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Abstract

Biomedical researchers and medical pro-
fessionals are regularly required to compare a
vast quantity of neurodevelopmental litera-
ture obtained from an assortment of mammals
whose brains grow at diverse rates, including
fast developing experimental rodent species
and slower developing humans. In this article,
we introduce a database-driven website,
which was created to address this problem
using statistical-based algorithms to integrate
hundreds of empirically derived developing
neural events in 10 mammalian species
(http:/ /translatingtime.net/). The site, based
on a statistical model that has evolved over the
past decade, currently incorporates 102 dif-
ferent neurodevelopmental events obtained
from 10 species: hamsters, mice, rats, rabbits,
spiny mice, guinea pigs, ferrets, cats, rhesus
monkeys, and humans. Data are arranged in
a Structured Query Language database,
which allows comparative brain development

measured in postconception days to be
converted and accessed in real time, using
Hypertext Preprocessor language. Algorithms
applied to the database also allow predictions
for dates of specific neurodevelopmental
events where empirical data are not available,
including for the human embryo and fetus.
By designing a web-based portal, we seek to
make these comparative data readily avail-
able to all those who need to efficiently esti-
mate the timing of neurodevelopmental
events in the human fetus, laboratory species,
or across several different species. In an effort
to further refine and expand the applicability
of this database, we include a mechanism to
submit additional data.
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Introduction

Studies that characterize the timing of mam-
malian neurodevelopment typically areaccom-
plished in experimental animals chosen to
satisfy a variety of scientific contingencies.
There will always be multiple species reported
in the scientific literature, with rodents the
experimental species of choice and less-studied
humans the species of most interest. However,
comparative cross-species neural develop-
ment data, especially for small increments
of time, have never been available in an acces-
sible, user-friendly, web-based format. To
address this problem, we apply a mathe-
matical model that has evolved over the
past decade (Finlay and Darlington, 1995;
Darlington, 1999; Clancy, 2000, 2001; Finlay,
2001) toa database of empirically-derived neuro-
developmental events, producing web-based
access to timing of comparative postconception
(PC) dates and to predictions of specific neuro-
development events in 10 mammalian species
at the site http://translatingtime.net/.

The Need for aWeb-Based
Database

Developmental neuroscientists, stymied by
the prospect of translating data across diffe-
rent animal species and then extrapolating
their findings to human development, have
attempted a variety of methods ranging from
morphological comparisons (Bayer, 1993) to
“rulesofthumb,” e.g., PN7toPN14inratequates
tohumanyear 1 (Andrewsand Fitzgerald, 1997).
These previous methods provide valuable infor-
mation, but many are decades old (Dobbing,
1970; Dobbing, 1971; Dobbing and Sands, 1973;
Dobbing, 1974; Dobbing and Sands, 1979), lim-
ited to rats vs human comparisons (Bayer, 1993)
and typically compare only one or two variables
(Dobbing, 1971; Dobbing, 1974; Dobbing and
Sands, 1979). Often the selected variables are
not clearly defined, or may have questionable
relevance for brain development.
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More recently, we have advanced multivari-
ate statistical approaches, with foundations in
evolutionary analysis (Finlay and Darlington,
1995; Darlington, 1999; Clancy, 2000,2001; Finlay,
2001). A mathematical approach is possible
because a primary biological mechanism coor-
dinating mammalian neural development
apparently arose early and was maintained
across evolution (Finlay and Darlington, 1995;
Beatty, 1997; Striedter, 2005). The value of amath-
ematical analysis of neural development lies in
the ability to efficiently capture the overall reg-
ularity of development as well as identify and
adjust for deviations. Yet journal data reporting
these comparisons are relatively inaccessible for
the clinicians whoneed to quickly and efficiently
interpretanimal experiments or researchers who
need to design experiments corresponding to
specific periods in human brain development
where comparisons havenot yetbeen published.
Thedetail with which comparative cross-species
data are conventionally presented is limited by
journal space.

We now seek a higher level of applicability
for modeled cross-species comparisons. We
designed a web-based database to generate a
comprehensive timetable that permits detailed
“translation” of developmental time across 10
mammalian species, including humans. The
database (Finlay and Darlington, 1995; Clancy,
2000, 2001) was updated to include a new
species, guinea pig, and additional neural
events. These data are presented using the
Internet, the ideal way to develop and share a
truly inclusive comparative model for cross
species development. We suggest that such an
approach is essential for the efficient interpre-
tation of neurodevelopmental research,and may
ultimately be applicable to studies of neuro-
physiology, neurotoxicology, teratology, mole-
cular genetics, and behavioral development.

To our knowledge, this web-based bioinfor-
matics modelis the only available approach for
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the conversion of neurodevelopmental data
across mammalian species. It presents cross-
species data for 102 unique neural events (397
totals in the ten species) such as neurogenesis
peaks and axonal outgrowth milestones, in an
easily accessible, highly detailed database that
can be updated as new data become available.
We have previously presented evidence to sup-
port the accuracy, precision, and reproducibility
of thismodel, such that it can be used routinely
for humaninfants (Clancy, 2000,2001). Portions
of this study have been presented in abstract
form (Kersh, 2005).

Why a Statistical Model
is Appropriate

The approach we take to clarify the rela-
tionship of neurodevelopmental timing in
humans and research species is based on a sta-
tistical model originally formulated to help
characterize evolutionary principles underly-
ing species differences in brain size (Finlay and
Darlington, 1995). Itis possible to do this math-
ematically because despite somaticand motoric
diversity, a remarkable similarity exists in the
timing and sequence of events that occur dur-
ing brain development, particularly in highly
related mammalian species.

Mouse, Rat, and Human on the Day
of Birth

This similarity of developmental schedules
allows applications of the statistical general lin-
ear model, particularly multiple regression, to
relate a database of brain development
“events” across the 10 mammalian species cur-
rently included in the model, including ham-
ster, house mouse, rat, rabbit, spiny mouse,
guinea pig, ferret, cat, rhesus monkey, and
human. These analyses are also able to predict
the timing of neural events for which empiri-
cal data are currently unavailable (Darlington,
1990) as well as quantify, and adjust for vari-
ability in these predictions (Clancy, 2000,2001).
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How the Model Works

For those who want an in-depth explana-
tion, the model applied at the website is
explained in detail in methods, with additional
detailreported in previous studies (Darlington,
1990, 1999; Clancy, 2000, 2001; Finlay, 2001).
Briefly and in nonstatistical terms, regression
theory models relationships across variables,
and is used here to model the relationship
between and across entries in a 10 species
database. The database can be considered a
worksheet of mathematical cells arranged in
columns and rows. Columnar entriesinclude
the 10 “species,” whereas row entries are a
variety of “neural events,” defined simply as
empirically derived occurrences in brain
development, such as when neurons destined
for various cortical layers are born. Regression
coefficients, which measure variability in lin-
ear relationships, are used to assign “scores” to
the species—with slow-developing species
(primates) having higher scores than fast-
developing species (rodents). Scores are also
assigned to neural events, with events that
occur early in development, such as genera-
tion of cranial motor nuclei, assigned lower
scores than those that occur later, such as the
onset of synchronized activity in the retina or
retinal “waves.”

Thus, the model on which the algorithms
used in the website are based includes a
“species factor” and a “neural events factor.”
Italsoincludes a third “primate factor.” Earlier
versions of themodel allowed us to understand
from a mathematical perspective that primate
brain development is a bit different than that
of other mammals. Specifically, primate corti-
cal events (involved in “higher” cognitive pro-
cessing) occur a bit later than would be
predicted from a nonadjusted model and
regions of the primate limbic system (involved
in memory and emotions, e.g., amygdala; see
website for complete list) develop a bit earlier
than that those of the other mammals in this
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study. Standard regression methods are also
used in computing the primate interaction
(Clancy, 2000), discussed next.

The model predicts PC dates transformed to
the statistical term “Y” (simply a mathemati-
cally convenient term) as “Y =In (PC days—k).”
The constant (k), accounts for the fact that early
events (blastulation, differentiation of basic
germinal layers) likely take the same amount
of time in all eutherian mammals. At the web-
site, Y is modeled as the sum of three terms:
the event score, the species score, and the pri-
mate interaction where appropriate, roughly
the same as a log transform of PC days. This
general linear model is fitted simultaneously
to all cells with data, allowing cross-species
comparisons. But the model also generates esti-
mates for species-event combinations with no
empirical data.

Methods

General System Configuration
of “Translatingtime.Net”

The Translating Time website is hosted on
a Dell PowerEdge SC430 computer running
the Red Hat Linux ES version 4 operating sys-
tem on a Pentium D microprocessor. The web-
site was created using the Macromedia editor
Dreamweaver 8, which allows for the site’s
construction, management, and task automa-
tion. The database was created in Structured
Query Language (MySQL) and is stored in two
tables: one for species and their respective
scores, and the other for specific empirically
derived neurodevelopmental events and their
respective scores.

Algorithms derived from the statistical
model are written in Hypertext Preprocessor
language (PHP), a server-side embedded
scripting language (HyperText Markup
Language [HTML]). These serve as an inter-
mediate level to communicate with the
MySQL service on the backend of the system.
Queries are sent to the database and output is
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generated from the PHP algorithms, displayed
as either text (for cross species comparisons and
some event predictions) or in HTML tabular
format (for predictions).

Inference Engines in “Translatingtime.Net”

There are two inference engines: a cross-
species comparison neurodevelopment “time
translator” and a species-specific neurodevel-
opmental “event predictor.”

Inferring a Cross-Species
Neurodevelopmental Time Translation

The time translator inference engine takes
input from the user and resolves what specific
queries equate to, for example: “What does
45 d PC in macaque neurodevelopment equal
in human development?” It accepts input on
the species the user wishes to translate from
(Species One, or in this example, Macaques),
and the species the user wishes to translate to
(Species Two, or in this case, Humans), together
with the day of interest in Species One (PC45).
The output is then propagated and displayed
as: “45PC daysin Macaque neurodevelopment
equates to Human neurodevelopment as fol-
lows: cortical events: 70.9 PC d, limbic events:
52.3 PC d, and noncortical /limbic events: 56.3
PCd.” Specific neurodevelopmental events for
both selected species, and their accompanying
brain regions (cortical, limbic or noncortical,
and nonlimbic), are also displayed in HTML
tabular format for each event currently listed
inthedatabase. The following dataarealso pro-
vided: gestation time, the respective species’
scores and the allowed PC day data-ranges for
which queries can be submitted. A species data
range begins in the first neural event data point
availableinthatspeciesand endsat thatspecies’
unique day of eye-opening.

Inferring a Neurodevelopmental Event Prediction

The species-specific neurodevelopmental
event predictor inference engine is based on
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the same model described earlier, but resolves
queries that ask, for example: “When does the
peak of neurogenesis occur in the development
of human amygdala?” The output is then prop-
agated and responds with: “The amygdala—
peak of neurogenesis—is predicted to occur at
49.4 d postconception.” Thespecificbrain region
(iftherequested speciesisa primate) of theevent,
along with the gestation time and day of which
eye opening occurs is also displayed.

Database

The backend MySQL database consists of
twobasictables, onelisting the species and one
listing neural events, together with their
respective scores and adjustments for primate
interactions. Data are pulled from tables and
referenced in a PHP algorithm that is executed
ontheuser’s computer. Species included in the
database were chosen for a variety of reasons
specificto each experimenter, althoughrodents
account for the most data because they are the
experimental species of choice. The database
includes data collated from published litera-
ture on brain development for dates of dis-
crete neural events (measured in PC days) for
hamster Mesocricetus auratus, house mouse
Mus musculus, Norway rat Rattus norvegicus,
guinea pig Cavia porcellus, Old World rabbit
Oryctolagus cuniculus, spiny mouse Acomys
cahirinus, ferret Mustela putorius furo, domestic
cat Felis domestica, rhesus monkey Macaca
mulatta, and human Homo sapiens. No addi-
tional animals were sacrificed.

Of the 102 x 10 (1020) potential data points,
we include empirical data for 397, 15 of which
are neural events for humans. Data were
obtained from the general literature (Rakic,
1974; Kostovic,and Rakic, 1980; Caviness, 1982;
Luskin and Shatz, 1985; Price and Blakemore,
1985; Rice, 1985; Brunjes, 1989; Bayer and
Altman, 1990; Bayerand Altman, 1991; Meister,
1991; Woo, 1991; Langford and Sefton, 1992;
Zhou, 1998) as well as compiled from previous
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publications (Tables 1-5 from Robinson and
Dreher [1990], Table 2 from Finlay and
Darlington [1995], Tables 1-3 from Ashwell
[1996], data reported by Dunlop [1997], Table 1
from Darlington [1999], and Table 2 from
Clancy [2001]).

To ensure consistency in our database, we
converted all empirical data uniformly. In our
model, the first 24-h period following concep-
tion is always given the designation PC 1, and
the conventional designation of postnatal (PN)
day 0 is given to the 24 h immediately follow-
ing birth. For the neurogenesis data points,
“start” date is the day on which 5% of the neu-
rons of a given structure were generated, and
“end” is assigned similarly. If bimodality, or
no clear “peak,” was evident in the empirical
neurogenesis data, a midpoint was used.
Limbic events were defined according to
Horton and Levitt (1988) as any neural regions
thatare positive for thelimbic-associated mem-
brane protein, LAMP (see list on website link
“Related Tables”). Fiber tracts were assigned
tobrainregions according to thelocation of the
cell bodies from which they originated.

The Statistical Model

Thefirst “Finlay /Darlington” model (Finlay
and Darlington, 1995) actually started with a
much smaller data set (174 observations span-
ning 51 events in 7 species); the present data
set was accumulated over many years (Finlay
and Darlington, 1995; Finlay, 1998; Darlington,
1999; Clancy, 2000, 2001; Finlay, 2001; Clancy,
2006). But for simplicity, the explanation
describes the model as if the larger data set was
used from the beginning.

First, all 397 observed dates were expressed
as “days since conception” on a logarithmic
scale. Using multiple regression, we predicted
this variable from a large number of “dummy”
or indicator variables, one for each species and
one for each neurodevelopmental event. These
variables were coded 1 for the event or species
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in question and 0 otherwise. For instance, the
“rat” variable is coded 1 for all observations
involving rats, and 0 for all other observations.
The regression coefficients of these variables
are actually the “scale values” mentioned ear-
lier. We then tried many modifications of this
simple model, but only three noticeably
improved the model’s fit to the data. One was
adjusting the logarithmic scale to start 4.34 d
after conception. The other two were the adjust-
ments for corticaland limbic eventsin primates
that produced themodel we now use. Currently,
these primate factors add 0.248683 to the esti-
mated Y-score of every primate cortical event,
and subtract 0.079280 from the estimated
Y-score of every primate limbic event. The
statistical details are described by Darlington
and colleaguesinseveral previous publications
(Darlington, 1999; Clancy, 2000, 2001). Readers
mightnotice thatsome values are slightly modi-
fied from our previous studies. This occurs
because the database is dynamic, as the number
of entriesincreases, scores change slightly, thus
improving the model.

Testing for Variability

Using Systat 10, we computed standard sta-
tistical correlation coefficients, mean square
errors (MSE) (unbiased estimates of true
residual variances), and standard errors of
estimate. Confidence limits (90% and 95%)
were also computed using standard statistical
techniques.

Supporting Data

Supporting data tables are linked on the web-
site as “Related Tables,” including confidence
limits for each included neural event in each
of the 10 species. A table listing the empirical
data on which the model is based is also
included, as are tables listing specific “limbic”
events and any abbreviations included in the
events tables.

Neuroinformatics

Images

Figure 1 and the photographs on the website
were obtained using a Canon D20 (Tokyo,
Japan) digital camera. The images were crop-
ped and edited in Photoshop CS2 (Adobe Inc.,
San Jose, CA). The photo of the human infant
is reproduced with permission.

Results

Using algorithms based on the Finlay/
Darlington model, we generate comparative
dates (measured in PC days) in increments of
singledaysinhumandevelopment forall species
included in the model. Examples of these com-
parative data appear in Table 1. The table is not
inclusive in this printed version owing to space
limitations, however, detailed time increments
for each species are available at the website.

Predicted Dates of Representative
Neurodevelopmental Events

How to Use the Database
Comparative Data

At the site, the user can enter a postconcep-
tion date within the range of data on which the
model is based for any of the 10 species in the
model. The time translation page is accessed
by clicking on either the “Translate Neuro-
developmental Time Across Mammalian
Species” button on the home page or the
“Translate” button in the menu bar. In mouse,
for example, the data range from postconcep-
tion day 9.4 to postconception day 29.6 (stan-
dardizing day of birth as PN day 0, this equates
to PN 10). The user can read that the compa-
rable time in PC days for any other species,
including for the human fetus (data range from
PC 34.5 to PC 200). The model computes that
the brain of a hamster at PC15 is at the same
stage of development as the brain of a cat fetus
at PC37.7 d, and a human fetus at PC 65, PC 89,
or PC 70, depending (for humans) on whether
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Fig. 1. Mouse, rat, and human on the day of birth. Clinicians and researchers currently struggle to equate the
timing of neurodevelopmental events across various mammalian species. Rats and mice have only 2-d differ-
ence in gestation time, but how do we apply this limited knowledge to compare development across rodent
brains with human brains, for example, on the day of birth? Scale bar divisions equal approx | mm (mouse and

In

rat) or |” (human).

the brain region is limbic, cortical, or nonlimbic
noncortical (other), respectively. As mentioned
earlier, for humans and macaques, a systematic
deviation in cortical and limbic neurodevelop-
mental scheduling we find only in primates
(Clancy, 2000) requires that three predicted dates
are generated to account for this.

Web Page Reproduction

Predict Neurodevelopmental Events

Predictions, using web-based algorithms
based on the Finlay/Darlington model for the
623 neural events lacking empirical data, are
also generated on the web platform; 87 of these
predictions are for events in therelatively inac-
cessible developing human brain. This capa-
bility is accessed on the home page by clicking
on the “Predict Neurodevelopmental Events”
button. The user can then select any one of the
10 species, and any of the 102 events and the
model’s estimate of the timing of that event in
that species is displayed. Again, space limits
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the examples listed in Fig. 2, but all data are
available on the website.
Variability

Statistical accuracy is high. The correlation
coefficient between all observed and predicted
data is 0.990223, a value that indicates remark-
able correspondence. The estimate of true resid-
ual variance, MSE, is 0.01516 for all species in
the model, a value that is reasonably close to
the ideal (0.00). The standard error of estimate
(SEE) (square root of MSE) is 0.1231. Using
t values of 1.968 and 1.650, we computed 90%
and 95% confidence levels. These are available
on the website.

As discussed in detail next, these values do
nothave the same meaning as they might have
in typical statistical analyses because the
empirical observations that the modelis based
on are typically mean values for several obser-
vations. Therefore, although empirical data,
particularly for humans, include sources of
unavoidable variability, the model is able to

Neuroinformatics
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Fig.2.Web page reproduction.This representative web page depicts a “translation” from rat on the day of birth

(PO) to human neurodevelopmental time.

compensate for these inconsistencies (see
Clancy et al., 2001 and discussion next), mak-
ing the model’s predictions reliable estimates
despite inconsistencies.

Discussion

A neuroinformatics approach enables us to
maximally coordinate existing information,
identify problematic empirical measurements,
and describe covarying subcomponents (such
as the primate limbic system) within over-
arching developmental schedules. Our analy-
ses indicate that some conventional “rules of
thumb” may need reconsideration. For exam-
ple, our model does not support the conven-
tional notion that rat development from PN7
to PN14 equates to the first year of human life.

Neuroinformatics

Such vague rules of thumb typically concate-
nate neural and somatic maturation, whereas
the predictions generated by this model are
specific for neurodevelopmental events, which
may be substantially decoupled from somatic
maturation.

How a Large Database
and a Statistical Approach
Improve Accuracy

Multivariate statistical analysis can some-
times produce predictions that are more accu-
rate than the empirical data that generates them
as a result of what statisticians call “the boot-
strap effect.” Our mathematical model takes
into account the relationships between every
available data point in every species included
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inthemodel, identifies similarities, adjusts esti-
mates to account for species differences, and
thus calculates an equivalent degree of neuro-
developmentinareliableand reproducible man-
ner. Essentially, each prediction generated by
the model is based on all the observations used
to build the model, thus errors are minimized,
making themodel’s predictions better estimates
of the true cell entries than the values from the
literature, particularly for human data (Clancy,
2001). For example, some of the empirical val-
ues for humans are “noisy” because they are
based on unavoidably small sample sizes
and/or inaccurate estimates of conception.

The “bootstrapping effect” was recently cor-
roborated for eye-opening in the human fetus.
Incorporated into our initial models for this
event was the conventional date reported in
theliterature, PC184 (Ashwell, 1996). However,
our neuroinformatics approach consistently
indicated that eye opening actually occurred
at 156 d postconception (Clancy, 2000, 2001).
The model’s accuracy was recently confirmed
when 4-dimensional ultrasonography probes
placed human eye opening at 155-158 d (Kurjak
et al., 2003; Kurjak, 2004; Campbell, 2005).

How Accurate Are These Estimates?

In most statistical analyses in biology, med-
icine, or psychology, the unit of analysis is an
individual human or animal. But each of the
397 “observations” in our model is itself typi-
callyameanscore forseveral individuals. Thus
the confidence limits on predictions made from
ordinary regression formulas don’t have their
usual implication. However, we can consider
the confidence limits to be meaningful if we
make one extra-assumption, which we believe
is reasonable. The parameter estimated by the
usual MSE statistic (in our current model, MSE
is 0.01516) is made up of three major factors:

1. Errorinthe mathematical form of our model—
for instance if the true model contains inter-
action terms other than the primate-cortical
and primate-limbic terms in our model.
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2. Variation among individuals in a species

3. Measurement error in each individual, for
example, an event occurred at 15 d in one
individual but was recorded as 16 d owing
to experimental error.

We assume that the last of these factors is the
largest one because the experimental error can
be expected to deviate systematically from the
true value—be observed too late, for example,
rather than assume that individual variation
would be systematically biased away from the
mean. With that assumption, the “true” value
foreachindividualis essentially the “true” value
for the species as a whole, and the same confi-
dence limits apply to each. The confidence lim-
its on this website are based on that assumption.

Similarly, the SEE we compute in our model
(0.1231) is not at all analogous to typical val-
ues of SEE because, as noted earlier, each
“observation” in our model is typically itself a
mean across many individuals. SEE for our
modelis essentially ameasure of how well these
observations fit our model.

It should also be noted that the relative
sparseness of thedatain humans (e.g.) will cause
the human data to have less “leverage” in set-
ting the model’s parameters in the first place,
and thensymmetrically have more errorinback-
predicting unknown human dates. In addition,
because the model uses In (day), there will be
more deviationin thelatest dates of species with
the longest gestation times (primates).

Previous Applications of the Model

Despite its relative inaccessibility, this sta-
tistical model has been used and supported in
about 70 diverse experimental studies to date.
These include fetal alcohol exposure (Zhou,
2003), PN auditory projections (Leake, 2002),
as well as for clinical studies reporting stereo-
tactic comparisons of child and adult brains
(Burgund etal.,2002) or language development
(Bates, 2002). Studies of the amphibian spinal
cord (Schlosser, 2003), periventricular regions
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(Alvarez-Buylla and Garcia-Verdugo, 2002),
and cerebellar neurogenesis (Karam, 2001)
have also followed from this model.

Future Applications of the Website

Over the pastdecades, thesurvival of preterm
and full-termneonates hasimproved drastically,
mainly by improving the outcomes from respi-
ratory, cardiovascular, infectious, and surgical
conditions. Relatively less success has occurred
with regard to neurodevelopmental outcomes,
with modest gains from the treatment or pre-
vention of intraventricular hemorrhage, periven-
tricular leukomalacia, white matter damage
(Volpe, 1997a,b), neonatal stroke, birth asphyxia
(Smith etal., 1988) meningitis, encephalitis, con-
genital infections, or other conditions (Epstein
and Gelbard, 1999; Dammann, 2002) affecting
the immature brain. A deeper understanding of
themechanisms by which these conditions affect
brain development and neurodevelopmental
outcomes holds great promise for novel thera-
peutic approaches or preventive strategies.
There is also increasing concern that conditions
during early development may alter the sus-
ceptibility to major adult diseases by fetal pro-
gramming of nutritional or metabolic or
behavioral patterns (Gluckman and Hanson,
2004). Animal models targeted to highly spe-
cific developmental periods are required for
experimental research in these conditions, and
for other areas such as neurotoxicology, neu-
roteratology, or gene therapy. Major differences
in developmental periods and rates of devel-
opment between animal and humans brains
have generated much controversy regarding to
the applicability of experimental findings to
human development (Todd, 2004).

Our goal is to provide another tool to help
in identifying the precise timing of develop-
mental events across different mammalian
species that are used for designing mecha-
nistic studies of neonatal neurological condi-
tions. Inaddition, because thelong-term effects
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of fetal orneonatal insults depend on the devel-
opmental events occurring at the time of the
insult, the ability to select corresponding peri-
ods of development in the human and, for
example, rodent species is critical. Diagnostic
tests or intervention strategies in neonates can
also be assessed in different animal models at
clinically relevant stages of brain development.

Differences in Primate
Development

The “primate” factor that we have incorpo-
rated is unique to cross-species comparisonsand
one we feel is particularly important because
extrapolating from rodents to humans is a pro-
found question in neural developmental
research. The factor fine-tunes the model by
accommodating asystematic deviationinneuro-
developmental scheduling seen in primates
(Clancy, 2000). In primates (including humans),
the neocortexis much larger and the distributed
limbic system, including the olfactory bulb, is
proportionally smaller than would be expected
for other mammals with similarly sized brains.
These differences can be accounted for, at least
partially, by differences in the periods of neuro-
genesis required for these two structures. In pri-
mate brains, the period of cortical neurogenesis
is correspondingly extended, whereas neuro-
genesis for the limbic system is compressed
(Finlay, 1998, 2001). Correction factors for the
cortical and limbic system development were
therefore included in our mathematical model
to adjust for specific patterns of primate brain
development. Alist of limbic events is available
from the “Related Tables” link on the website.
Itis possible thatas our database grows to incor-
porate new species and events, other such fac-
tors will be identified.

Limitations

Although we are confident the predictions
and comparisons for the neural events that are
included in our database will be of value, we
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must also caution against overeager interpre-
tations until more data become available. For
example, prolonged anesthesia alters neuronal
cell survival in the developing rat brain
(Ikonomidou et al., 1999; Jevtovic-Todorovic
etal., 2003; Olney, 2004) but rodent studies can-
not tell us how long human infants can be anes-
thetized safely without similar morphological
or developmental consequences (Anand and
Soriano, 2004; Soriano, 2005). At this point, the
model cannot accurately predict an answer
because the current database does not yetincor-
porate data from potentially influential items
such as metabolic rates, cytokine expression,
glial cell or vascular development, gene expres-
sion, axonal transport, or other developmen-
tally regulated factors that may or may not fit
the comparative model.

However, as new data are added, the preci-
sion of the model will be improved and the
applicability of our statistical algorithms will
be broadened. Accumulating data will also
improve our understanding of some inconsis-
tencies across ontogeny and phylogeny. For
example, time cycles for mechanisms such as
action potentials are similar across species, yet
it is clear that intervals between the relatively
large-scale events in our database become
longer fromrodent to human. Furthermore, the
developmental predictions from these algo-
rithms will only be as accurate as the data that
they are based on. Multivariate modeling tech-
niques, however, provide some protection from
gross errors in estimation as discussed earlier.

Submitting New Data

There is a link on the home page, under
“Provide Feedback,” to a form “Submit New
Data.” The expectation is that researchers can
submit peer-reviewed data that, following eval-
uation, will be compiled by the authors of this
article and incorporated into the database.
Although this process will take time to evolve,
it will eventually provide a large amount of
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additional information as well as higher pre-
cision in the database. For example, when the
new date for human eye opening was added
to the database, small changes occurred in the
scores for the event “eye opening,” and for
human species. But in fact, the scores for the
entire database changed, although the changes
were barely perceptible adjustments of several
decimal places. But because every new or
amended entry in the database serves to
improve the accuracy of the model, this feed-
back mechanism holds much promise.

Future Directions of This Approach

Ourultimate planistomaintainauser-friendly
cross-species database where researchers and
clinicians worldwide can add new species and
new developing neural eventsonaregularbasis,
refining the model to include such items as
sleep/wake cycles, metabolic rates, gene expres-
sion patterns and neurochemical comparisons,
as well as PN human data. The timing is optimal
to use the power of large, computer-based data-
bases for acquisition as well as analysis, such
that increasingly more precise predictions and
broader applications can be produced and
accessed from a web-based portal.
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