3 sectors). However, to evaluate the thick-

nesses of specific hippocampal sectors, additional measures

may be taken (e.g., in Figure 10, level 4, line 6 for CA1 and

line 5 for CA3). Measurements that cross the curved hippo-

campal architecture typically yield less consistent results and

may have less well-defined anchor points (e.g., Figure 12,

level 4, lines 22 and 24). As discussed in greater detail pre-

viously, some hippocampal measurements (e.g., Figure 12,

level 4, lines 22 and 23) are especially challenging because

both the curvatures of the blades of the DG and the anchor

points may shift considerably over very short distances in the

rostro caudal orientation.

Histomorphometric Measurement
of the Cerebellum (Ce)

In coronal sections, measurement of this brain region typically

evaluates the full thickness of the cerebellar cortex (Figure 11,

level 7, line 16). However, this measurement is problematic

due to the highly furrowed nature of the cerebellar cortical

surface and the fact that relatively small differences in the

cerebellar trimming plane may yield significantly different

measures (as demonstrated by comparing the position of the

two lines for possible measurement of cerebellar height in the

sagittal cerebellar section shown in Figure 10, level 10). For

this reason, sagittal sections (Figures 10 and 11, level 10) gen-

erally are considered to be superior to coronal sections (Figure

11, level 7) for assessing linear dimensions of the Ce. Within a

sagittal section, the line of measurement can be extended more

consistently from the top of one of the dorsal lobules to the base

of one of the ventral lobules (Figure 10, level 10). Some labora-

tories also measure the thicknesses of 1 or more individual

lobules within the sagittal section (Figure 11, level 10, lines

14 and 15). If a midsagittal section of the Ce is used for

morphometric analysis, the contralateral half of the Ce and

underlying brainstem still should be embedded to permit pre-

paration of coronal hemisections so that important nuclei

within this level of the brainstem can be accorded a suitable

qualitative histopathologic examination.

The Utility of Conventional Morphometric
Measurements in DNT Risk Assessment

The EPA guidelines for DNT studies mandate the acquisition

of a minimum of 3 ‘‘reliable’’ measurements—one each for Cx,

H, and Ce—to provide quantitative assessment of DNT poten-

tial (EPA 1998b), citing a decades-old publication (Rodier and

Gramann 1971) for more specific information. Given the flex-

ibility of existing guidance documents, most institutions

choose to perform this analysis using simple linear morphome-

try. Indeed, the number of linear measurements performed in

DNT studies (and illustrated in this article) is relatively few,

and of these even fewer are recommended for routine applica-

tion (Table 2 and Figure 10). The choice to limit the numbers of

linear measurements reflects 2 considerations. The first is sim-

ple practicality (i.e., attempting to produce a reasonable data

set in the shortest period of time and at the lowest cost). The

second is the desire to avoid producing ‘‘false-positive’’ outcomes

(which becomes more likely as the number of measurements is

increased); data sets may not be able to discriminate between

false and genuine if the measurements do not reflect the

underlying neuroanatomic structure. Regardless of the exact

number, 3 or more linear brain measurements as mandated in

existing EPA and OECD guidelines have been reported to

exhibit low variability (reviewed in Makris et al. 2009). Thus,

conventional linear morphometry from rodent DNT studies

appears to be a suitable basis for human risk assessment.

Nonetheless, relatively little basic research on this specific

topic has been conducted over the past 20 years. This paucity

stems from the advent of other approaches that are consid-

ered to offer more ‘‘unbiased’’ analysis of brain structural

development in 3 dimensions. For example, stereological

measurements of neuronal number generally are favored by

fundamental neuroscience researchers. The optical and phys-

ical dissector techniques pioneered for this purpose do not

require an anatomically defined anchor point, which permits

them to be undertaken successfully regardless of the degree

of homology available in the sections from individual ani-

mals (de Groot, Hartgring, et al. 2005; Bolon et al. 2011b).

However, stereology has gained less traction among scien-

tists tasked with performing high-throughput DNT testing

due to the need to obtain data sets suitable for risk assessment

in a monetary- and time-constrained environment.

Statistical Approaches and Historical Control

Many methods can be applied appropriately to the statistical

analyses of brain morphometric and histopathology data. The

strategy for statistical analysis of DNT neuropathology data

sets should be established with the assistance of a biostatisti-

cian and ideally should be described in the study protocol or

institutional SOPs. The choice of statistical analysis is properly

left to the discretion of the laboratory conducting the DNT or

EOGRTS assay (EPA 1998b; OECD 2007, 2012).

The OECD DNT guidelines specify that the experiments

should be designed such that littermates are not treated as
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independent observations and that the statistical unit of measure

should be the litter and not the individual pup. An example of an

experimental design error that the second author has observed in

DNT studies is the selection of 1 male AND 1 female from

10 litters (2 pups/litter) instead of the required 1 male OR 1

female from 20 litters (1 pup/litter). The SOPs for necropsy,

protocols, and reports should clearly indicate the animal assign-

ment to ensure that the experimental unit of analysis for mor-

phometry and histopathology is the litter and that there is

representation of the highest numbers of litters per dose group.

Although it is common for laboratories to analyze males and

females separately, the statistical power of the aforementioned

experimental design is maximized by combining males and

females (1 pup/litter) in a single analysis, with sex as a factor.

This approach doubles the sample size and thus the statistical

power, thereby mitigating against the possibility of having

fewer than 10 highly homologous sections from which to

obtain morphometric measurements.

Another approach that has been considered is the multivari-

ate analysis of variance (MANOVA) with the treatment group

as a fixed factor (T. W. Anderson 2004). This approach tests

the hypothesis that related measures are both affected together,

but not necessarily in the same direction (i.e., one can increase

in length while the other will decrease) and takes into account

the relationship or correlation between the factors. This approach

requires consultation in advance with the pathologist so that

there is a sound biological/anatomical basis for grouping related

measures together. For example, gross measures of intact brain

(e.g., length and width of the Ce and/or cerebrum), 2 or more

morphometric measures of closely related brain areas (e.g.,

motor and sensory cortices), or 2 or more measures of the same

brain areas (e.g., width of intact Ce and morphometric measures

of Ce sections) are possible groupings.

The analyses of morphometric and histopathologic findings

based on comparisons with values from the concurrent control

animals are the primary analyses for the study data set. How-

ever, historical control data can provide additional perspective

(OECD 2007) if they are collected according to the same

detailed SOP as the current study. In the authors’ experience,

caution is needed because laboratories may change the exact

method of measuring a brain area over time without changing

the name of the measure (e.g., cortex), and some laboratories

‘‘leave it up to the pathologist’’ to select the most homologous

sections for any particular study. Either of these situations will

abolish the utility of the historical control data.

Another difficulty encountered in historical control data-

bases from some laboratories stems from the inability to produce

highly homologous sections. Many factors may play a part in

producing this situation. Technical difficulties might include

suboptimal brain slicing procedures, inconsistent histologic

techniques, turnover of histotechnical staff, or some combina-

tion of the 3. Normal biologic variability also may play a role as

indicated by obvious differences in bodyweight and brain size

that occur in PND 11 rats (Garman et al. 2001). While differ-

ences in external brain dimensions do occur in older animals,

including adults (Figure 2), the authors’ experiences have shown

that sizable variation in morphometric measurements should not

occur for PND 22 and PND 70 brains within a given laboratory if

the brain sections used for obtaining them are made using con-

sistent internal landmarks. Differences in the positions of mor-

phometric measurements among facilities mean that historical

control data cannot be compared among laboratories.

Principles of Pathology Interpretation
for Rodent DNT Studies

In the majority of neurotoxicity studies performed on adult

animals, the emphasis of the pathology analysis is to detect the

presence of cellular degeneration (e.g., neuronal necrosis) or

reactions to the same (e.g., astrocytic or microglial cell reac-

tions, axonal reactions such as fragmentation or swelling/

spheroid formation, inflammation, and/or demyelination).

However, in DNT studies, the immature nervous system

typically exhibits little evidence of acute neuronal necrosis and

instead produces only minimal glial reactions. Therefore, the

pathologist who interprets a DNT study will need to focus on

looking for the results of prior events that may have impacted

programmed cell death, cell migration, total cell numbers, and

terminal cell differentiation within a given brain region. In

general, then, brain lesions in DNT studies more typically will

include altered regional contours or sizes (reflecting an effect

on cell numbers), neuronal ectopia (due to abnormal or incom-

plete migration), and/or impaired myelination (associated with

delayed development or aberrations in oligodendroglial phy-

siology). Commonly, these changes result from prior damage

that has been followed by some degree of compensatory repair

(e.g., Kaufmann and Gröters 2006).

The presence of one or more structural lesions in the ner-

vous system of developing animals following exposure to a

potential neurotoxicant represents reasonable but not conclu-

sive evidence that a DNT risk exists. Firm conclusions regard-

ing the potential for DNT liabilities instead must rely on an

integrated (i.e., ‘‘weight of evidence’’) strategy in which ana-

tomic lesions in the brain, spinal cord, or peripheral nerves

represent one portion of the analysis. Genesis of a decision tree

that defines categories of changes which include clear, possi-

ble, and ambiguous evidence of developmental neurotoxicity

(Table 3) will offer pathologists and toxicologists an important

tool for interpreting the importance of any structural changes

seen during the DNT neuropathology evaluation. Some insti-

tutions further emphasize this integrated approach by employ-

ing a checklist to tabulate the various categories of changes that

might point toward the presence of a DNT hazard (Table 4).

The use of such decision trees and worksheets eases the assess-

ment regarding the potential biological relevance of test arti-

cle–related findings from study data sets while reinforcing the

fact that DNT risk assessment decisions require a flexible

weight-of-evidence strategy rather than a doctrinaire applica-

tion of potentially arbitrary criteria (e.g., a statistically signif-

icant 5% difference between dose groups in a single linear

morphometric measurement). In general, the authors believe

that clear evidence of DNT potential requires that an agent
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induce either overt neuroanatomic lesions that can be readily

identified by qualitative evaluation or morphometric mea-

surements or demonstrable neurobehavioral dysfunction

(Table 3). Importantly, the influence on morphometric mea-

surements must involve a more complex pattern than a single

significantly different value at only 1 time point. Instead, patterns

of dose-dependent morphometric alterations that the authors

would attribute to a DNT effect include aberrations in 1 or

more measurements that either (1) affect animals at

both PND 22 and PND 70, especially if the effect is greater in

the adults, or (2) occur in both sexes at PND 70 (Table 3).

The decision tree (Table 3) and checklist (Table 4) are

self-explanatory. However, a few principles are discussed in

greater detail subsequently to ensure that their importance is

not overlooked in the detail offered in these 2 tables.

1. The EPA requirement that maternal toxicity occur at the

high-dose can confound interpretation.

One important consideration in evaluating morphometric

values is the EPA DNT requirement that the highest dose level

should induce some overt maternal toxicity (but not exceeding

a 20% decline in maternal body weight gain) and/or

dose-limiting toxicity in a target organ (EPA 1998b). These

high-dose level effects can be present as decreases in food

consumption and/or body weight and/or induction of maternal

toxicity that can contribute toward maternal stress and ultimately

decreased maternal care and nutrition to fetuses and pups.

Smaller brains are seen in juvenile animals when caloric

or nutrient restriction occurs during early postnatal develop-

ment. Relative malnutrition may be experienced by very

young pups from large litters (Garman et al. 2001; Dobbing,

Hopewell, and Lynch 1971; Barnes and Altman 1973; Carney

et al. 2004). A constant level of food restriction of 25% to 30%
or 50%, respectively, during gestation and/or lactation produced

slight (approximately 3–6%) or moderate (12%) decreases in

absolute brain weight of pups at PND 21 or 60, respectively;

these reductions were statistically significant (Barnes and

Altman 1973, Carney et al. 2004). Food restriction of 30% and

50% lowered maternal body weights by 10% to 20% and 17%
to 32%, respectively (Carney et al. 2004).

These constant-level food restriction studies are not fully

representative of the maternal care deficits and maternal stress

that can also result from high-dose toxicity, especially imme-

diately after parturition. Prenatal maternal stress has been

reported to have long-lasting effects on behavior and brain

development in rodents, nonhuman primates, and humans

(reviewed by Charil et al. 2010; Weinstock 2008). Many brain

regions are affected (e.g., Cx, CC, H, Ce), most often resulting in

reduced tissue volumes and both macroscopic and microscopic

changes (Charil et al. 2010). For example, hippocampal weights

or volumes were decreased in 2.5- to 3-month-old offspring of

pregnant rats subjected to a single 20-min or 3 times daily,

30-min restraint stress during GD 15 to 19 (Charil et al. 2010).

Stress alone can have a considerable impact on brain structure

(e.g., fewer synapses and altered synaptic remodeling) and func-

tion in developing animals (reviewed in Everds et al. 2013).

Studies on juvenile BALB/c mice have demonstrated

that pups experiencing stress also develop modest changes

in brain structure in the absence of neurotoxicant exposure.

For example, separation of newborn pups from their mother

soon after parturition produced statistically significant

Table 3. Decision tree for evaluating data from DNT studies,
emphasizing the role of neuropathology data.a

Clear evidence of DNT—1 or 2 or 3, alone or in any combination
1. Dose-related presence (or increased frequencies) of qualitative

macroscopic defects and/or microscopic abnormalities (such as
dysplasias, anomalous patterns of lobulation, etc.)

2. Statistically significant, dose-related differences in the same
linear measures for both PND 22 and PND 70 animals,
especially if these treatment-related differences are more
pronounced in both male and female PND 70 ratsb

3. Statistically significant, dose-related differences in behavioral
effects—especially if these are not characterized by complete
recovery and cannot be explained by pharmacologic mechanisms
such as CNS stimulation or induction of somnolence

Possible evidence of DNT—combination of 1 with 2 and/or 3
(and dependent on number of measures affected)
1. Absence of treatment-related microscopic alterations in the

nervous system
2. Statistically significant, dose-related differences in the same

linear measures for male and/or female rats at PND 22 onlyc

3. Behavioral effects that are inconsistent across dose and/or age,
but that appear to be linked to morphologic changes (e.g.,
hippocampal lesions and learning and memory effects;
cerebellar lesions and difficulty with balance)

Ambiguous evidence of DNT—combination of 1 with 2 or 3
1. Absence of treatment-related microscopic alterations in the

nervous system
2. Statistically significant differences in linear measurements that

appear to be
� Inconsistent across brain regions, age, sex, or dose (e.g.,

present in low and/or mid-dose but not in the high-dose
group; isolated finding in 1 sex but not in the other) or

� Present in conjunction with progeny brain weight decreases
that can be linked to a more general effect on growth (e.g.,
decreased total body weight in juveniles or dams and/or
maternal care issues)

3. Behavioral effects that are inconsistent across dose, age, and sex
No evidence of DNT

1. No evidence of any treatment-related microscopic alterations
in the nervous system

2. No statistically significant differences in linear measurements
3. No evidence of treatment-related behavioral effects

Note. DNT ¼ developmental neurotoxicity; PND ¼ postnatal day.
aBehavioral endpoints are included in this decision tree to encourage study
pathologists and study directors to integrate both the behavior and pathology/
morphometry data in their interpretation of the complete data set for a DNT
study. The emphasis on anatomic data in this neuropathology-focused
classification system emphasizes that this decision tree does not provide a
comprehensive breakdown regarding categories of behavioral effects that
might serve as clear, possible, or ambiguous evidence of DNT.
bThese linear measures should be interpreted by taking into consideration
animal size (e.g., by comparison with brain weight or total body weight).
cAt PND 22, major brain areas slated for morphometric analysis (cerebral cortex
[Cx], hippocampus [H], cerebellum [Ce]) have formed fully and are at least partially
myelinated, so neurodevelopmental effects at PND 22 are expected to still be
present or exacerbated at PND 70.
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10% and 4% decreases in body weight gain at PND 21 and 56,

respectively (Wahlsten and Bulman-Fleming 1987; Wahlsten

et al. 1987), and induced a statistically significant decrease of

3% in brain weight of adult offspring (8 weeks old) compared

with their litter mates who remained with the dam. A strong

negative and approximately linear effect on body and brain

sizes as measured in adult offspring has been shown for mice

from different litter sizes ranging from 2 to 11, which are not

considered to be extreme litter sizes for rodents (Wahlstein and

Bulman-Fleming 1987). Taken together, these data suggest that

Table 4. Weight-of-evidence checklist for evaluating linear morphometric measurements of brain.

Check list Yes No

1 Compound is a known adult neurotoxicant/teratogen/endocrine disruptor
2 Maternal toxicity reported
3 Pup body weight decreased
4 Distinct developmental neuropathologic lesions present (macroscopic malformations and/or microscopic lesions (e.g., dysplasia,

hypoplasia, hydrocephalus, ectopia, hypo-/dysmyelination)
5 Absolute brain weights decreased
6 Relative brain weights decreased
7 Pattern of allometric growth (progressive increase in body and brain weights) affected
8 Brain size reduction readily visible as a gross lesion
9 Brain length and width measurements changed
10 Significant size changes for major brain areas—multiple regions
11 Significant size changes for major brain areas—one specific region
12 Any neuropathologic lesions present (e.g., neuronal necrosis, myelinic edema, vacuolation)
13 Neural dysfunction present (e.g., hypo-/hyperactivity, affected habituation in ASR, affected rearing activity, decreased learning and

memory)
14 FOB or DCO—major changes
15 FOB or DCO—minor changes
16 Motor activity—significant increase/decrease from control values?
17 ASR—affected habituation?
18 Learning and memory—significant changes to control values?
19 Effects noted on PND 22 only
20 Effects noted on PND 70 only
21 Effects noted on PND 22 and 70
22 Effects on PND 70 higher than on PND 22
23 Effects on PND 22 higher than on PND 70
24 Same areas and/or measurements impacted on PND 22 and PND 70
25 Effects are dose-dependent
26 Effects in high-dose group only
27 Effects in intermediate dose groups only
28 Slight effect with no or weak statistical significance
29 Effects in 1 gender only (unless at a sex-relevant, sexually dimorphic site)

Note. Shaded areas denote that these features, when combined with 1, and/or 4 to 18, may represent a strong indicator of DNT potential. ASR ¼ auditory
startle response; DCO ¼ detailed clinical observations; FOB ¼ functional observational battery; PND ¼ postnatal day.
1: If the compound/molecule is a known adult neurotoxicant/teratogen/endocrine disruptor, single findings may warrant a higher alert.
2: If a consistent pattern of maternal toxicity is present (decreased food consumption, body weight, and/or maternal care issues), findings may be less suggestive of a
direct impact on progeny brain development.
3: If pup body weight is decreased, findings may be less suggestive of a direct impact on brain development.
4: Any presence of developmental neuropathologic lesions is clear evidence of developmental neurotoxicity (DNT) when effects are dose dependent (see 25) or
induced only by the high-dose (see 26).
5: A decrease in absolute brain weights as a single observation is insufficient evidence of DNT.
6: If relative brain weights are decreased more significantly than the absolute weights, DNT likely has occurred.
7: If the allometric growth pattern is impacted, DNT likely has occurred.
8: A brain size reduction seen as a macroscopic observation is a strong indicator that brain development has been affected if maternal toxicity (see 2) and reduced
pup body weights (see 3) are not observed.
9: The DNT relevance of statistically significant changes in linear brain length and width measurements must be evaluated with respect to maternal toxicity (see 2),
reduced pup body weights (see 3), and the time(s) at which the changes are observed (see 19–26).
10: Linear measurements may impact multiple major brain areas; their relevance has to be evaluated on the basis of maternal toxicity (see 2), reduced pup body
weights (see 3), the time(s) at which the changes are observed (see 19–26), and their occurrence in specific groups (see 27–29) when deciding whether changes to
linear measurements should be considered evidence for DNT.
11: Linear measurements consistently involving 1 specific major brain area are a strong indicator that DNT has occurred, though changes must be evaluated with
respect to their occurrence in specific groups (see 27–29), magnitude of change, and historical control data. Evidence of maternal toxicity (see 2) and/or reduced pup
body weights (see 3) may be less relevant to this determination.
12: Any ‘‘adult-like’’ neuropathology (neuron necrosis, gliosis, or intramyelinic edema) is a strong indicator for a direct treatment-related neurotoxic effect (by
exposure via lactation or direct pup dosing) and is not evidence for DNT.
13 to 18: Any kind of change in neural function in combination with a statistical change in linear measurements of 1 or more major brain areas may be considered as
evidence for DNT, when critical evaluation under the premises of 19–29 fit.
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although brain sparing does occur in rodents, the developing

brain is more vulnerable than the adult brain. Even though direct

effects on the nervous system cannot completely be ruled out,

decreases in morphometric measurements and brain weight of

juveniles from DNT neuropathology cohorts in conjunction

with decreased dam and/or juvenile body weights and/or

maternal care issues can be evidence that the brain alterations

are related to a more general effect on growth resulting from

maternally toxic doses rather than a specific neurotoxic

effect. Absolute morphometric values can be compared with

relative values based on brain weight or brain volume in

evaluating whether or not alterations might be related to a

more general effect on growth (Bolon et al. 2006).

2. Consistent patterns of biologically relevant changes should

take into consideration both quantitative and qualitative

assessments.

Even with a relatively small number of linear measure-

ments, spurious ‘‘statistical flags’’ are common in DNT studies.

The following questions should be addressed in assessing

whether or not a statistically significant morphometric differ-

ence also is an indicator of a biologically relevant change (i.e.,

‘‘adverse’’ effect).

1) Are microscopic abnormalities such as dysplasia or ecto-

pia also present (in either the measured sections or else-

where) within the brain?

2) Does the neuroanatomic location of the statistically signif-

icant difference make biological sense (e.g., is a potential

mechanism known or suspected for the test article)?

3) Is the statistically significant event the result of an ‘‘out-

lier’’ (or 2) in the data set for the dose group of 10 animals?

4) Are the morphometric differences associated with any

clinical neurological signs?

5) Is there a numerical or statistical trend when the 2 sexes

are compared (i.e., are the same neuroanatomic regions

affected for both males and females)?

6) Are the same brain regions affected in both the juvenile

and adult rats, and, if so, are the treatment-related differ-

ences accentuated in the adults (which is often the case with

developmental neurotoxicants)?

Chemicals can affect brain development in very subtle ways

that may not be reflected in either the qualitative histopatholo-

gic alterations or the quantitative morphometry data. How,

then, can a pathologist feel comfortable that an adequate safety

evaluation has been performed, even when no treatment-related

differences are evident in the values acquired by linear mea-

surements? First, these measures should not be considered out

of context of the histopathologic evaluations performed on the

additional sections of brain that were not evaluated morphome-

trically. The absence of abnormalities using both approaches

provides greater confidence that the test article induced no

DNT. Second, the pathologist should be cognizant of the need

to pay attention to variations in sizes of neuroanatomic regions

(rather than concentrating only on evidence of altered cellular

morphology) as evidence of DNT. This assessment may be best

achieved by comparing digital images of full-face brain sec-

tions in a side-by-side fashion (Figure 14). (The appraisal may

be made using either a computer monitor or photographic

prints.) The authors do not suggest that such comparisons need

Figure 14. One method of comparing the relative sizes of different brain regions between animals is to view digital photographs (of the same
magnification) side by side on computer monitors (as shown here) or via prints. Many software programs (a discussion of which is beyond the
scope of this article) are available to facilitate such viewing or for superimposing semitranslucent renderings. Some programs are available as free
downloads (e.g., National Institutes of Health [NIH] Image, http://rsb.info.nih.gov/nih-image/; ImageJ, http://imagej.nih.gov/ij/).
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to be made for every animal in the study, but such a comparison

may prove to be helpful for discerning slight differences in the

sizes of different brain regions, particularly for pathologists

who may be less familiar with neuroanatomy. When an analy-

sis of subtle structural details is needed, CV/LFB-stained sec-

tions are especially suited for such comparisons (Figures 14

and 15). Digital or print images of the measured sections also

should be archived with the pathology raw data (e.g., as in

Figure 15); these images represent the simplest means of com-

municating to reviewers or other pathologists the degrees of

homology present between sections from different animals. It

also follows that the pathology report should include a complete

set of representative figures showing the locations and anchor

points of the morphometric measurements that were performed.

If computer-based morphometry programs have been used for

obtaining the measurements, it is likely that full-face digital

images of the sections from which they were taken already

have been collected. However, even if other methodologies

have been employed for generating these measurements (e.g.,

use of an ocular micrometer), digital images of each measured

section should still be included as a part of the study record to

confirm for reviewers of the study that section homology was

adequate.

3. Behavioral alterations are an important part of the

pathology decision tree.

Figure 15. Digital scans (or photographs) of homologous sections may be archived with the neuropathology raw data, thereby allowing reviewers
to rapidly determine the degree of section homology among animals. This figure shows the measured brain sections of 3 rats on a developmental
neurotoxicity (DNT) study. Even at this low magnification, it can be seen easily that the rostral and caudal sections are highly homologous by
merely looking for the decussation of the rostral (anterior) commissure (RC) at the level of the striatum (S; level 3), the completely dorsal
placement of the hippocampus (H; level 4), and the presence of the 7th cranial nerve (7) within the brainstem underlying the cerebellum (Ce; level
7). Specific locations for the anatomic features with abbreviations are shown in Figure 5.
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Structural changes that demonstrate substantial, easily

recognizable changes in either macroscopic or microscopic

neural structure in brains of animals from DNT studies are

considered to represent clear evidence of neurotoxicity (Table

3). In particular, the evidence is considered to be very strong if

qualitative findings occur in a dose-dependent manner or quan-

titative findings observed in younger animals (e.g., PND 22)

are still present in young adults (e.g., PND 70). Such overt

lesions can be justified readily as definitive evidence of an

undesirable impact on neural development in the absence of

any change in neurobehavioral function.

In some cases, however, more subtle differences in the

structure or morphometric measurements between high-dose

and control animals do not permit a decision regarding poten-

tial DNT risk to be made solely from neuropathology data. In

these instances, the consideration of the neuroanatomic find-

ings in light of any changes in neurobehavioral performance of

age-matched animals exposed to the same dose of test article

using an identical exposure regimen is required to weigh the

evidence that might be indicative of a neurotoxic effect. The

decision tree (Table 3) and checklist (Table 4) include consid-

eration of behavioral endpoints to promote evaluation of poten-

tial relationships between observed neuropathological and

behavioral alterations, and in fact, this integrative approach is

required by OECD 426 DNT guidelines (OECD 2007). Ideally,

the study toxicologist and pathologist will consider the beha-

vioral and pathology results from existing published and

unpublished regulatory toxicology studies prior to embarking

on the DNT study to determine if further morphologic evalua-

tion (e.g., additional sections of brain/spinal cord, inclusion of

other structures such as sympathetic ganglia, other staining

methodologies, other quantitative approaches) is indicated to

investigate the neurotoxic potential of the test article.

4. The adverse effect level will depend on the weight of

evidence.

The OECD 426 DNT guideline (OECD 2007) states that

data interpretation should include a discussion of both the sta-

tistical significance and the biological relevance. A lack of

statistical significance ‘‘should not be the sole rationale for

concluding a lack of treatment-related effect’’ (OECD 2007)

nor should statistically significant findings be automatically

assumed to have biological relevance. As noted earlier, deci-

sions should be based on a weight-of-evidence approach rather

than a rigid application of arbitrarily set thresholds.

A simple illustration will highlight this fundamental princi-

ple. A subtle difference in placement of an anchor point can

yield a difference in the linear cerebrocortical thickness that

exceeds 5%, even though this discrepancy spans the diameters

of only 3 or 4 neuronal bodies (Figure 13). Accordingly, it is

inappropriate to make the assumption that a 5% difference (and

by extension any lesser value) shows that a genuine DNT effect

has occurred. This example indicates that regulatory decisions

with respect to DNT potential should not be made using

arbitrary and inflexible rules. Theoretically, acquisition of

additional data in the future might permit a firmer threshold

to be defined objectively for a percentage difference that either

is higher than 5% or that depends on the measurement under

consideration (e.g., a relatively small percentage difference

might exhibit greater biological significance for longer mea-

surements than for shorter ones). However, the authors expect

that the wide range of anatomic and functional divergence

among brain regions will prevent the establishment of a

‘‘one-size-fits-all’’ threshold value and that DNT risk assess-

ment will need to be based on the weight-of-evidence approach

for a considerable time to come. This strategy will necessarily

require integration of the findings from the qualitative histo-

pathology, quantitative morphometry, and behavioral analyses

rather than dependence on a statistically significant difference

in only 1 or a very few parameters (Tables 3 and 4).

5. Special considerations for evaluating DNT data sets from

older studies.

Some older DNT studies may be adequate for regulatory

purposes, but their interpretations regarding the potential

adversity (or non-adversity) of any morphometric differences

may be based on linear measurements that recent experience

has shown to be less reproducible or reliable. Using the prin-

ciples outlined in this article, study directors and regulators

can place more emphasis on those measures that are now

understood to be more biologically meaningful measures.

Technical issues also may impact the suitability of the data

set from some of these older studies. In particular, in some

cases, the brains from low- and mid-dose animals may have

been processed at a much later time than those of the high-

dose and control groups, and the changes attributed to the test

article may not follow a dose-dependent pattern; a frequent

occurrence is that the effects are minimal at the high-dose

level because the original pathologists did not consider the

effects sufficiently adverse to trigger further examination

while the findings noted at the low- and/or mid-dose levels

diverge more substantially from the control values. As stated

earlier, in such instances, the authors recommend that the

DNT risk assessment be conducted using the dose group(s)

processed concurrently with the control cohort to avoid the

potential for bias to produce a false-positive outcome.

Conclusion and Future Research Needs

The standards employed for conducting rodent DNT studies

have developed considerably over the three decades in which

scientists and regulators have been utilizing this platform as a

means for assessing the neurotoxic risk posed to the developing

brain, spinal cord, and peripheral nervous system. In that time,

major advances have included the crystallization of workable

‘‘best practices’’ for neuropathology assessment that have led

to an increasing harmonization of practices across institutions

and geographic regions (Garman et al. 2001; Bolon et al. 2006;

Kaufmann 2011). Nonetheless, a number of technical con-

straints and unanswered questions remain to be addressed to
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ensure that public health is protected effectively without

unduly limiting the ability to bring new products to market that

may aid in the progress of human civilization.

The current article seeks to address many of the remaining

areas of contention relevant to the DNT neuropathology

assessment by communicating the guiding principles and

many practical methods whereby a more standardized data

set may be achieved for DNT studies. Particular issues of

importance include the acquisition of highly homologous

brain sections and the reproducible collection of quantitative

(morphometric) data. In general, the authors recommend that

institutions elect to process all brains from all animals at all

dose levels all the way through paraffin embedding at one

time using a counterbalanced design to minimize the potential

for technical procedures to produce artifacts that might con-

found the quantitative analysis. The authors also recommend

that the technical staff receive training in neuroanatomy, so

that they can effectively identify the external and internal

structural landmarks needed to appropriately trim and section

brains to produce highly homologous sections. Individuals

tasked with collecting the morphometric measurements like-

wise should be taught to recognize consistent internal land-

marks, so that the lines to be measured are anchored (or

positioned) properly; the features used to anchor these lines

as well as their locations should be described in either insti-

tutional SOPs or the study protocols but should also be

detailed in the study report—ideally in conjunction with

visual depictions—so that regulators will have confidence

in the reliability of the data set. Inclusion of low-

magnification whole brain photomicrographs from all ani-

mals of the sections used for acquiring linear measurements

is a recommended means for showing that the sections used

for this purpose actually possessed high homology.

An essential element of DNT risk assessment is that indi-

viduals who make decisions using DNT data sets recognize the

appropriate use of the neuropathology data. Some agents can be

clearly demonstrated to have a DNT liability if they produce

substantial macroscopic or microscopic lesions or affect both

morphometric measurements and the neurobehavioral function

of animals in a dose-dependent fashion. However, care must be

taken not to overinterpret DNT neuropathology data, in partic-

ular through the inflexible interpretation that statistically

significant but not dose-dependent, modest differences in

1 or a few morphometric measurements in the absence of

biologically plausible neural lesions or behavioral changes

represent confirmation of a DNT risk.

Several conceptually simple areas of future research would

help to make further improvements in the DNT neuropathology

assessment. One unanswered question is whether or not the

current practice of processing only the high-dose and control

group at first, followed by the low- and mid-dose groups if

needed, indeed will introduce greater bias and more frequently

engender false-positive outcomes relative to simultaneous

early processing of all dose groups. Answering this question

will allow regulators to approach DNT risk assessment using

data sets from older studies with more confidence. A second

question of interest would be to compare the reproducibility of

multiple measures among several individuals using the same

slide sets to try to further refine the best set of linear morpho-

metric measurements for risk assessment purposes, including

whether or not such values must be collected unilaterally or

bilaterally. A third avenue of investigation will be to examine

the utility of noninvasive imaging as a potential aid or even

substitute to the acquisition of conventional morphometric

data. Finally, a meta-analysis of multiple DNT neuropathology

data sets in conjunction with their corresponding neurobeha-

vioral data might provide additional insight regarding the

weight to be given to anatomic lesions versus behavioral

abnormalities when trying to make decisions regarding the

potential for DNT risk. The participation of pathologists in all

these endeavors will be essential to their success.
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Kaufmann, W., and Gröters, S. (2006). Developmental neuropathology in

DNT-studies—A sensitive tool for the detection and characterization of

developmental neurotoxicants. Reprod Toxicol 22, 196–213.

Kretschmann, H. J., Tafesse, U., and Herrmann, A. (1982). Different volume

changes of cerebral cortex and white matter during histological prepara-

tion. Microsc Acta 86, 13–24.

Levine, T. E., and Butcher, R. E. (1990). Workshop on the qualitative and

quantitative comparability of human and animal developmental neurotoxi-

city, work group IV report: Triggers for developmental neurotoxicity test-

ing. Neurotoxicol Teratol 12, 281–84.

Makris, S. L., Raffaele, K., Allen, S., Bowers, W. J., Hass, U., Alleva, E.,

Calamandrei, G., Sheets, L., Amcoff, P., Delrue, N., and Crofton, K. M.

(2009). A retrospective performance assessment of the developmental neu-

rotoxicity study in support of OECD test guideline 426. Environ Health

Perspect 117, 17–25.

Maurissen, J. (2010). Practical considerations on the design, execution and

analysis of developmental neurotoxicity studies to be published in Neuro-

toxicology and Teratology. Open peer commentary. Neurotoxicol Teratol

32, 121–23.

Mouritzen Dam, A. (1979). Shrinkage of the brain during histological proce-

dures with fixation in formaldehyde solutions of different concentrations. J

Hirnforsch 20, 115–19.

Garman et al. 41

 at Hoffmann-La Roche on February 11, 2016tpx.sagepub.comDownloaded from 

http://www.epa.gov/ocspp/pubs/frs/publications/Test_Guidelines/series870.htm
http://www.epa.gov/ocspp/pubs/frs/publications/Test_Guidelines/series870.htm
http://www.epa.gov/ocspp/pubs/frs/publications/Test_Guidelines/series870.htm
http://www.epa.gov/ocspp/pubs/frs/publications/Test_Guidelines/series870.htm
http://tpx.sagepub.com/


OECD (Organisation for Economic Co-operation and Development). (2007).

Test No. 426: Developmental Neurotoxicity Study. Accessed January 1,

2015. http://www.oecd-ilibrary.org/environment/test-no-426-developmen

tal-neurotoxicity-study_9789264067394-en.

OECD (Organisation for Economic Co-operation and Development). (2012).

Test No. 443: Extended One-generation Reproductive Toxicity Study.

Accessed January 1, 2015. http://www.oecd-ilibrary.org/environment/test-

no-443-extended-one-generation-reproductive-toxicity-study_97892641853

71-en;jsessionid¼2flknsxwv043m.x-oecd-live-02.
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