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Abstract

We employed 5-bromo-29-deoxyuridine (BrdU) labeling to identify in vivo changes in the cell cycle patterns of the rat midbrain during
the major period of midbrain organogenesis, gestational days (gd) 11 to 16. We also used quantitative stereology to determine changes in
absolute cell numbers during these gestational time points. Between gd 12 and 16, the length of S-phase did not change significantly while
the fraction of cycling cells decreased from 73 to 11%. The average cell cycle length was determined to be 15 h on gd 12 and 17 h on gd
16, the difference not being statistically significant. The cell number in the midbrain increased from 1.3E5 cells on gd 11 to 1.7E7 cells on
gd 16. On gd 12 and gd 13, there was a significant negative correlation between litter position and midbrain cell number, the effect
diminishing on later days of gestation. The combined use of quantitative stereology and flow cytometry to study brain development
represents a novel application that allows for simultaneous evaluation of changes in cell proliferation kinetics and the resulting effect of
those kinetic changes on embryonic midbrain development.
  2003 Elsevier Science B.V. All rights reserved.
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1 . Introduction liferation facilitates the development of orderly connect-
ions between nerve foci in the nervous system [9] and the

Nervous system development in mammals follows a correct establishment of the cortical layers [13]. Impaired
well-characterized pattern wherein neuronal production is cell proliferation is suspected to underlie such neurode-
followed by neuronal migration, synaptogenesis, selective velopmental diseases as spina bifida, holoprosencephaly,

3cell loss, and myelination. As determined by H-thymidine microcephaly, altered neurobehavior and mentation, and
incorporation experiments, the various regions of the CNS craniofacial abnormalities such as cleft lip and cleft palate
develop and undergo maturation during different, discrete [63,71,77].
developmental periods, and the timing of neuronal pre- Despite years of study, limited quantitative data exist
cursor cell (neuroepithelial cell) proliferation varies by regarding changes in mitotic activity in the normally
brain region, and within a region, by specific brain nuclei developing brain. A number of studies using tritiated
[1,36,52,67,68,72]. Such specificity in neuroepithelial pro- thymidine have identified proliferative periods in various

brain regions during brain organogenesis. For example,
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[6,7,10,11]. Rodier [62] summarized these primarily quali- typically involve limited time points and focus on specific
tative data to depict proliferative windows for various nuclei [43,50,51] or grossly defined areas such as the
regions in whole brain development. Although these cerebrum [33]. The use of quantitative stereology with
studies indicate the relative level of proliferation on BrdU-based flow cytometry to study brain development
different days of gestation, they do not provide data on therefore represents a novel application that should sig-
actual cell cycle kinetics such as the cell cycle length, cell nificantly contribute to our understanding of the process of
cycle phase transition durations, or changes in the fraction brain development.
of proliferating cells. A limited amount of quantitative cell
cycle kinetic data have been collected in the context of
toxicology, where the effects of various teratogenic agents 2 . Materials and methods
on cell proliferation were studied, but these typically
involved evaluation at a single point in gestation (e.g., 2 .1. Animals
Refs. [24,31,64]). The work of Miller and colleagues
[44–48] has yielded quantitative cell cycle kinetic parame- Time-mated female Sprague–Dawley rats were obtained
ters on cell proliferation in the rat cerebral cortex but this from Charles River Laboratories (Hollister, CA, USA).
appears to be the only region of the developing rat brain The morning after mating was designated gd 0. Animals
studied in this manner. were shipped from the breeding facility to the University

In our work we used the technique of in vivo 5-bromo- of Washington Health Sciences Complex on gd 6. Animals
29-deoxyuridine (BrdU) labeling to identify normal were kept on a 12-h light /dark cycle, fed with standard rat
changes in the cell cycle patterns of the rat midbrain chow, and watered ad libitum. Animal care and treatment
during the major period of midbrain organogenesis, gesta- followed a university-approved animal use protocol de-
tional days (gd) 11 to 16. BrdU, a thymidine analog, is veloped in accordance with NIH guidelines.
incorporated into DNA during cell replication. Flow
cytometric analyses of BrdU-labeled cells allows analysis 2 .2. Cell cycle kinetics studies
of cell cycle phase (G /G , S, and G /M) by DNA0 1 2

content across one axis, and BrdU content, indicating 2 .2.1. Treatment
active cell proliferation, across the other [28,30]. This Rats were dosed with BrdU on different gestational days
technique has been used extensively to investigate the to evaluate how cell cycle patterns change during the
growth potential of tumors [12,29,38,74] and to investigate course of gestation. Short term (1.5 h) exposures to
the cell cycle effects of several teratogens [25,35,45– determine the S-phase length were carried out on gds 11,
48,53,59]. Pulse labeling, in which a single BrdU injection 12, 13, 14 and 16. These corresponded to Witschi stages
is given followed by analysis a short time afterwards, can 18, 21, 27, 29 and 32, respectively. Animals received a
be used with anti-BrdU antibody detection to estimate the single intraperitoneal (i.p.) injection of BrdU (18 mg/ml
amount of time cells are in the S-phase of the cell cycle dissolved in PBS, pH 7.7, total dose 25 mg/kg) and were
[12]. For most cell populations, longer term labeling of sacrificed 1.5 h later. Preliminary work indicated that it
DNA with BrdU is also required to determine the total required approximately 15 to 20 min for injected BrdU to
fraction of cycling cells. Gathering data at both short and reach the embryo in sufficient concentrations to cause
long periods allows for determination of several parame- detectable BrdU labeling of DNA. After sacrifice, tissues
ters of the cell cycle including the S-phase duration, the were collected and processed as described below. Long-
overall cell cycle time, and the total fraction of cells term cumulative BrdU exposures to determine the total cell
cycling [44,54]. cycle length and fraction of cells involved in cycling were

To complement and confirm our cell cycle data, we used carried out on gd 12 and gd 16. These animals received
the cell counting methods of quantitative stereology injections of BrdU starting at 8 a.m. and continuing at 5 h
[23,58] to determine absolute cell numbers over the intervals with animals sacrificed at various times to
studied gestational time points. Recent developments in determine the change in the fraction of BrdU-labeled cells.
stereology, based on the optical dissector and fractionation Initial work indicated that an interval of 5 h between BrdU
methods, have revolutionized the ability to perform un- injections was sufficient to label all cycling cells (i.e., no
biased cell counts in the central nervous system [34,42]. cycling cells would pass completely through S-phase
These stereology tools are increasingly being recognized as without being labeled in 5 h).
the appropriate method for determining cell number in the
CNS [66]. These tools have been used to document neuron2 .2.2. Tissue collection
number in adult rodent models (e.g., Refs. [15,55,60,76]), At the appropriate time interval after BrdU injection,
in non-human primates (e.g., Refs. [21,22]) and humans animals were killed using CO . To evaluate the potential2

[56,75]. As is the case for cell cycle kinetics, there is a effects of BrdU toxicity on cell cycle progression, embryos
dearth of data on changes in cell number in different brain were also obtained on gd 12 from four dams not treated
regions during development. Data that have been collected with BrdU. The uteri were removed and placed on ice and
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maintained cold while embryos were dissected out of the 70% ethanol and then resuspended in 1 ml PBS/5% NGS.
uterine tissues. Dissection on ice was observed to halt Cells were allowed to rehydrate overnight as this was
BrdU incorporation in embryonic tissues and allowed for found to provide better antibody access to DNA. After the
precise control of the time of BrdU exposure. After the overnight rehydration, cells were centrifuged and resus-
embryos were obtained from the uteri, the developmental pended in 150ml of PBS/NGS and 450ml of membrane
stage was confirmed by measuring crown rump length, shredding solution (100 ml CMF-PBS, 500ml NP-40, 20
counting somites, and evaluating overall morphology and mg EDTA). Samples were placed on ice and vortexed
comparing these to a standard reference [2]. The em- vigorously every 3 min for 20 min. Samples were then
bryonic midbrains were then sectioned from the main part acidified with 800ml of 4 N HCl and agitated for 45 min
of the embryo. The midbrain was identified as indicated in at room temperature to denature the double stranded DNA
Fig. 1. This area included the developing region of the and allow antibody access. Cells were then washed twice
thalamus. The inclusion of the thalamus as part of the with 3 ml 1 M Tris (pH 8.5) and counted using a
midbrain structure for the purposes of counting was done hemocytometer. The samples were then completely de-
to enable use of the unambiguous boundary formed by the canted and resuspended with a FITC-conjugated anti-BrdU
prominent fissure separating the thalamus from the cerebral antibody (Pharmingen, San Diego, CA, USA) at a ratio of
cortex. The midbrains obtained from each litter were 150ml antibody to 1E6 cells. The antibody was previously
pooled and disaggregated using 0.25% trypsin /2.5% col- diluted to 1:20 with PBS/NGS/0.5% Tween 20. After 1 h
lagenase and trituration. The cell suspensions were then of incubation, samples were washed once with PBS/NGS
washed with PBS/5% Normal Goat Serum (NGS) and and resuspended in PBS for flow analysis. Immediately
cells were fixed in cold 70% ethanol. All work was prior to flow analysis, the DNA stain propidium iodide
conducted using dark room lights to minimize BrdU (PI) was added to achieve a final PI concentration of 5
photoactivation [26,39,61]. mg/ml in the sample.

2 .2.3. Cell staining 2 .2.4. Flow cytometry
Cells were centrifuged (10 min, 700 rpm for all spins) in Flow cytometry was used to determine the fraction of

cells positively labeled with BrdU and the cell cycle profile
(i.e., %G1, %G2 and %S). Dual parameter flow cytometry
utilized a Coulter EPICS Elite equipped with a coherent
Innova 90 air-cooled argon laser. Excitation occurred at
488 nm for both FITC and PI. Fluorescence measurements
were obtained from approximately 20,000 cells. Data was
analyzed using the software package Mplus (Phoenix Flow
Systems, San Diego, CA, USA).

2 .2.5. Cell cycle kinetic parameter estimation
The S-phase length (T ) was determined from the pulses

labeling study by the shift in mean PI fluorescence of the
BrdU-labeled cells after 1.5 h of BrdU exposure using the
method of Begg et al. [12] as modified by Terry et al. [73].
The total cell cycle duration (T ) was determined graphi-c

cally as the time required for all actively cycling cells to be
labeled plus the previously calculated S-phase duration
[54].

As an alternative approach, the cell cycle time was
estimated using analytical methods developed by Bertuzzi
et al. [14]. In this approach, theT can be estimatedc

analytically with rearrangement of his Eqs. (2) and (5) to
yield

l3 T ln(11GF )s
]] ]]]]T 5 3c LI ln 2

where T can be estimated using the relative movements

method (described above),LI can be estimated as the
Fig. 1. Rat embryo (gd 14) indicating the region being studied. Arrow A

fraction of cells labeled with a single pulse of BrdU, andindicates the cerebellomesencephalic flexure while arrow B indicates a
the growth fraction (GF ) can be estimated from continuoussimilar flexure, associated with the posterior commissure [2,57]. These

markers are discernable between gd 11 and gd 16. BrdU labeling.
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2 .2.6. BrdU toxicity N(cells, structure)5N (cell /volume)3V(structure)v

To evaluate potential BrdU toxicity, the cell cycle phase
distribution (i.e., the percentage of the midbrain cells in The structure volume,V(structure), was estimated by
each phase of the cell cycle as determined by PI staining summing the volumes of a systematic subsample of all of
and the Mplus software) in BrdU-treated animals was the sections (obtained from exhaustively sectioning the
compared to the distribution in untreated controls. Data brains) and then multiplying the subsample volume by the
were evaluated for statistical significance usingt-tests or ratio of the total number of sections to the number of
ANOVAs and a significance criterion of 0.05. sections included in the subsample (e.g., 10 for a 1 in 10

sampling frequency). The volume of the sampled sections
2 .3. Cell counting was estimated as the sum of the area of the sections

multiplied by the average thickness of the sections.
2 .3.1. Embryo isolation The numerical density (N ) of cells was determined withv

Using a separate set of dams (i.e., without BrdU the optical disector. The area of the disector was set by an
treatment), embryos were obtained on gds 11, 12, 13, 14 unbiased counting frame and its height measured by a
and 16 using the procedures described above. On gd 11, length recording gauge attached to the microscope stage.
one litter was evaluated whereas two litters were evaluated Nuclei were counted when they came into focus as the
on each of the other days. The location of each embryo on focal plane was moved through a volume of the relatively
the uterine horn was preserved so that uterine position thick (20 to 30mm) section following the unbiased
effects on cell number could be determined. After collec- counting rules for the optical disector, and established cell
tion, each embryo was assigned a specific code number so recognition rules. We assumed that each cell type contains
that counting was performed with the observer blind to only one nucleus, hence nuclei counts equaled cell number
uterine position. Four individual embryos were counted per in the disector volume.
litter. Table 1 illustrates the results from the analysis of a

typical individual embryonic midbrain. The table also
2 .3.2. Tissue preparation describes the method used to estimate the sampling error

A detailed description of the technical details of the (the observed coefficient of error, OCE). The estimator of
stereology procedure is available in Charleston [23]. the OCE is modeled after West and Gundersen [75], and
Following fixation by whole body immersion in 4% provided the means to ascertain that the contribution of the
paraformaldehyde (carried in 0.1 N dibasic sodium phos- sampling error for each individual contributed negligibly
phate buffer, pH 7.2), whole bodies or heads of embryos towards the observed group variance. The typical sampling
(depending on age/size) were specifically positioned by hierarchy scheme differed depending upon the gestational
embedment in 3% agar matrix to facilitate handling during day examined. The goal was to observe between 100 and
subsequent tissue processing and increase histology ef- 300 neuroepithelial cells per individual encountered across
ficiency by allowing entire sets of embryos to be processed a set of systematic randomly selected sections and sys-
together as a single tissue set. The agar blocks (containing tematical randomly placed disector counting frames [23].
the tissue) were dehydrated in a graded EtOH series and The smaller gd 11 brains were sampled by placing
embedded in glycol methacrylate (Historesin, Cambridge disectors on every second section from the exhaustive set
Instruments, Deerfield, IL, USA). Blocks were exhaustive- of sections generated. In contrast, for the much larger gd
ly sectioned in the sagittal plane at a thickness of 20 or 30 14 brains, it was determined that counting could be
mm on a JB-4 microtome (Sorvall) using glass knives and performed on every 12th section in the set of sections.
all sections were collected in the order generated. Sections Likewise, the spacing of the disector counting frame
were stained with Giemsa (stock solution, J.T. Baker, spacing was also increased as the developing brain in-

˜Phillipsburg, NJ, USA) using the procedure of Iniguez et creased in size. These adjustment in the sampling details
al. [37] following the suggestions of Brændgaard et al. were done to maintain the goal of counting only 100 to
[18,19]. 300 neuroepithelial cells per individual, and thereby avoid

excess work which would not appreciably improve number
2 .3.3. Stereology estimates. The boundaries of the fetal midbrain were

Estimates of the number of neurons in the developing rat determined by use of a developmental rat atlas [2]. Areas
midbrain were determined by use of the Optical Volume considered for cell enumeration are indicated in Fig. 1. As
Fractionator (OVF) procedure of Bolender and Charleston indicated previously, this area included the developing
as previously described [16,23]. The OVF procedure region of the thalamus, thus enabling use of the unambigu-
employs a design-based, systematic random, multilevel ous boundary formed by the prominent fissure separating
sampling protocol. Estimates of the cell number,N(cells, the thalamus from the cerebral cortex. Otherwise, de-
structure), are calculated as the product of the numerical termination of the boundary between the midbrain and
density of the cell,N , and the structure volume,V(struc- thalamus would have required the use of arbitraryv

ture): boundaries resulting in an equally arbitrary estimate of the
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Table 1
Example calculations used in cell counting (representative data from a gd 14 animal)

2 2 2 2Section P P 3P P 3P P 3P Q F Q 3F (F 3Q 1 (F 3Q 1 Ni i i i i11 i i12 i i i i i i11 i i12 i
2 2(i) F 3Q ) /2 F 3Q ) /2i11 i i12 i

1 2 4 26 18 10 2 20 116 93 10
2 13 169 117 182 51 13 663 541.5 825 51
3 9 81 126 45 48 9 432 660 223.5 48
4 14 196 70 0 72 14 1008 341 0 72
5 5 25 0 0 23 5 115 0 0 23

Sum 43 475 339 245 204 43 2238 1658.5 1141.5
A B C D E G

CE 0.119 0.101 0.101

P indicates the point counts per section (i) over the midbrain, and was used to estimate surface area of the sections containing midbrain because each pointi

was associated with a known area. The total volume of the midbrain (V ) can be calculated from the fraction of the total volume the sections represent,
21/12th, and the average section thickness, 29.7mm. Q indicates the neuroepithelial counts in the disectors placed on each section. The number ofi

disectors placed on each section (F ) also equals the number of points (by design).N equals the number of cells counted per sectioni. Knowing the area ofi i

the disector counting frame and the height of each disector, the volume of the disectors is known, allowing calculation of numerical density (number per
volume,N ). CombiningN with V yields a dimensionless estimate of the total cell number. In this example, the total number of neuroepithelial cells wasv v

calculated as 4.22E6. Formula (1) is used to calculate the observed coefficient of error (OCE) for each quantity. Formula (2) is an intermediate calculation
2of the covariance betweenP and Q . Formula (3) estimates the OCE after combining the results from formulas (1) and (2). Note thatF 5P , andi i i i

2Q 5N . Adopted from West and Gundersen [75].i

]]]]
(3A1C 24B) /12œ
]]]]]CE(O P )5 5 0.119 (1)i O Pi

(3D 1G 2 4D)
2 ]]]]Cov(O Q ,O F )5 5 101.8 (2)i i 12

]]]]]]]]]]]]]]]
2 2 2 2 2OCE(O Q /O F )5 (CE (O Q )1CE (O F )2 (2 Cov(O Q ,O F ) /O Q 3O F )5 0.035. (3)i i œ i i i i i i

total number of neuroepithelial cells. This area of interest
was identified by extending a line between the base of the
cerebellar sulcus and the base of the thalamus, thereby
transecting the ventricular space. This approach was
consistent with that used for collection of cells for the cell
cycle kinetics evaluation. Correspondence between the
atlas drawings and photographs with the histology sections
was very good.

To adjust for inter-litter differences on those days where
more than one litter was counted (gds 12, 13, 14 and 16),
the cell number for each embryo was compared to the
mean cell number for the individual litter. Inter-litter
differences may be attributable to slight differences in
mating time and would represent a potential confounder in
our dataset. Linear regression analyses were performed for
each gestational day to determine if litter position had a
significant effect on midbrain cell number. To evaluate any
interaction between litter position and gestational age,
log-transformed data were analyzed using linear multiple
regression with uterine position, gestational age and an
interaction term as independent variables.

Fig. 2. Representative flow cytogram showing anti-bromodeoxyuridine
(BrdU) antibody staining of midbrain cells (obtained on gestational day

3 . Results (gd) 12). Those cells shown above the dotted line are fluorescein
isothiocyanate (FITC) (i.e., BrdU)-positive, having incorporated BrdU
during the most recent S-phase of the cell cycle. Those below the dotted3 .1. Cell cycle kinetics studies
line are FITC negative, the baseline signal being due to cellular
autofluorescence. Note that there are no FITC-negative S-phase cells,

A BrdU dose of 25 mg/kg was found to be sufficient for suggesting that embryonic BrdU levels were sufficient to label all
clear resolution of BrdU-negative and -positive cells using proliferating cells.
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Table 2 significantly over the different days of gestation (ANOVA,
Results for bromodeoxyuridine (BrdU) pulse labeling studies P,0.01), from a maximum of 51% on gd 11 to a
Gestational T (S.D.) Pct BrdU (S.D.) minimum of 7% on gd 16. Note that this data provides ans

day (h) positive estimate of the relative degree of proliferation on the
11 7.5 0.9 51 1.8 different gestational days but does not indicate the total
12 8.2 1.5 32.6 2.2 number of cycling cells that can only be determined by
13 8.6 1.3 27.5 5.8 continuous labeling.
14 7.5 1.0 11.2 1.5
16 11.3 3.4 6.6 1.4

3 .1.2. Continuous labeling studies
Maternal animals were injected with 25 mg/kg BrdU and embryos were The relative fractions of BrdU-stained cells following
evaluated 1.5 h later. The percent of BrdU-positive cells was found to

long-term BrdU labeling are shown for gd 12 and gd 16 inchange significantly at the gestational times evaluated (ANOVA,P,
1 *Fig. 3. An exponential function (Pct BrdU5 x [120.01). Differences in S-phase length (T ) were not statistically significant. 1s

Each data point represents data for five litters. exp(x 3 time)]) was fit to the data using a maximum2

likelihood optimization and used to determine the point at
an anti-BrdU antibody (Fig. 2). Attempts were made to which the plateau in BrdU labeling (the GF) was obtained.
perform cell cycle analysis using the Hoechst quenching The GF was considered reached when the function reached
technique, in which BrdU incorporation is quantified by 95% of the asymptotic final value. The fraction of actively
the BrdU-induced quenching of the fluorochrome Hoechst cycling cells (the growth fraction, GF) changed markedly,
33258. However, doses of 25 mg/kg BrdU were in- from 73% (64%, S.D.) on gd 12 to 11% (61%, S.D.) on
sufficient to clearly distinguish labeled and unlabeled cells gd 16. This finding parallels those observed with the pulse
by Hoechst quenching. labeling study described above and indicates a significant

proportion of the cells are exiting the actively proliferating
3 .1.1. Pulse labeling studies population by gd 16.

The S-phase length (T ) for the gestational periods

studied is indicated in Table 2. Between gd 11 and 16, the 3 .1.3. Estimated cell cycle time
length of S-phase did not change significantly. There was Using the fitted exponential function and the method of
an indication of an increasing S-phase length on gd 16, but Nowakowski et al. [54], the time to reach the labeling
increased inter-litter variability at this time point precluded plateau (i.e.,T 2 T ) was 7 h on gd 12 and 6 h on gd 16.c s

this finding from being statistically significant. When combined with the S-phase length determined from
The fraction of cells labeled with a single BrdU pulse is the single pulse labeling study, the average cell cycle

also indicated in Table 2. This fraction of labeled cells is a length (T ) was found to be 15 h on gd 12 and 17 h on gdc

reasonable estimate of the instantaneous labeling index 16 (Table 3). Because the S-phase length was not found to
(LI). Unlike the S-phase length, this parameter changed be statistically different between gd 12 and gd 16, the

Fig. 3. Results for cumulative BrdU labeling at gd 12 and gd 16. Animals were given 25 mg/kg BrdU at 5 h intervals beginning at 8 a.m. on the relevant
gestational day and then sequentially sacrificed at the times indicated. The fraction of BrdU-labeled cells in the midbrains was then determined using flow
cytometry. The curves shown were fit using the maximum likelihood approach. On gd 12, the total fraction of cycling cells was found to be 73% (64%,
S.D.). The time required to reach this plateau (T 2 T ) was approximately 7 h. On gd 16, the total fraction of cycling cells was observed to be 11% (61%,c s

S.D.). The time required to reach this plateau was approximately 6 h.
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Table 3
Estimated vs. observed cell number in the developing rat midbrain

GD N GF T Predicted cell Observed0 c

(h) number at the start cell number
of the next GD (S.D.)

12 3.60E105 0.73 15 1.7E106 3.6E105 (1.2E105)
13 1.7E106 0.4 16 4.6E106 1.6E106 (0.3E106)
14 4.6E106 0.3 16 1E107 3.9E106 (0.4E106)
15 1E107 0.2 17 2E107 nd
16 2E107 0.11 17 1.7E107 (0.2E107)

Predicted cell number after a period of exponential growth using derived cell cycle kinetic parameters. Values for growth fraction (GF) and cell cycle time
(T ) on gds 13–15 (in italics) were estimated so as to yield the observed number of cells on gd 16 (see text for details). Experimentally derived values forc

GF, T , and the observed number of cells by quantitative stereology are shown in italic text. The fifth column indicates the predicted cell number at the endc

of a given gestational day. This number becomes the model input for the next gestational day (column 2) and should be compared to the observed cell
number shown in column 6. Cell number was not determined (nd) on gd 15.

difference in cell cycle length on these 2 days was also not animals (t-test, P.0.1), thus indicating no significant
statistically significant. effect of BrdU treatment on cell cycle progression.

The cell cycle time (T ) was also estimated analyticallyc

using the method of Bertuzzi et al. [14]. This method, 3 .2. Gestational changes in midbrain cell number
originally developed to estimate cell cycle kinetic parame-
ters in exponentially growing tumor cells, yielded results Histologic evaluation of Giemsa-stained midbrain sec-
similar to those of Nowakowski et al. However, this tions demonstrated a preponderance of uniformly stained
method requires use of a somewhat arbitrary value,l, cells in a columnar arrangement localized to the ventricular
which is selected based on estimates of the age distribution walls, which is characteristic of neuroepithelial cells [49].
of the population and the phase transit times [14]. Bertuzzi The Giemsa staining procedure characteristically stains the
et al. [14] recommend use of a value ofl50.8 when nuclei of neuronal cells a uniform pale blue, with the
dealing with exponentially growing tumor cells. We as- nucleolus appearing slightly darker. The cytoplasm of the
sumed a comparable value ofl in our model, since cells neuroepithelial cell stains a deeper blue, and in adult
were assumed to be growing exponentially, and there was neuronal cells embedded in glycol methacrylate, this
no compelling reason to believe that the analytic model staining pattern has been associated with Nissl [15,19].
could not be applied to the developing embryonic nervous The preponderance of cells encountered clearly possessed
system. Using this method, the average cell cycle length the morphology and staining characteristics of the neuronal
(T ) was found to be 15.7 h on gd 12 and 19.4 h on gd 16 cell type as described above, and were readily distin-c

(Table 3). guished from other cell types (e.g., capillary endothelia,
red blood cells) (Fig. 5). In the rat, the rapid development

3 .1.4. BrdU toxicity of the brain consists almost entirely of the growth of the
The cell cycle distributions of BrdU-treated and control neuroepithelial cells of the proliferative matrix between gd

animals are shown in Fig. 4. There was no statistically 11 and 14, with a gradual increase in differentiation into
significant difference between BrdU-treated and control mature neurons adding to the volume of the brain paren-

Fig. 4. Effect of BrdU treatment on cell cycle phase distribution. BrdU-treated animals received 25 mg/kg BrdU and were evaluated 6 h later. Animals
were evaluated on gd 12. There was no statistically significant difference between BrdU-treated and control animals (t-test, P.0.1).
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estimated by quantitative stereology, from gd 11 to gd 16
is shown in Fig. 6. From a value of 1.3E5 cells (63E4,
S.D.) on gd 11 the midbrain reached a total of 1.7E7 cells
(61.7E6) on gd 16. The inter-embryonic variability ap-
peared to decrease with advancing gestational age, with a
coefficient of variation of 24% on gd 11 and a CV of 10%
on gd 16. The estimation of the OCE associated with the
individual number estimates indicates that the sampling
scheme was more than sufficient to estimate mean cell
number per time point.

The observed number of neuroepithelial cells in the
embryonic rat midbrain can be compared against predicted
cell number estimates using the experimentally derived cell
cycle kinetic parameters and assuming exponential growth.
For example, the following exponential growth model was
used to estimate the number of cells in the gd 13 and 16 rat

Fig. 5. Representative embryonic midbrain section used in stereology midbrain given cell cycle parameters estimated on gd 12
evaluations. Embryos were embedded in glycol methacrylate, sectionedand 14, respectively:
and stained with Giemsa stain. Neuroepithelial cells (solid dark stain)
were counted when they came into focus as the focal plane was moved GR3DTN 5N 1GF 3N expTotal 0 0through the relatively thick (20 to 30mm) section. As indicated in the
figure, nearly all of the cells encountered were of the neuroepithelial cell
type. The region shown under 603 magnification is indicated in the 13 whereN is the predicted number of cells over the timeTotal
magnification image by the black square. period (DT ), given the starting number of cells (N ), the0

growth fraction (GF ), and the growth rate (GR, estimated
as 1/T ). The predicted cell numbers using this model arec

chyma accompanied by continued proliferation of neuro- compared against observed stereologic counts in Table 4.
epithelial cells in the proliferative matrix between gds 15 Because experimentally derived estimates of GF andT onc

and 18 [2,8]. gd 14 and 15 were not available, we assumed values for
these parameters so as to yield the observed number of

3 .2.1. Changes in midbrain neuroepithelial cell number neuroepithelial cells on gd 16. Various other realistic
over time assumptions about GF andT on gd 14 and 15, which arec

The change in the number of neuroepithelial cells, as bounded by values observed on gd 12 and 16, also yield

Fig. 6. Increase in total number of midbrain neuroepithelial cells with increasing length of gestation. Embryos were obtained from dams on the days
indicated, fixed, embedded and then counted using the Optical Volume Fractionator (OVF) procedure. Error bars shown represent one standard deviation.
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Table 4 midbrain appear to be generally in agreement with the data
Estimated cell cycle times based on experimental data reported by Miller et al. [47] for the rat cerebral cortex.
GD T LI GF EstimatedT (h) They observed that S-phase duration remained fairly stables c

(days) (h) (unitless) (unitless) throughout this period of gestation, at approximately 7–8Bertuzzi Nowakowski
h, a value very similar to that reported here. They also

12 8.2 0.33 0.73 15.7 15
observed that the fraction of cells cycling declined from16 11.3 0.07 0.11 19.4 17
approximately 90% on gd 13 to about 35% on gd 17. We

Average cell cycle time of dividing cells as estimated using the analytical
similarly saw a decline from approximately 73% on gd 12method of Bertuzzi et al. [14] compared to results obtained using the
(equivalent to gd 13 in the Miller et al. study due tographical method of Nowakowski et al. [54].

The labeling index (LI) was approximated by the percent BrdU positive differences in time-mating terminology) to approximately
indicated in Table 1. 11% on gd 16. Given that the peak period of midbrain

development in the rodent occurs about 1 day ahead of
estimated cell numbers on gd 16 similar to those obtained forebrain development [65], our slightly lower values
via stereology. appear to be reasonable. Miller and Kuhn [47] also

observed that the overall cell cycle time increased from 12
3 .2.2. Positional effects h on gd 13 to 15 h on gd 17. Our estimates of the cell

An evaluation of the cell count data suggests an effect of cycle time also increased, from 15 h on gd 12 to 17 h on
uterine position on midbrain cell number, at least on earlier gd 16, although these are largely due to changes in S-phase
gestational days (Table 5). A regression of percent change length which were not statistically significant. The slightly
from the litter mean against litter position was used to longer cell cycle times we observed in the midbrain
determine if litter position had an effect on midbrain cell relative to Miller’s forebrain data may be due to methodo-
number. As shown in Table 5, there was a negative logical differences or may represent a true difference
correlation between litter position and midbrain cell num- between the two brain regions, consistent with the earlier
ber, with embryos further from the center of the uterine development of the midbrain.
horn having fewer midbrain cells. The effect was signifi- Two methods were used to estimate the average cell
cant only on gd 12 and gd 13 (P,0.10) and there appeared cycle time for dividing neuroepithelial cells in the em-
to be an overall trend of decreasing importance of uterine bryonic rat midbrain. The graphical method of Nowakow-
position with advancing gestational age. A multiple regres- ski et al. [54] assumed steady-state growth, wherein one of
sion analysis, accounting for interaction between gestation- the two daughter cells produced following one round of the
al age and litter position, did not find a significant cell cycle did not re-enter the cell cycle. In contrast, the
interaction between the two terms (P.0.10). analytic method of Bertuzzi et al. [14] assumed exponen-

tial growth, wherein both daughter cells progressed
through subsequent cell cycles. We demonstrate that the

4 . Discussion method of Nowakowski et al. yielded results comparable
to those obtained by Bertuzzi et al. The method of Bertuzzi

In this paper we explored changes in cell cycling and et al., originally developed to describe exponentially
cell number in the developing midbrain during a key growing tumor cells, requires an assumption for the
period of organogenesis. Our cell cycling data for the rat parameterl for which there is no experimental basis in the

developing rat CNS. Using a value ofl5 0.8, which
works well for tumor cell kinetic parameter estimation,

Table 5 provides an average cell cycle time in the range estimated
Effect of uterine position on midbrain cell number

by the method of Nowakowski. Estimates of theT canc2Gestational Slope r P vary widely within the theoretical range ofl (0.693 to
day (%)

1.4), so small errors in this parameter can dramatically
11 211 0.68 0.17 alter the estimated average cell cycle time.
12 27 0.62 0.01 The experimentally derived cell cycle kinetic parameters
13 24 0.47 0.06

can be used in predictive models of neuroepithelial cell14 20.8 0.03 0.65
growth in the embryonic rat midbrain. As shown in Table16 0.3 0.01 0.93
4, the predicted number of cells on gd 13 can be estimatedThe mean number of cells in each embryo was evaluated in comparison
from data available on gd 12 with no assumptions otherto the litter mean using linear regression. The slope indicates the percent

change in cell number relative to the litter mean associated with than exponential growth. In addition, the number of cells
increasing distance from the center of the uterine horn. Uterine position in the gd 16 rat midbrain can be estimated from the cell
does appear to have a statistically significant effect on cell number on number available on gd 12 and realistic estimates of the
gestational day (gd) 12 (P,0.05) and 13 (P,0.10). While an overall

growth fraction (GF) and the total cell cycle time (T )ctrend of a decreasing effect of litter position with advancing age is
assuming exponential growth. We present example cellsuggested, this was not statistically significant when tested by multiple

regression. count predictions obtained assuming values of GF andTc



126 T.A. Lewandowski et al. / Developmental Brain Research 141 (2003) 117–128

on gd 13–15 bounded by experimentally derived results on cells were sufficiently labeled such that there were no
gd 12 and 16, with modifications consistent with observed BrdU-negative S-phase cells. Had the dose of BrdU been
changes in these parameters over the gestational period. insufficient, either all cells would be weakly labeled
Other combinations of values for these parameters can be (resulting in flat and shallow ‘horseshoe’) or the cells
assumed that also yield the observed number of cells. would be differentially labeled, resulting in a smear of

Our data on changes in cell number in the developing S-phase cells along they-axis. Neither situation was
midbrain are fairly unique. A literature search did not observed at gd 12 or gd 16. Thus, a dose of 25 mg/kg
reveal any pre-existing data on cell number in the mid- appeared to be sufficient to label all cells in S-phase at the
brain. For the entire embryonic CNS, Frederikson and time of administration. Because repeated BrdU dosing (for
McKay [33] reported that the total number of cells on gd determination of the GF) occurred at time intervals smaller
14 is approximately 1E7, or about 2.5 times the value we than the S-phase time, it is unlikely that some fraction of
obtained for the midbrain on that day (4E6). Their counts the cycling population was missed.
were determined with dissected and dissociated brain The data presented in this paper shed additional light on
tissue and there was likely some degree of cell loss. This the process of development in the rodent midbrain. Our
appears to be the best source of comparison data in the combined evaluation of changes in cell cycle kinetics and
published literature. cell number appears to be fairly unique in the scientific

Our method for determining cell cycle kinetics involved literature. Although we studied a fairly general area of the
administration of BrdU to label DNA in actively prolifer- developing brain, it should be possible, particularly at later
ating cells. One of the important assumptions of using the gestational times, to apply our combined approach to more
BrdU method is that BrdU itself is not affecting cell cycle narrowly defined brain regions to help elucidate the
kinetics. BrdU is a known teratogen in rodent species, mechanisms of specific functional deficits having a de-
resulting in terata such as cleft palate and decreased body velopmental origin. There has also been increasing interest
weight. However, the dose of BrdU employed in studies of in the development of biologically based models of
BrdU teratogenesis has typically been 500 mg/kg or development for evaluation of pharmaceuticals or environ-
greater, approximately 10 to 20 times that used in the mental teratogens [41,69]. Data such as those collected
current study [3–5,32]. However, a more recent study [40] here should be of use in the process of model development
reported that a dose of 120 mg/kg given to the dam during or validation and in further studies of regional variations in
mid-gestation produced both physiological and neuro- patterns of neuronal proliferation during development.
behavioral defects. On a cellular level, Boswald et al. [17]
suggested that BrdU doses greater than 5 mg/kg were
capable of perturbing cell kinetics in adult mouse intestinal A cknowledgements
epithelial cells. It is unclear whether this dose would also
be sufficient to perturb cell kinetics in the embryonic The authors would like to thank Julianne Hill and
midbrain when administered through the dam. Previous Martin Poot for their assistance with flow cytometric
attempts we have made using BrdU doses in this range (viaanalysis of the midbrain samples. This work was supported
osmotic minipumps) did not result in sufficient labeling in by grants from the USEPA (grant R825358) and the jointly
the embryonic brain to allow antibody detection of cycling funded USEPA/NIEHS Child Health Center (grant
cells. A comparison of the cell cycle distribution between R826886/ES09601).
BrdU-treated animals and untreated controls in our study
did not suggest any statistically significant cell cycle
perturbations at a maternal dose of 25 mg/kg. The
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