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Our aim was to investigate a model of the morphologic approach proposed in guidelines for developmental neurotoxicity testin
ereto, a limited DNT study [EPA Health Effects Test Guidelines OPPTS 870.6300, 1996a. Developmental Neurotoxicity Stud
raft”, United States Environmental Protection Agency; Prevention, Pesticides and Toxic Substances (7101); EPA 712-C-96-239,
ttp://www.epa.gov/opptsfrs/OPPTSHarmonized/870HealthEffectsTestGuidelines/Drafts/870-6300.pdf] was carried out with differen
oses of methylazoxy methanol acetate (MAM), known to affect brain morphology and neuron numbers in the developing brain. A
xamination, the brains of F1-animals were further dissected along neuro-anatomical landmarks to ensure homology betwee
ifferent individuals. The (relative) weight of the brain (parts) was determined. One brain half (alternating left/right to avoid latera
as further used for microscopic slide reading and measurement of brain layer width (linear morphometry); the other was se
tereologic investigation in a later phase of the study.
In the offspring, a clear reduction in brain size (gross macroscopy) and weight (MAM high- and top-dose groups) was observed o

ays (PN) 22 and 62, but this reduction was hard to pinpoint in the microscope as the changes primarily appeared quantitative in n
han qualitative. Linear measurements of brain layer width appeared very sensitive and efficient.

This first step of a project is presented and the perspectives of a further stereologic investigation are discussed.
2005 Published by Elsevier B.V.

eywords:Rat; Methylazoxy methanol acetate (MAM); Regulatory developmental neurotoxicity (DNT) testing(Guidelines OPPTS 870.6300, EPA; OPPTS
70.8600, EPA; OECD 426); Neuropathology endpoints; Microscopy and linear morphometry; Neuron numbers and stereology

. Introduction

The developing brain can be affected by neurotoxic agents
ither as a primary target or indirectly. Such changes may
ave negative consequences for the mental and physical abil-

ties of the individual. A morphological screening approach

∗ Corresponding author. Tel.: +31 30 694 49 54; fax: +31 30 696 02 64.
E-mail address:deGroot@chemie.tno.nl (D.M.G. de Groot).

exists to examine theadult brain. Thedevelopingbrain,
however, may differ from the adult brain regarding susce
bility to the same toxicant and its effects on brain morphol
Hence, it is questionable whether a morphological appr
designed for the adult brain, is adequate for the develo
brain as well. After all, manydevelopmentalinjuries manifes
themselves as (subtle)quantitativechanges in cell numbe
in the absence of gliosis as most astrocytes (glial cells
formed only after neurons during the development of
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nervous system. Even advanced neuropathological tech-
niques like immunohistochemical detection of glial fibrillary
acidic protein (GFAP) to examine the distribution of astro-
cytes and the hypertrophy of astrocytes in response to neural
injury (Martin and O’Callaghan, 1995) or linear morphom-
etry to measure the width of major layers at representative
locations in the brain (Rodier and Gramann, 1979) may
not be sufficient to detect such changes in neuron numbers.
Cell numbers can only be determined by counting them.
Counting neurons with the intention to achieveunbiased
estimates of numbers with high precision can be performed,
usingdesign-based stereological methods(Gundersen et al.,
1988). On the basis of their results of a comparison of linear
morphometry and stereology,Duffell et al. (2000)have been
suggesting that, if any morphometrical method is going to
assist in the elucidation of potential effects of developmental
neurotoxicants, unbiasedstereological determination of
neuron numbers offers the best chance.

It is very important to have an adequate testing strategy
and diversity of tests available in the hazard identification
process for potential human developmental neurotoxicants.
In the context ofregulatory testing, a compound will be
considered fordevelopmentalneurotoxicity screening when
there is anindicationof neurotoxicity based on the numerous
tests performed earlier. Compounds that induce overwhelm-
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2. Materials and methods

2.1. Study design

Mated female rats (14 rats/dose group) were dosed
intraperitoneally (i.p.) with 0, 1.25, 2.5, 5 or 7.5 mg MAM
acetate/kg bw/day. MAM was administered daily from
gestation day (GD) 13–15 only, since repeated daily dosing
throughout longer periods during gestation and lactation
as proposed in EPA’s Guidelines OPPTS 870.6300, is not
tolerated due to the cytotoxic effect of MAM. The dams, their
pups and young adult F1-animals were examined for clinical
abnormalities, body weight, food intake, mortality, and ab-
normalities at necropsy. F1-animals were selected and raised
until PN 22 or 62. Two subsets of the selected F1-animals
were assessed for motor activity (1 rat/sex/litter; 10 lit-
ters/dose group/subset). Subset 1 was tested on PN 13, 17 and
21 (sacrifice on PN 22); subset 2 on PN 13, 17, 21 and 61 (sac-
rifice on PN 62). Brains of both subsets of selected F1-pups
and F1-young adult animals were preserved after perfusion
fixation for detailed neuropathological examination.

2.2. Sacrifice of F1-animals, tissue preservation and
gross examination of the brains

ubset
2 trans-
c alin
fi ved
f
T
b (pH
7 ion
fi r all
i . The
b bed-
d age
d ring
d in the
d and
k ivid-
u

2
m

fter,
e mical
l ain,
w
a rain
l s is
o een
i in
h f
o sen
ng neurotoxic effects, or compounds that do not show
eurotoxic effect at all, will not be selected for further, m
dvanced testing.

To our knowledge, quantitative data regarding a chan
euronal numbers relative to other neuropathology mea

n adose–responserelationship are not available in the lit
ture. Our aim was to investigate a model of the convent
orphologic approach proposed inregulatory developmen
al neurotoxicity testing(EPA Guidelines OPPTS 870.630
996aandOPPTS 870.8600, 1996b;OECD 426, in prepa
ation). Conventionalneuropathology endpoints like bra
ross macroscopy, brain weight, microscopic evaluatio
rain sections and linear morphometric measuremen

he width of distinct brain layers are evaluated on postn
ays (PN) 22 and 62 in a developmental neurotoxicity s
EPA Guidelines OPPTS 870. 6300, 1996a, with limited
ehavioural testing (motor activity)) withmethylazox
ethanol (MAM) acetate (five dose groups, includin

ehicle control group), known to affect neuron numbers
rain development (Goldey et al., 1994). The dose–respon
elationship is examined for the different endpoints.
elative sensitivity and selectivity of the different endpo
or use in regulatory developmental neurotoxicity testing
econsidered.

Data from this first step of a project is presented here
he perspective of a further stereologic investigation is
ussed. We present effects of MAM on themaleoffspring.
number of observations on thedose–response relationsh

btained for MAM ongross examinationof the brains,brain
eight,microscopic evaluation of the brains, andlinearmor-
hometryare shown.
The selected F1-animals of subset 1 (PN 22) and s
(PN 62) were sacrificed under ether anaesthesia, by

ardiac perfusion with neutral phosphate buffered form
xative. After the perfusion fixation the brains were remo
rom the skull and were examined forgross abnormalities.
he brains were (post)fixed in formalin for 48 h (±30 min),
efore being transferred into 0.1 M phosphate buffer
.2–7.4). This material, of which the duration of perfus
xation and immersion post fixation was kept constant fo
ndividuals, was used for measurements of brain weight
rains were kept in buffer until further processing and em
ing in paraffin to minimize differences in tissue shrink
ue to differences in fixation among individuals. Also, du
ehydration and embedding, the duration of the tissues
ifferent histological solutions was carefully controlled
ept constant to avoid procedural differences among ind
als.

.3. Dissection of the brains and brain weight
easurements

Digital photographs were taken of all brains. Therea
ach brain was further dissected. Specific neuro-anato

andmarks, particularly of the ventral surface of the br
ere used to ensure uniform trimming of the brains (Fig. 1)
nd aiming at a high degree of homology between b

evels and tissue sections of different individuals. Thi
f prime importance for an objective comparison betw

ndividuals. Splitting of the brains into the two bra
alves was exactly along the midline (Fig. 1). One hal
f the brain (alternating left or right; the first one cho
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Fig. 1. Dissection of the rat brain along anatomical landmarks, resulting in one ‘intact’ brain half and a ‘split’ one, comprised of olfactory bulb, cerebrum
anterior and posterior, cerebellum, and cervical spinal cord. The cerebrum anterior and posterior and the cerebellum are cut transversally into twoequal slabs.
The resulting six slabs as well as the cervical spinal cord from the split brain half are embedded within one and the same paraffin block, posterior face down,
so that microtome sectioning occurs in anterior direction. The olfactory bulb is embedded horizontally in the same paraffin block.

randomly), i.e. cerebrum and cerebellum with underly-
ing medulla oblongata/pons attached, remained ‘intact’,
whereas the other, so-called ‘split’ hemisphere was further
dissected into three parts: the cerebellum with underlying
medulla oblongata/pons, the cerebrum posterior and the
cerebrum anterior, also using neuro-anatomical landmarks
(Fig. 1).

The various parts were weighed as proposed in the De-
velopmental Neurotoxicity ScreenEPA Guidelines OPPTS
870.8600, 1996b, except that the cerebellum was not sepa-
rated from medulla oblongata/pons.

2.4. Histology and further dissection of the brains for
embedding

Prior to embedding, the cerebellum, cerebrum posterior
and cerebrum anterior of the split hemisphere were further
dissected by dividing each of them, perpendicularly to the
midline, into two equal transverse slabs (Fig. 1). Doing so, the
dissection of the brain finally resulted in eight distinct parts
or slabs at the side of the split brain half, i.e. (1) olfactory
bulb; (2 + 3) cerebrum anterior (two transverse slabs); (4 + 5)
cerebrum posterior; (6 + 7) cerebellum and (8) cervical spinal
cord (see also Section2.5).

The eight different slabs comprising the split brain half
w ight
s lfac-
t /slabs
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d r di-
r s
b rans-
s ed
w mi-
c

Three parts were left at the side of theintact brain half,
namely: olfactory bulb, cerebrum plus cerebellum attached
(i.e. ‘intact’), and the cervical spinal cord. The intact brain
half is kept in formalin until further use for counting numbers
of neurons in the brain.

2.5. Microscopic examination, identification of brain
levels and section homology

The eight embedded brain slabs of the split brain half
included the following brain levels (compareFig. 1):
Level 1, olfactory bulb;Level 2, rhinencephalon;Level 3,
prosencephalon: telencephalon;Level 4, prosencephalon:
diencephalon;Level 5, mesencephalon;Level 6, rhomben-
cephalon: metencephalon (mid cerebellum/pons);Level
7, rhombencephalon: myelencephalon (posterior cerebel-
lum/medulla oblongata);Level 8, cervical spinal cord.

Prior to neuropathologic evaluation and linear morphom-
etry, all sections were viewed in the light microscope. The
brain levels observed in the sections were identified by
comparing each of them with those, published in the neuro-
anatomy atlas ofPaxinos and Watson (1986). The level
indicated in the atlas, showing most resemblance with the
observed level in the microscopic section, was noted down to
allow deviations from the desired brain level, resulting from
i ould
b ite
e f e.g.
b tive
n low
S

ec-
t , as
p ible
e ain.
ere embedded and carefully orientated in paraffin—e
labs together—within one and the same mould. The o
ory bulb was embedded as a whole; the other brain parts
nd the cervical spinal cord were embedded posterior
own, so that microtome cutting occurred in the anterio
ection. Paraffin sections (ca. 5�m thick) were cut from thi
lock. Each section of such a block, hence, included a t
ection throughall eight brain levels. Sections were stain
ith haematoxylin and eosin and were examined light
roscopically.
mprecise dissection of the brain, to be recognized. It sh
e borne in mind thathomologoussections are a prerequis
specially when linear morphometric measurements o
rain layer width are used to detect effects of a puta
eurotoxicant on developing brain morphology (see be
ection2.6).
After identifying the brain levels in the sections, the s

ions were examined light microscopically—‘dose down’
roposed in current guidelines for DNT testing - for poss
ffects of the neurotoxicant on the morphology of the br
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Microscopical slides were viewed by the pathologist. Since
this study was carried out for regulatory purposes, the reg-
ulations were followed as nearly as possible. This implied
that in first instance, the top-dose group was compared with
the control group. The pathologist was aware of having only
these two groups under investigation; however, the allocation
of the individual animals to the groups was not known. In ad-
dition, light micrographs were taken of the MAM top-dose
and control groups for a mutual comparison between controls
and exposed brains. When examining these micrographs, the
pathologist was aware of the allocation of the animals to the
dose groups.

2.6. Linear morphometry

Simple linear morphometry was carried out within the mi-
croscopical sections as outlined in the Developmental Neu-
rotoxicity Study (EPA Guidelines OPPTS 870.6300, 1996a).
For this, the widths of major layers at representative locations
within the neocortex and the hippocampus (Fig. 2) and cere-
bellum were determined (Rodier and Gramann, 1979; Duffell
et al., 2000). Measurements were always carried out per brain
level, all levels per animal, all animals per group on PN 22,
followed by PN 62. Control groups were analysed first, fol-
lowed by the MAM dose groups (top-dose down). The linear
m stem
( 2D
a me-
d
o e in-
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keep the CAST-operator unaware of the results during mea-
suring.

2.7. Statistics

Evaluation of the test results included the relationship be-
tween the doses of the test substance and the presence or
absence, incidence and extent of any neurotoxic effect. The
incidence of neuropathological changes were evaluated by
Fisher’s exact probability test. One-way analysis of variance
(ANOVA) followed by Dunnett’s multiple comparison test
was the statistical procedure used in the evaluation of the
quantitative data (brain weightandlinearmorphometrymea-
surements).

The tests were two-sided. As a level of significance,
2p< 0.05 was considered.

3. Results

Examination of the brains of the selected F1-animals
showed significant effects of MAM on the various neu-
ropathology endpoints mentioned under Materials and Meth-
ods. However, as discussed below, the sensitivity and efficacy
o rpho-
l ly dif-
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easurements were carried out with the CAST Grid sy
Olympus, Denmark), which is capable of measuring in
nd 3D scenarios. Each individual measurement was im
iately stored by the system, and it was onlyaftercompletion
f all measurements that the evaluation of the data of th
ividuals in the different groups took place. This was don

ig. 2. Linear morphometry is used to measure the width of relevant b
rain levels sampled for microscopic examination. In the presented le
re measured.
f the different approaches to detect developmental mo
ogical changes, at least as a stand-alone method, clear
ered.

Effects were found on PN 22 and on PN 62. Pronoun
ex differences were not observed. Here, we show resu
hemaleF1-animals.

yers/regions. A number of morphometric measures are determined usight
telencephalon) and 4 (diencephalon), particularly the neocortex andippocampu
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Fig. 3. Representative examples of brains of male pups on PN 22 and 62, of
control and MAM dose groups. MAM exposed brains show a reduction in
size of the cerebrum (posterior end) in the top-dose particularly on PN 62.

3.1. Macroscopy: gross examination of the brains after
removal from the skull

During sacrifice on PN 22, gross abnormalities were ob-
served in a number of animals in the 7.5 mg/kg MAM top-
dose group. This effect appeared more pronounced during
sacrifice on PN 62. Sometimes, it was observed in the 5 mg/kg
MAM high-dose group. The changes included a considerable
reduction of the size of the cerebral cortex, particularly no-
ticeable at the posterior end near the midline between the two
cerebral hemispheres at the site of the pineal body. In contrast,
an increase in size of the cerebellum was observed (Fig. 3).

3.2. Macroscopy: brain weight measurements

Significant reduction in brain weight was observed in the
offspring of MAM exposed rats, both on PN 22 and 62.
The effects were dose-related and appeared significant in the
7.5 mg/kg MAM top-dose and in the 5 mg/kg MAM high-
dose groups (Fig. 4A). Also the relative brain weight showed
significant effects (Fig. 4B). The cerebrum (the anterior as
well as the posterior part) was primarily affected (Fig. 4D
and E). The weight of the cerebellum wasnotaffected, either
on PN 22 or PN 62 (Fig. 4C).
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more difficult, even with the knowledge that homologous
sections were screened and differences in size of the sections
resulting from an actual decrease in brain size were observed
with the naked eye (see above Sections3.1 and 3.2). At themi-
croscopicallevel, this decrease in brain size did not manifest
itself as qualitatively observable changes in the composition
of certain cell layers and/or the presence of e.g. ectopic cells.
As a matter of fact, the changes at themicroscopicallevel ap-
peared hard—or not at all—to be distinguished by the human
eye during conventional slide reading. Apparently, the macro-
scopically observable reduction in brain size rather reflects
quantitative(numerical) changes in cells and cell structures
that go unrecognised by the human eye during examination
through the microscope. Therefore, the use of light micro-
graphs not only appeared very helpful, but, in many cases
was feltessentialto ensure proper comparison and enable
detection of test substance related effects on thedeveloping
brain.Fig. 5shows such an example at brainLevel 2, the rhi-
nencephalon, where differences in section size were observed
with the naked eye, and comparison of the photomicrographs
demonstrates differences in the size of certain brain regions.
Still, such effects may go unrecognised during microscopic
screening, i.e. conventional slide reading, since the morpho-
logical changes are more quantitative than qualitative in na-
ture. Especially here, the use of homologous sections appears
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.3. Microscopy: light microscopic screening or ‘slide
eading’ and reading micrographs

The results of the comparison of the topography of e
icroscopic section with that of the brain atlas ofPaxinos
nd Watson (1986)indicated that for most individuals

arge degree of homology between sections was obta
individual data not shown). Apparently, the dissection
he brain using neuro-anatomical landmarks forms a
asis to guarantee the essential homology between se
f different individuals.

Detection and identification of effects of MAM on bra
orphology during light microscopic screening appea
ssential. The micrographs show that the size of the fore-
n the MAM top-dose is reduced due to hypoplasia of
rontal and piriform cortex. Micrographs of the cerebell
evels did not point at significant effects of MAM.

The significance of apparent changes in the hippocam
Fig. 6) appeared difficult to pinpoint from examination
nly one or two hippocampus levels; the shape of the
ocampus and its position in the rat brain near the la
entricle, which in itself may dilate during processing or
esult of treatment, is such that even in homologous sec
inor differences in orientation of the hippocampus with

ection may occur.

.4. Microscopy: layer width measurements (linear
orphometry)

Significant test substance related reduction in the w
f the cerebral cortex and hippocampus was observed
arietal cortex, for example, appeared significantly affe

n the MAM top-dose group on PN 22 and on PN 62 (Fig. 7).
lso, in the hippocampus (Fig. 8) the effects were significa

n the 5 mg (PN 22) and 7.5 mg MAM top-dose groups
2 and 62. The effects on the cerebellum, if at all signific
ere considered fortuitous findings.

. Discussion

The present paper forms part of a developmental ne
oxicity study with methylazoxy methanol acetate (MA
EPA Guidelines OPPTS 870.6300, 1996a, with limited
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Fig. 4. Brain weight measurements of male F1-animals at PN 22 and 62 of control and MAM dose groups. (A) Total brain-weight; (B) relative brain weight;
(C) weight cerebellum (of one brain half); (D) weight cerebrum anterior (of one brain half); (E) weight cerebrum posterior (of one brain half). MAM exposed
brains show a dose-related reduction in (relative) brain weight. The cerebrum appears significantly affected, but not the cerebellum. Notice that the values in C,
D and E account for means (sem and CE%) of brainhalves! (*) Significantly different from controls. Statistical key: ANOVA followed by Dunnett’s multiple
comparison test, 2p< 0.05, significant.

behavioural testing (motor activity)) on the re-evaluation
of neuropathology endpoints for developmental neurotox-
icity testing. It summarizes conventional neuropathology
endpoints and is used as a baseline for the evaluation of a
potential new neuropathology endpoint, i.e. absolute neuron
numbers, to be estimated by stereological means.

Mated female rats (14 rats/dose group) were dosed in-
traperitoneally from GD 13–15 with MAM acetate at the fol-
lowing dose levels: 0, 1.25, 2.5, 5 or 7.5 mg MAM/kg bw/day.
Clear (dose-related) effects of MAM on developmental
brain morphology were demonstrated for all neuropathology

endpoints so far evaluated, both on PN 22 and 62. The effects
involved the cerebrum (particularly the cerebral cortex), but
not the cerebellum, although grossqualitativeexamination
of the brains demonstrated a suggestive increase in cerebellar
size.

In general, these findings are in good agreement with the
results of other investigators studying the effects of MAM
on the developing rat brain.Goldey et al. (1994)used MAM
before to evaluate testing procedures for identification of
potential developmental neurotoxicants. Prenatal adminis-
tration of MAM (gestation day (GD) 10 or 15) appeared to
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Fig. 4. (Continued.)
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Fig. 5. Light micrographs of brainLevel 2(rhinencephalon) of a control animal and one of the 7.5 mg/kg MAM top-dose. Notice the reduction in size;
particularly the height of upper part of the brain section, i.e. the frontal cortex (Fr cx) is reduced and hypoplasia of the piriform cortex (Pir cx) canalso be
observed.

Fig. 6. Light micrographs of brainLevel 4(diencephalon) of a control animal
and one of the 7.5 mg/kg MAM top-dose. Notice the reduction in size of the
neocortex (particularly the frontal cortex (Fr cx), and also the piriform cortex
(Pir cx)) in the MAM top-dose group. The apparent difference in size of the
hippocampus might be the result of MAM treatment. CA1: hippocampal
CA1 region.

cause profound neurotoxic effects in the off-spring: reduced
neonatal body and brain weight, hypoplasia of the neocortex
and hippocampus, striatum and colliculi (cerebellum seems
to be unaffected) and defects in a number of behavioural
tests. Yet, viability and survival of the off-spring is not
affected by MAM. MAM seems, therefore, to be a suitable
model neurotoxicant for the purpose of this study.Kaufmann
(2003)recently showed ectopic neurons in the hippocampus
and neocortex using asingledose of 30 mg MAM i.p./kg
bw (GD 15), but not in the next lower 15 mg MAM dose
group. This effect was not observed in the 7.5 mg MAM
top-dose group of the present study, given to the dams on
three consecutive daysduring gestation (GD 13–15).

Regarding the efficacy and sensitivity of the different neu-
ropathology endpoints used, the following is discussed. Most
detailed and precise information was obtained frommicro-
scopic linear morphometry. It was demonstrated that the ef-
fects of MAM mainly concerned hypoplasia of the neocortex
and hippocampus.

During microscopic screening of the brain sections(i.e.
conventional ‘slide reading’) these effects were observed in
the top-dose group, but direct comparison ofhomologous
brain sectionsof control and MAM exposed animals and ad-
ditional use of light micrographs appeared essential to detect
the changes, as they were quantitative, rather than qualita-
t hich
i ning
a ethod
n
o it is
o con-
t ing.
ive in nature. Therefore, conventional slide reading, w
s considered primarily a qualitative microscopic scree
pproach, was felt incomplete and as a stand-alone m
ot suitable to detect test substance related effects ondevel-
pmentalbrain morphology. It was also experienced that
f vital importance to compare homologous sections of

rol and MAM exposed brains during microscopic screen
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Fig. 7. Graphic representation of the dose–response relationship of linear morphometric measures of the width of the parietal cortex for male F1-animals
of MAM exposed rats, for PN 22 and 62. Dose-related effects of MAM are observed. The effects appear significant on PN 22 in the high-(5 mg/kg) and
top-dose (7.5 mg/kg) groups, and on PN 62 in the top-dose MAM group (see asterisks). (*) Significantly different from controls. Statistical key: ANOVA
followed by Dunnett’s multiple comparison test, 2p< 0.05, significant.N: number of available measurements/parameter; one measurement/parameter/animal.
Ten animals/group were analysed, but measurements were only carried out in homologous sections. Otherwise, the measurement was considered ‘missing’ and
was not included in the group means.

Therefore, the topography of each section was checked by
comparing it with those published in the atlas ofPaxinos
and Watson (1986). From the results, it was concluded that
dissection of the brains alongneuro-anatomical landmarks
forms a good basis to guarantee homology between sections
of the different brain levels of both control and MAM exposed
brains.

Brain weight measuresappeared to giverelevant infor-
mation in a minimum amount of time with the brain still
intact for further investigations. By weighing the total brain
and straightforward dissected brain parts (cerebrum anterior
and posterior parts, and cerebellum part) as proposed inEPA

Guidelines OPPTS 870.8600, 1996b, it was demonstrated
that (1) MAM affected the brain in a dose dependent way
(significant in the MAM high- and top-dose groups) on PN
22 and 62; (2) the effects were most pronounced in the cere-
brum; (3) the cerebellum was not affected. The suggestive
increase in cerebellar size observed during gross examina-
tion either represented a relative change in theshapeof the
cerebellum and/or was an optical illusion, resulting from the
decrease in size of the cerebrum.

These findings were confirmed by the results ofmicro-
scopic linearmorphometry, i.e. the measurement of the width
of relevant brain layers. The morphometry data, moreover,

F linear on) for ma
F ted effe M top-dose
( y: ANO
n meter/ only carri
i d ‘miss
ig. 8. Graphic representation of the dose–response relationship of
1-animals of MAM exposed rats, for PN 22 and 62. Treatment-rela
see asterisks). (*) Significantly different from controls. Statistical ke
umber of available measurements/parameter; 1 measurement/para

n homologous sections. Otherwise, the measurement was considere
morphometric measures of the width of the hippocampus (CA1 regile
cts are observed on PN 22 and 62; significant in the 7.5 mg/kg MA
VA followed by Dunnett’s multiple comparison test, 2p< 0.05, significant.N:

animal. Ten animals/group were analysed, but measurements wereed out
ing’ and was not included in the group means.
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gave information with regard to the morphological predilec-
tion areas for MAM-induced developmental neuropathology
(neocortex and hippocampus).

Regarding time and costs of the different endpoints the
following points should be emphasized: Simple linear mea-
surements of the width of major brain layers can be done
rapidly, especially with present-day computers. However,
for useful and correct linear measurementsonly highly ho-
mologous sections should be used, which—as shown in this
study—can be obtained by dissection of the brain according
to well-defined neuro-anatomical landmarks, and verification
with the atlas of e.g.Paxinos and Watson (1986). It appeared
worthwhile to invest some extra time in proper dissection of
the brain according to anatomical landmarks and to check the
homology of the sections prior to neuropathology screening;
the benefit of this investment forquantificationboth at the
macroscopic and microscopic level is by far larger than the
extra time investment.

Conventional slide readingper se, proposed also in cur-
rent guidelines(EPA,OPPTS870.6300,1996aand870.8600,
1996b;OECD 426, in preparation), appeared to be the least
discriminative method to detect the quantitative changes in
developmental brain morphology caused by MAM. The use
of light micrographs turned out to be helpful, but very time-
consuming as well, even with modern digital cameras and
c
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method can contribute to a better understanding of relevant
morphologic changes in the developing brain. Also, brain re-
gion volumes will be estimated using stereology. The nature
and precision of such estimates are expected to enable detec-
tion of early quantitative neuropathological changes. In case
of positive results, this method may be a candidate to be used
as new endpoint besides conventional endpoints.

Summarizing the results obtained for the conventional
neuropathology endpoints, it was concluded that for an ad-
equate morphological approach to study effects of a neuro-
toxicant on thedevelopingbrain, primarily those endpoints
that providequantitativeinformation (such as brain weight
and linear morphometry) are useful to detect effects of the
neurotoxicant on the developing brain. Microscopic screen-
ing of brain sectionsonly, is incomplete and as a stand-alone
procedure not suitable to detect the kind of changes induced
by developmental neurotoxicants.
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