
INTRODUCTION

The control of growth requires a complex set of interactions
operating at systemic, cellular and molecular levels, which
ultimately determine the size of a cell, tissue, organ or
organism. The co-ordination of cell growth (mass), cell number
(proliferation), cell death (apoptosis) and differentiation is
particularly important in relation to location and time during
development (Conlon and Raff, 1999; Weinkove et al., 1999).
In mammalian species, nutrient supply, hormones and growth
factors are the principal determinants of whole organism cell
number. Growth hormone (GH), insulin-like growth factor 1
(IGF1), Insulin-like growth factor 2 (IGF2) and their receptors,
growth hormone receptor (GHr), insulin-like growth factor 1
receptor (IGF1R) and insulin-like growth factor 2/mannose 6-
phosphate receptor (IGF2R) have been shown to modify the
growth of mice following disruption of respective genes
(Efstratiadis, 1998; Louvi et al., 1997; Ludwig et al., 1996;
Lupu et al., 2001). Disruption of the Igf2 gene results in a
fertile mouse with almost half the adult body weight but
apparently normal proportions (DeChiara et al., 1990;
DeChiara et al., 1991). Disruption of IGF1 (IgfI−/−) results in
embryonic growth retardation detectable from E12.5-E13.5

(60% of wild type), but unlike Igf2−/−, the growth rate
continues to decline postnatally (to 30% of wild type) (Liu et
al., 1993). Genetic crosses between these mice and Igf1r−/−,
have established that IGF1R produces IGF2-mediated
embryonic growth at least between E11.0 to E13.5, and IGF1-
mediated growth thereafter to postnatal day 40 (Baker et al.,
1993; Lupu et al., 2001). However normal embryonic growth
in Igf2r−/−, Igf1r−/− mice suggests that the increased IGF2
supply after disruption ofIgf2r− /− is mediated by an alternative
receptor, which is probably the insulin receptor (Ir) (Louvi et
al., 1997; Ludwig et al., 1996). Although IGF1 endocrine
supply may be affected by the action of GH on the liver, it
appears that GH acts both with IGF1-dependent and -
independent activity during postnatal growth (Lupu et al.,
2001). The only similar growth phenotype to Igf2 disruption
occurs after disruption of insulin receptor substrate 1 (IRS1).
Irs1−/− are born 40-60% smaller than wild-type littermates and
maintain this proportionate size difference throughout life; they
have normal bone development, are fertile and have normal
litter sizes (Araki et al., 1994). 

Another unusual feature following disruption of Igf2 is the
observation that the same growth phenotype follows either
homozygous disruption (−m/−p) or disruption of the paternal
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The size of mammalian species involves the interaction of
multiple genetic modifiers that control the timing and
extent of growth mechanisms. Disruption of the paternal
allele of the imprinted embryonic gene coding for insulin-
like growth factor 2 (IGF2, Igf2+m/−p), results in viable mice
that are 60% the weight of wild-type littermates.
Differences in weight are first detected at embryonic day
(E) 11, and the growth deficit is maintained throughout life.
We report the mechanisms that account for this unusual
phenotype. In order to quantify growth, we used novel
methods to generate single cell suspensions of post-
implantation mouse embryos. We were then able to
quantify cell number, cell proliferation and cell death
between E8.5 and E11.5 using flow cytometry.
Determination of total embryo cell number also allowed us
to time litters by a method other than by plugging. Wild-
type and Igf2+m/−p embryos accumulated similar total cell

numbers up to E9.25, but cell number began to diverge by
around E9.5, with significant differences by E11 (75% of
wild type). A relative increase in pyknotic nuclei, sub-GI
cytometry counts and caspase activity, all indicative of cell
death, occurred in Igf2+m/−p embryos at E9.25, reverting to
wild-type levels by E9.75. This was followed at E9.75 by a
significant reduction in the proportion of cells in S phase,
quantified by S-phase cytometry counts and BrdU
labelling. No significant differences in cell size were
detected. We conclude that the majority of the cell number
differences between wild-type andIgf2+m/−p mice can be
accounted for by modification of cell survival and
proliferation during the period (E9 to E10) of post-
implantation development. 
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Igf2 allele alone (+m/−p). This effect is due to genomic
imprinting, which normally results in silencing of gene
expression from the maternal allele (DeChiara et al., 1991;
Tilghman, 1999). Although using PCR there is evidence of
Igf2 expression during pre-implantation development, in situ
hybridisation first localises Igf2 mRNA in the extra-embryonic
ectoderm and ecto-placental cone during early implantation
(E5.5; Lee et al., 1990). Expression then concentrates around
extra-embryonic mesoderm emerging from, but not including,
the primitive streak, as well as columnar visceral endoderm (E7).
It is not until E7.5 that mRNA can be visualised clearly in the
embryo proper, initially in embryonic mesoderm, then lateral
mesoderm and the developing heart, foregut and somites (E7.5-
E8.5; Lee et al., 1990). Despite early expression in tissues that
form the chorioallantoic placenta, the weight of the placenta
remains the same in wild type and Igf2+m/−p until E13.5 (Baker
et al., 1993). The distribution of pre-pro IGF2 and IGF2R
matches that of Igf2 mRNA and suggests that IGF2 supply arises
mainly from mesoderm (Morali et al., 2000; Senior et al., 1990).
Furthermore, these observations suggest that the growth defect
following genetic disruption of the Igf2 gene occur later than the
detection of mRNA expression. Although the reason for this is
unknown, potential explanations include alterations in mRNA
half-life, mRNA translation, storage and release of IGF2 protein,
and modification of the location and extent of IGF2 extra-
cellular protein supply, which may also affect downstream
growth control genes (e.g. p57 kip2; Grandjean et al., 2000;
Nielson et al., 1999; Van der Velden et al., 2000).

IGF2 can act as a cell survival factor, mitogenic factor and
can also modify metabolism (Da Costa et al., 1994; Lee et al.,
1990; Lopez et al., 1996). The IGF system, including ligand
structure and receptors, appears evolutionary conserved. For
example, recent genetic studies in Drosophilahave confirmed
the essential role of the insulin-like growth factor system in
controlling organ, body and cell size (Bohni et al., 1999;
Brogiolo et al., 2001; Goberdhan et al., 1999; Weinkove et al.,
1999). Multiple downstream pathways, such as IRS1, IRS2,
Akt, Bad, PI3-kinase, cyclin D1 and Ras, are modulated after
IGF1R-ligand interaction (Datta et al., 1997; Downward,
1998). Disruption of the genes encoding these proteins can also
result in embryonic growth phenotypes in mouse (Araki et al.,
1994; Bi et al., 1999; Sicinski et al., 1995). 

Overexpression of IGF2 occurs commonly in tumours, and
can result in the foetal overgrowth syndromes (Christofori et
al., 1995; Eggenschwiler et al., 1997; Hassan and Howell,
2000; Sun et al., 1997). Increased supply of embryonic IGF2
frequently results in disproportionate overgrowth associated
with heart enlargement, oedema and foetal death, and may
account for large offspring syndrome after nuclear transfer and
in vitro culture (Lau et al., 1994; Sun et al., 1997; Young et al.,
2001). Overgrowth after increased IGF2 supply is not always
lethal. If it occurs after biallelic Igf2 gene expression,
specifically after disruption of H19 that includes an upstream
boundary element, a fertile and viable mouse is obtained that
can completely rescue the growth deficiency of Igf+m/−p

(Leighton et al., 1995; Srivastava et al., 2000). The magnitude
and reproducibility of these observations suggest that the
growth effects of IGF2 are developmentally programmed. This
led us to consider that the normal timing, location and duration
of IGF2 supply may be crucially important.

In order to investigate the mechanism of IGF2 embryonic

growth control in vivo, we required methods that improve on
weight and morphometry alone as measures of growth. We
applied methods that generate cell suspensions of whole
embryos in order to count cells, as had been developed in
Drosophila embryos (Krasnow et al., 1991). Using the rapid
and accurate method of flow cytometry, we were able to
quantify cell number, cell size, cell proliferation and caspase-
mediated cell death between days 8.5 to 11.5 of mouse
post-implantation development. Our results suggest that the
cell death and proliferation detectable during mouse
embryogenesis are significantly modified by genetic disruption
of IGF2 between E9-E10. Both decreased cell survival and
proliferation may be the mechanisms that account for a
significant proportion of the differences in growth of Igf2+m/−p

in Mus musculus (129/SvJ). The timing and duration of this
effect may subsequently be important for size control in other
mammalian species. 

MATERIALS AND METHODS

Foetal examination
Igf2+m/−p male mice (inbred129/SvJ)were mated with wild-type
females and housed under a 12 hour light (6 am to 6 pm)/12 hour dark
cycle. Igf2+m/−p were used as the phenotype matches for Igf2−m/−p.
Convention dictates that the day of plug detection equates to
embryonic day 0.5 (E0.5). However, in our case, inspection for
seminal plugs were performed at 9 am and 5 pm, with the midpoint
times, 1 am and 1 pm, respectively, taken as the times of conception.
The embryonic age (in days) was calculated by dividing the total
number of hours between plug time (either 1 am or 1 pm) and the
time of embryonic dissection, by 24. Using this method for daytime
plugs, embryonic age would vary on average by ±4 hours (0.18 days)
and, for night-time plugs, by ±8 hours (0.33 days). This method
allowed us to rank multiple litters previously timed together at a
specific time (e.g. E9.5), to times slightly before or slightly after.
Initially, we tried 2-4 hour periods of mating to increase the accuracy
of conception time but this provided us with too few plugs. 

Embryos were dissected from placental membranes in ice-cold
Ca2+ and Mg 2+ free phosphate-buffered saline (PBS) and, depending
on the assay, either fixed in ice-cold ethanol:glacial acetic acid (3:1,
analytical grade) and stored at 4°C (24 hours minimum), or were fixed
in 4% (w/v) paraformaldehyde (Sigma) in filtered PBS (pH 7.4) for
24 hours followed by 70% ethanol, or embedded for frozen sections
in OCT (Sakura Fintek, Netherlands, 7 µm cryo-sections). Dissections
of each litter normally took no longer than 20 minutes, from removal
of uterine horns to embryo fixation. Extra-embryonic membranes
were used for PCR analysis (Zaina and Squire, 1998). Somites and
morphological features were examined using transmitted light
examination of fixed whole embryos (×50). All animal procedures
were approved by the UK Home Office and local ethics committee. 

In situ analysis of embryos
Unfixed whole embryos were immediately examined for pyknotic
nuclei using Acridine Orange (AO) and confocal microscopy (Abrams
et al., 1993). After incubation (AO 100 ng/ml in modified Eagle’s
medium (MEM), 30 minutes, 4°C) and washing (PBS, 5 minutes),
embryos were examined using an MRC Confocal Microscope 1024
(14MW Argon laser, 594 nm) with a ×10 Nikon objective. TUNEL
assays (Oncor kit and Roche reagents) were performed on frozen
cryo-sections placed on adhesive treated slides (3-aminopropyl-
triethoxy-silane), fixed with 4% (w/v) paraformaldehyde in PBS (pH
7.4, at 4°C, 5 minutes) followed by washing in graded ethanol series
before air drying. Slides were then re-hydrated in PBS, endogenous
peroxidases quenched with 3% H2O2 and TUNEL protocol, according
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to the manufacturer’s instructions. Slides were counter-stained with
Methyl Green (1% v/v distilled H2O). Incorporated digoxigenin dUTP
(Roche) was detected with an anti-digoxigenin Fab fragment
peroxidase. Positive controls were performed with each assay batch
and included either cryo-sections from adult mouse testis, mammary
glands during involution and DNaseI (1000 U/ml in 30mM Tris-HCl,
pH 7.4, 50mM NaCl, 5mM MgCl2 for 5 minutes at room temperature
(Sigma)) -treated embryo sections. DNAseI-treated samples were also
assayed without the addition of either terminal transferase (tdt) or
digoxigenin-conjugated dUTP. Two sections were typically applied to
each slide, with only one being exposed to the reaction mixture, the
other used as a control with the absence of either tdt or digoxigenin-
dUTP to measure nonspecific labelling. 

BrdU (Sigma) incorporation was detected after a single intra-
peritoneal injection (100 µg/g body weight; Bi et al., 1999). After
fixation, sections were incubated with 1.5 M HCl for 15 minutes to
acid denature the DNA. After washes (twice in cold PBS, 0.05%
bovine serum albumin (BSA) and 0.01% Tween 20), sections were
incubated with anti-BrdU-antibody conjugated with FITC at 37°C for
30 minutes in the dark (1/5 dilution, Roche). Samples were washed
(twice in cold PBS), counterstained with 0.02% Fast Green, washed
again (twice) and viewed with an Olympus fluorescent microscope
(BX60). Controls included embryos from wild-type females not
injected with BrdU.

Embryonic cell suspensions and cytometry
Several different methods of generating single cell suspensions were
attempted. Although single cell suspensions could be generated from
unfixed material, we preferred fixation to facilitate the analysis of
large numbers of embryos. Addition of either collagenase or proteases
were not required for embryos between E8.8 and E11.4, but were
necessary for embryos at E12.5 because of significant aggregation.
Single cell suspensions were produced by placing fixed embryos (3:1
ethanol:glacial acetic acid), into 60% (v/v) glacial acetic acid in sterile
filtered distilled H2O for 30 minutes at room temperature. This was
followed by gentle pipetting using a 1000 µl plastic tip, dissociating
the embryo into a cell suspension. To inspect suspensions, droplet
spreads were made on ethanol-washed glass slides dried using
compressed air to remove dust particles. Spreads were dried at room
temperature, stained with DAPI (1 µg/ml) in Citifluor (Agar) and
viewed with a fluorescent microscope and CCD camera (Olympus).
Digital images were examined using NIH image (1.6.1) and mitotic
figures and pyknotic nuclei could be counted. Total nuclear
fluorescence was determined by drawing around each nucleus and
determining the integrated fluorescence density. Cell suspensions
were routinely checked for aggregates and counted with a
haemocytometer. For accurate cell counts, and to measure DNA
content profiles, aliquots of cell suspensions were examined by flow
cytometry. Here, cell suspensions in 60% glacial acetic acid were spun
at 500 g for 10 minutes, washed once with cold PBS, spun at 500 g
for 10 minutes, re-suspended in propidium iodide (50 µg/ml) and
RNAse A (100 µg/ml) in PBS (37°C, sterile 0.2µm filtered, 30
minutes in dark) before analysis with a Coulter EPICS/XL cytometer
and associated software. From 1000 µl total suspension, 100 µl was
routinely counted per embryo, whether wild type or Igf2+m/−p, and
was used to calculate total cell number and cell number subtracting
the sub-G1 component. A minimum of 10,000 events were collected
from each embryo for cell counts and DNA content profiles (see
Results). In order to exclude interference from either embryo or non-
embryo debris, controls performed in each batch included cells in PBS
only, and solutions of propidium iodide (50 µg/ml) and RNAse A (100
µg/ml) in PBS without cells, in order to exclude nonspecific particle
counts. Serial dilution of cell suspensions and repeated counts of the
same suspension were reproducible (R=0.99). 

For flow cytometric analysis of BrdU incorporation, embryo
suspensions in 60% glacial acetic acid were spun at 500 g for 10
minutes, re-suspended in pyrex glass tubes (5 ml) and incubated in

1.5M HCl for 15 minutes at room temperature to acid denature DNA.
After washes in buffer (twice in cold PBS, 0.05% BSA and 0.01%
Tween 20), cells were incubated with mouse anti-BrdU (1/50, Becton
Dickinson) in wash buffer for 45 minutes at room temperature. After
washes (twice in cold PBS), cells were incubated with goat anti-
mouse-FITC (1/10, Becton Dickinson) in wash buffer for a further 45
minutes. Cells were then washed (twice in cold PBS) and re-
suspended in PBS with propidium iodide (10 µg/ml) and RNAse A
(100 µg/ml) (37°C, 30 minutes in the dark) before dual colour flow
cytometry. Controls included solutions without cells, as above, and
primary and secondary antibodies alone, with and without propidium
iodide to eliminate bleed through. For detection of serine 10 α-
phosphorylation of histone H3, a rabbit polyclonal primary antibody
(a gift from L. Mahadevan) was used with biotinylated anti-rabbit
secondary antibody (1/200, Vector) followed by FITC-streptavidin
(1/1000, Sigma). 

Cell size analysis and caspase activity
For both analysis, unfixed cell suspensions were generated.
Immediately after removal from the uterus, unfixed embryos were
converted into cell suspensions by gentle dissociation through a 35
µm nylon filter (Becton Dickinson) in ice-cold MEM without
additions. Between E8.8 and E11.4, embryos were rapidly dissociated
by the use of a blunt tip (e.g. a microfuge tube) in a slow circular
movement around the filter. Filters were flushed using MEM (5 ml)
to remove cells, and were then inspected using a phase contrast
microscope to ensure complete clearance of cells from the lattice. This
procedure was adapted from standard procedures used to generate
thymocyte suspensions (Tough and Sprent, 1994). For cell size
analysis, unfixed suspensions were examined by a Coulter Multisizer
and cell diameter measurements calibrated with 9.7 µm beads
(Coulter). Cell concentrations were 5×104 cells per ml, and a
minimum of 3×104 cells were analysed. Red blood cells peaked at (~4
µm). For caspase activity, unfixed suspensions were spun at 500 g (10
minutes), re-suspended in MEM and incubated (37°C, 1 hour in
the dark) with the fluorescence labelled caspase inhibitor,
benzyloxycarbonyl valylalanyl aspartic acid-fluoromethyl ketone
(FAM-VAD-FMK, Intergen). Cells were washed, gently re-suspended
in MEM and propidium iodide (1.25 µg/ml) and analysed
immediately with dual colour flow cytometry. Controls included cells
with propidium iodide (1.25 µg/ml) or FAM-VAD-FMK alone to
determine background levels from signal.

DNA content
DNA content was determined using Hoechst 33258 method with
modification (Labarca and Paigen, 1980). Embryos were frozen in
liquid nitrogen immediately after removal from the uterus and stored
at −80°C. After thawing on ice, embryos were homogenised in 1 ml
buffer (50 mM Tris-HCl, 10 mM EDTA, 150 mM NaCl and 0.01%
Triton X-100) followed by sonication (10 seconds). Aliquots of crude
extract were diluted depending of the size of embryo, and incubated
with Hoechst 33258 (0.5 µg/ml in 2 M NaCl, 0.01% Triton X-100,
100 µg/ml RNAse A at room temperature for 15 minutes). Standard
curves were generated from serial dilutions of calf thymus DNA (0.5
µg/ml to 32 µg/ml) and samples were read using a Wallac fluorometer
(at 460 nm). A buffer control was used to determine background.

Minitab10Xtra was used for all statistical analysis with Student’s t-
test (95% CI), box plots and curve fitting.

RESULTS

In situ localisation of cell proliferation and cell death
Comparison of littermate wild-type and Igf2+m/−p mice at E16
and postnatal day (P) 1 revealed a 20% reduction in total DNA
content, a ratio that is similar to the ratio of cell number at E11
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(Table 1). In order to determine when the differences in cell
number (DNA content) were first established, we examined the
relative extent of cell proliferation and cell death in embryos
from E8.8 to E11.4, initially timed by plugging (see Materials
and Methods for our modification of plug timing). Embryonic
cryosections and paraffin embedded sections, from timed
matings from 23 litters (68/192 embryos Igf2+m/−p), were
generated and proliferation and cell death examined using
BrdU incorporation, Acridine Orange and TUNEL assays.
Despite widespread positive staining in wild-type littermates,
we could not subjectively detect any differences in BrdU-
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Fig. 1. In situ analysis of cell death E9-E9.5. (A) Acridine Orange staining of pyknotic cells in unfixed embryos (19 somites). Conventional
fluorescence microscopy (inserts) at low power reveal similar sized and stained embryos, despite differences in folding and angles of view (left
panel, wild type=Igf2+m/+p; right panel Igf2+m/−p). Confocal microscopy and maximum projection of the same embryos (18×~5µm sections at
20 µm intervals, large images) reveal the distribution of multiple areas of focal labelling above background (see text). (B) TUNEL assay of
7 µm cryosection (wild type=Igf2+m/+p embryo (upper) and littermate Igf2+m/−p (lower)). A complex distribution of labelling was observed in
both sections. Scale bars: 500 µm in A; 100 µm in B. 

Table 1. Body weight, cell number and DNA content in WT
and Igf2+m/-p embryos (~E9 to ~E16) and neonates (P1)

E9±0.4 E11±0.4 E16±0.5 P1±0.5

Total cell Wild type 4.55±0.7 82.0±9.8 ND ND
number (×105) Igf2+m/-p 4.2±0.7 62.4±7.9 ND ND

Ratio (n) 0.92 (28) 0.76 (18) − −

Total DNA Wild type ND ND 3.0±0.12 3.19±0.14
content (mg) Igf2+m/-p ND ND 2.4±0.11 2.56±0.24

Ratio (n) − − 0.79‡ (22) 0.80 (18)

Total weight (g) Wild type ND ND 0.51±0.02 1.17±0.06
Igf2+m/-p ND ND 0.31±0.02 0.62±0.06
Ratio (n) 1* 0.75* 0.62‡ (22) 0.53 (18)

Values are mean ± s.e.m. for matched pairs. ND, not determined.
*Data from Baker et al., 1993.
‡Ratio of DNA content and total weight for the total conceptus (E16.5,

embryo plus placenta) are 0.85 and 0.69, respectively, compared with Gardner
et al., 1999.

Fig. 2. Analysis of droplet spreads of embryo cell suspensions.
(A,B) Droplet spreads of suspensions from whole wild-type (A) and
Igf2+m/−p (B) embryos stained with DAPI and visualised with
fluorescence microscopy. Mitotic figures (arrow in A) and pyknotic
cells with less than 2C DNA content (arrows in B) can be identified.
(C) Similarity in the distribution of fluorescence emitted per nuclei
from litter-matched whole embryo spreads, (wild type (blue) n=436
nuclei, Igf2+m/−p (red) n=499 nuclei). (D) Significantly increased
pyknotic cell number in Igf2+m/−p cell spreads were observed
(** P=0.012 Student’s t-test, wild type (blue) n=2341 nuclei from
seven embryos, Igf2+m/−p (red) n=1277 nuclei from seven embryos).
No significant differences (NS) were detected for mitotic cell counts
(P=0.47). Scale bars: 10µm in A,B.
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positive cells throughout Igf2+m/−p embryos (not shown).
Acridine Orange and TUNEL staining revealed similar
anatomical sites of cell death through out all embryos.
Localisation was particularly prominent at E9.25 during
anterior neural fold closure, in the upper forebrain area,
rhombencephalon, otics pits, base of the first branchial arch,
foregut region, somites and posterior neural folds. After
confocal microscopy and TUNEL sections, no subjective
increase in cell death was detected between wild-type and
Igf2+m/−p embryos, either in these regions or in new areas, such
as the heart (n=6, Fig. 1). In the maximum projection confocal
examples shown in Fig. 1, rotation of the head region of the
Igf2+m/−p embryo results in an apparent increase in pyknotic
cells around the hindbrain region, but examination of sections
failed to reveal such differences. However, in these
high magnification confocal samples, the size of the
Igf2+m/−p embryos appeared slightly smaller between
E9 and E9.5. This was most obvious when comparing
somite size and the dimensions of the first branchial
arch, suggesting an overall reduction in embryo size
(Fig. 1A and inserts). At this stage such size
differences can also occur between littermate wild-
type embryos, suggesting normal variation.

Quantification of embryonic cell number in
wild type and Igf2+m/-p embryos
In order to quantify the cell number increases in vivo,
we utilised methods which generate single cell
suspensions of whole embryos (see Methods) (Heyer
et al., 2000; MacAuley et al., 1993). Visualisation of
DAPI stained droplet spreads confirmed that most, but
not all, cells were separate from each other (Fig.
2A,B). The morphological features of pyknosis and
mitosis were identified, and nuclear DNA content
quantified using analysis of digital images from
unselected fields (Fig. 2C). At E9.25 (timed by plugs),
there was a significant increase in the number of

pyknotic cells in Igf2+m/−p spreads, without a gross difference
in DNA content profile, except for a slight increase in sub-
diploid (<2C) cells (Fig. 2C,D). Only obvious pyknotic nuclei
were counted on spreads, as smaller nuclei and particles could
not be confidently identified above background level. When a
single particle was located next to several smaller particles,
usually one or two, then this was counted as one. Nucleated
red cells could be identified as their nuclei had at least a diploid
(2C) DNA content, were larger and had a different morphology
from pyknotic nuclei which had <2C DNA content (Coles et
al., 1993). 

After careful dissection of embryos from extra-embryonic
membranes, quantification of total embryo cell number
was then performed by flow cytometry of whole embryo

Fig. 3. Flow cytometric analysis of whole embryo cell
suspensions. (A,B) Flow cytometric quantification of total
cell number (unbroken line) and 95% confidence interval
(broken lines) from pooled wild-type (A, n=65) and
Igf2+m/−p (B, n=84) embryos dated by seminal plugs and
using a quadratic line of best fit (Minitab). Inserts show
linear plots of loge cell number versus age (days). (C) Box
plots of normalised (100%) cell number (subtracting sub-
G1) of each embryo relative to the mean cell number of the
respective genotype in each litter (box=interquartile range,
vertical line=95% confidence interval, horizontal
line=median). Insert shows pooled values. (D) Ratios of
mean cell numbers per litter for Igf2+m/−p (−p) over wild-
type (+p) embryos matched per litter and aged by the mean
cell number of wild-type embryos in each litter (blue
diamonds, n=15 litters, 140 embryos, P=0.005 at E11,
Student’s t-test). Line shows linear regression of all data
points. (E) Somite number plotted against loge cell number
for wild type (blue, n=65) and Igf2+m/−p (red, n=84).
(F) Ratios of mean somite numbers and line of best fit for
Igf2+m/−p (−p) over wild type (+p) embryos matched per
litter and aged by the mean cell number of wild-type
embryos in each litter (n=10 litters, 124 embryos). Litters
with at least two embryos of each genotype were used.
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suspensions. This method offered three advantages. First, total
cell number was rapidly and reproducibly determined after
counting of at least 10,000 cells in suspension from a
representative aliquot. Second, sub-G1 particles could be
counted as representative of the whole embryo, and finally,
quantification of total embryo cell number could be used to age
embryos. Controls comparing suspensions before and after
fixation with glacial acetic acid/ ethanol showed the same
profiles, and sub-G1 cells were not lost during the dissociation
of unfixed material (not shown). Furthermore, every propidium
iodide-stained suspension was also analysed using peak
fluorescence versus total fluorescence to confirm the presence
of single cell suspensions (Serna et al., 1998). 

Comparison of embryo cell counts at different ages, timed
by seminal plugs (see Materials and Methods), showed a rapid
increase between E8.8 and E11.4 (Fig. 3A,B). Analysis of
pooled data from these embryos showed a plateau in the
increase in wild-type andIgf2+m/−p embryo cell counts between
E8.8 and E9.4 when plotted using a quadratic line of best fit
(Fig. 3A,B). Plots of loge cell number versus age produced
linear plots with R values of 0.72 and 0.67 for wild-type and
Igf2+m/−p embryos, respectively (Fig. 3A,B and inserts). In
order to examine the variation between embryos of the same
litter with respect to genotype, we normalised each total cell
count to the mean cell number value of embryos within each
litter (Fig. 3C). Although there was ±20% variation in total cell
number between embryos of each litter, this was remarkably
similar, irrespective of genotype and age (Fig. 3C, insert).
However, such variation highlights the requirement for the
analysis of multiple litters within each time range in order to
achieve robust statistics. 

With respect to the accumulation of cell number, statistically
significant differences in total cell number between genotypes,
and in cell number subtracting the sub-G1 (<2C) component,
were only obtained by E10.8-E11.4 (Table 2). However, closer
examination of cell numbers, following subtraction of the sub-
G1 component, showed a significant reduction in Igf2+m/−p

embryo cell number between the ranges E8.8 and E8.9, and
E9.4 and E9.42 (P=0.03, Table 2), but were not significant for
either wild type or when total counts were compared. Even
though examination of mean cell numbers between genotypes
was not statistically significant at E9.4-E9.42, presumably
because of variation, divergence in cell number appeared to
occur by E9.5, when using plugging to date embryos (Table 2). 

Embryonic growth has been modelled previously using
linear regression and Gompertz equations (Baker et al., 1993;
Louvi et al., 1997). Our data can also be modelled by linear

regression analysis of an exponential function for the cell
number accumulation during the periods between E8.8 and
E11.4 (Fig. 3A,B, Table 2). This is not to say that growth is
entirely exponential during this period. However, for the
purpose of defining the relative timing of embryonic
development between litters, we used an equation for the total
period E8.8-11.4 (loge wild-type cell number=1.32x+0.824,
where x is the embryonic age) based on wild-type embryo total
cell counts (129/SvJ) (Fig. 3A and insert). This enabled us to
side-step the dependence on plugging alone to time embryonic
age, as litters were ranked by determining mean total cell
number of wild-type littermates. All subsequent data were then
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Table 2. Quantification of cell number in wild type and
Igf2+m/-p whole embryos aged by plugging

Total cell number 
Total cell number±s.e.m subtracting sub-G1±s.e.m. 

(×105) (×105)

Day n* Wild type Igf2+m/-p P‡ Wild type Igf2+m/-p P‡

E8.8-8.9 28 4.8±0.7 4.4±0.6 NS 3.9±0.6 4.0±0.5§ NS
E9.4-9.42 18 4.3±0.6 3.9±0.7 NS 3.1±0.4 2.6±0.3§ NS
E10-10.4 56 18.6±2.1 16.7±1.7 NS 14.6±1.7 13.7±1.3 NS
E10.8-11.4 18 82.0±9.8 62.4±7.9 0.007 62.0±7.5 52.8±7.9 0.004

*Total number of embryos analysed.
‡Student’s t-test; NS, not significant.
§Significant reduction between E8.8-8.9 and E9.4-9.42, P=0.03.

Fig. 4. DNA content and cell cycle parameters of embryo
suspensions. (A,B) Representative distribution of DNA content at
E9.25 (aged by cell number) of wild-type (A) and Igf2+m/−p (B) litter-
matched embryos. Gates: Sub-G1=a, G1=2×b, S=c-(b+d) and
G2=2×d. (C-F) Quantification of Sub G1(C), G1(D), S (E) and G2
(F) from DNA profiles of litter-matched embryos, as in A,B aged by
wild-type embryos at E8.4±0.2 (n=10), E8.8±0.2 (n=26), E9.25±0.25
(n=18), E9.75±0.25 (n=24), E10.15±0.15 (n=22), E10.75±0.25 (n=6)
and E11.52±0.25 (n=18). The differences were significant (*) only at
E9.25 for sub-G1 (C, P=0.003). E9.75 S-phase (E, P=0.001) and
E9.75 G2 (F, P=0.008) (Student’s t-test, 95% confidence interval).
For D-F, percentages were of total number of viable cells (excluding
subG1). Error bars indicate s.e.m.
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aged by this method. Extrapolation using a line of best fit of
the ratio of Igf2+m/−p to wild-type cell number from litter-
matched embryos, timed by cell number using our linear
regression equation, suggested that the divergence in cell
number may have begun by E9.5 (Fig. 3D). Therefore, our data
suggest that cell number may be a sensitive predictor of
growth, and that differences between wild-type and Igf2+m/−p

appears to have occurred closer to E9, up to two days before
the previously detected differences in whole embryo wet
weight (Baker et al., 1993).

Development and cell number in Igf2+m/-p

Determination of somite number showed that there was a high
degree of correlation (wild type and Igf2+m/−p, R=0.88 for
both) between embryonic age, as determined by cell number,
and somite number (n=149; Fig. 3E,F). For example, both
genotypes had 20 somites at E9.25 and 38 somites at E11.
However, the data points were not evenly distributed, and
could give the false impression that development of somites
proceeds independently of cell number. Ratios of
Igf2+m/−p/wild-type somite number showed that the overall
rate of somite increase was the same irrespective of genotype
(Fig. 3F). There is an apparent slope in this ratio, and even
though statistical analysis of each matched sample showed no
significant differences, we cannot exclude a subtle reduction
in somite number after E9.5 in Igf2+m/−p. By contrast, timing
of the appearance of otic pits, second branchial arches, apical
ectodermal ridges, limb buds and vertebral body number (at
E16.5) showed that wild-type and Igf2+m/−p embryo
developmental timing appeared the same (not shown).
Although we have been unable to exclude developmental
delay completely, we have to conclude that the overall
development of body form appears to proceed independently
of cell number throughout this period.

Increased cell death proceeds reduced cell
proliferation between E9 and E10 in Igf2+m/-p

We next quantified cell cycle parameters using flow cytometry
of matched littermates. The age of each litter was determined
by the mean total cell number of wild-type embryos, using
the linear regression equation described. Once all embryos
(n=124) were timed by this method, the distribution
of the number of embryos against time resulted in
random peaks (not shown). We used this distribution
to group embryos at times that differed from those
used for plugging, e.g. E8.4±0.2, E9.25±0.25, etc.
(see Fig. 4). A significant increase in sub-G1-labeled
particles in Igf2+m/−p embryos was observed at E9.25
compared with wild type (wild type=25.8±2.4%
versus Igf2+m/−p=35.4±3%, n=18, P=0.003, Fig. 4A-
C). This observation confirmed pyknotic nuclei counts
(Fig. 2D). Sub-G1 counts before and after this time
were remarkably similar. After this time, we also
detected a significant reduction in the percentage of
S-phase cells at E9.75 (wild type=32±2.2% versus
Igf2+m/−p=23±1.7%, n=24, P=0.001, Fig. 4E), and an
increase in G2 phase percentage at the same time
(wild type=18.3±0.7% versus Igf2+m/−p=23±1.3%,
n=24, P=0.008, Fig. 4F). No significant differences in
G1 were detected (wild type=49±1.8% versus
Igf2+m/−p=52±1.3%, n=24, P=0.055, Fig. 4D). In

order to exclude the possibility that a component of the sub-
G1 population were mitotic chromosomal fragments, we used
an antibody to serine 10 α-phosphorylation of histone H3 that
is specific for condensed mitotic chromatin. In this case,
staining was confined entirely to the mitotic component of the
4C peak and confirmed the lack of chromosomal fragments
visible on droplet spreads (Fig. 5). In summary, wild-type
embryos showed a discrete increase in cell death and decreased
S-phase proportion during this period, and a similar, but
exaggerated, trend occurred in Igf2+m/−p (Fig. 4). 

Although it is likely that sub-G1 counts represent the effects
of cell death as described in other stages of embryonic
development (Coucouvanis and Martin, 1995; Heyer et al.,
2000; MacAuley et al., 1993; Manova et al., 1998), we
characterised this further using a caspase-specific assay
(Bedner et al., 2000). Using FAM-VAD-FMK, we quantified
the proportion of unfixed cells with and without active caspases
(1-9) and intact cell membranes (Fig. 6A,B). A small but
significant increase in the proportion of cells with active
caspases and disrupted membranes occurred in Igf2+m/−p

at E9.25 (area iii, wild type=23±2.4% versusIgf2+m/−p=
29±1.8%, n=22, P=0.044; Fig. 6C). No significant differences
were detected at E8.5 (wild type=6.75±1.6% versus Igf2+m/−p=
8.4%±1.3, n=11, P=0.46) and E10.5 (wild type=17.3±4.3%
versus Igf2+m/−p=17.14±6.5%, n=13, P=0.5; Fig. 6C). The
increase in cell death assessed by sub-G1 counts in wild-type
embryos mirrors the caspase activity detected using this assay
(Figs 4C, 6C). At E9.25, significant differences also occurred
in the number of cells with disrupted membranes and no
increase in caspase activity (area iv, wild type=2.13%±0.4
versus Igf2+m/−p=3.14%±0.3, n=22, P=0.03, Fig. 6C). 

After pulse administration of BrdU, ~25% of cells
incorporated label after 1 hour, with <1% also labelled in sub-
G1 in wild-type embryos (Fig. 7A). A significant reduction in
the proportion of S-phase cells at E9.75 was detected in
Igf2+m/−p (wild type=25.5±2.1% versus Igf2+m/−p=22±2.3%,
n=16, P=0.006; Fig. 7C) confirming our cytometric profiles,
whereas no significant differences were obtained for E8.5
(pooled litters, wild type=42.1% versus Igf2+m/−p=41.4%, n=8)
and E10.5 (wild type=15.8±2.3% versus Igf2+m/−p=15.5±2.9%,
n=13, P=0.95; Fig. 7C). Despite vigorous suspension, up to

Fig. 5. Cytometric analysis of phosphorylated histone H3 in whole embryo cell
suspensions. Right panel shows antibody labelling of mitotic chromatin
coinciding with 4C DNA content compared with control (left panel) without
primary antibody to serine 10 α-phosphorylation of histone H3.
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16% and 14% of wild-type and Igf2+m/−p cells had greater than
diploid (>4C) DNA content, respectively. Analysis of spreads
and peak fluorescence during cytometry showed that the
majority of these cells were doublets, and that <1% were
polyploid (not shown). Doublet cells tended to be in S phase
(Fig. 7), which meant that total cell counts from the range ≥2C
to ≤4C may underestimate true total numbers. 

Pulse incorporation of BrdU at E8.5 in vivo (timing
determined by seminal plugs), followed by examination of
embryo suspensions 24 hours later, showed that there was a
proportion of labelled cells (wild type=6.3±1.3% versus
Igf2+m/−p=8.4±1.4%, n=12, P=0.049; Fig. 7B,D) that did not
appear to have divided during the 24 period. As the subsequent
dilution of BrdU staining was heterogenous, indicating that
cells within either the wild-type or Igf+m/−p embryos had
different cell cycle times, this precluded further analysis of the
differences between wild type and Igf2+m/−p. 

Of importance, analysis of cell size from cell suspensions of
unfixed litter-matched embryos (E9.25) showed no gross
difference in cell size peaks (Fig. 8C). We first assessed the
high sensitivity of the Coulter method by using red cells
suspended in buffers of different osmolarity (Fig. 8A,B). In
Igf2+m/−p embryos, a small sub-peak was consistently detected
that may represent either changes in cell size of a sub-
population of cells, altered red blood cells or reflect apoptotic
sub-G1 cells. Furthermore, a slight shift to the left occurs in
Igf2+m/−p profiles (major peak at 7 µm diameter) but this does
not appear to be significant. Finally, this analysis cannot
exclude a subtle change in cell size in a subpopulation of

Igf2+m/−p cells and the changes in cell shape that occur when
generating cell suspensions. 

DISCUSSION

Cell number control during murine embryonic
development
Previous estimates of cell number during murine development
have relied upon counts from serial sections of fixed tissue
usually from specific areas (Coles et al., 1993; Henery et al.,
1992; Heyer et al., 2000; Lewis and Rossant, 1982). As a result,
cell numbers during gastrulation and organogenesis are not
easily quantified. We have used a simple and reliable method
of counting cells in embryos (Krasnow et al., 1991; MacAuley
et al., 1993; Prober and Edgar, 2000). Cell number
accumulation is very rapid between E9 and E11, with an
increase in viable embryo cell number from ~400,000 to ~6
million, respectively. Even if a subset of cells divide, many
more cells are likely to be generated. For example, if all the
cells survived after three cell divisions per day of 50% of the
cells at E9, then by E11, 12.8 million cells should have been
generated. Thus, a significant (large scale) proportion die in
normal embryos during this period. The number of sub-G1
particles and caspase-positive cells reflect this cell death, but
we are currently unable to quantify accurately the number and
reason for cells dying (Glucksmann, 1951). Despite this, with
analysis being partly hampered by the usually high rates of
clearance and phagocytosis of apoptotic cells, we estimate that
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Fig. 6. Analysis of caspase-mediated
cell death in unfixed embryo cell
suspensions. (A,B) Representative
dual colour cytometry from wild
type and Igf2+m/−p embryos at E9.25
(determined by wild-type embryo
cell number) labelled with FAM-
VAD-FMK and propidium iodide
(PI). FAM-VAD-FMK labels cells
with active caspases (1-9) and
propidium iodide labels cells with
disrupted membranes. FAM-VAD-
FMK and PI-positive cells are
undergoing apoptosis (area iii), PI-
positive cells have disrupted
membranes and may be in the late
stages of cell death (area iv), FAM-
VAD-FMK-positive but PI-negative
cells maybe in the earlier
commitment phase of cell death (ii)
and cells with little caspase activity
and intact membranes are viable (i).
Numbers indicate mean percentage
of whole embryos suspension in
each quadrant as in C. (C) Summary of mean±s.e.m. for profiles as in A,B for E8.5± 0.25 (n=11), E9.25 (n=22) and E10.5± 0.25 (n=13)
embryos. Significant differences occurred around E9.25, with increased caspase activity and cell permeability in cells from Igf2+m/−p embryos
(P=0.044).
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around 20% of live embryo cells are poised for cell death, as
judged by caspase activity and membrane permeability (Fig. 6;
Coles et al., 1993; Rassoulzadegan et al., 2000; Wood et al.,
2000). 

Previous work suggests that there are at least two discrete
periods of embryonic growth control that involve modification
of cell cycle time and cell death. For example, the period of
IGF2 effect we describe coincides with a period of catch up
growth (E8-E11) associated with half embryos generated
by destruction of one blastomere (Lewis and Rossant,
1982; Rands, 1986b). Furthermore, the growth of organ
systems at this time, the first being the heart and major
vessels, depends on the local control of cell survival
(Shioi et al., 2000). In addition, extensive caspase-
dependent cell death occurs during neural tube closure
(Weil et al., 1997). An earlier growth control time period
(~E6-E7) is associated with the reduction in cell number
after early stage embryo aggregation and coincides with
early gastrulation (Buehr and McLaren, 1974; Lewis and
Rossant, 1982; Rands, 1986a). Here, the distribution of
growth factor-dependent cell death is commonly higher
in the distal anterior region after the onset of mesoderm
formation, and is rarely detected in extra-embryonic
ectoderm (Manova et al., 1998). At least 5% of the
embryonic cells appear apoptotic between E5.5-E6.5,

which can rise to 40% after low dose irradiation (Heyer et al.,
2000). The remarkably similar growth of tetraploid embryos to
E11, except for the growth of the forebrain, suggests that the
embryos appear to control cell mass, perhaps via control of
morphogen gradients, rather than absolute cell numbers during
this period of development (Henery et al., 1992). Embryo cell
number at E7.5 has been estimated to be 16,000 with cell cycle
times of ~7 hours in the endoderm and mesoderm (Henery et

Fig. 7. Cytometric analysis of
proliferation determined by
BrdU incorporation. (A) Pulse
BrdU followed by cytometry of
whole embryo suspensions after
1 hour. Typical profiles for wild-
type (left panel) and Igf2+m/−p

(right panel) litter-matched
embryos aged at E9.75 by cell
number. Numbers indicate mean
cell number above the horizontal
line as a percentage of whole
embryos (n=16). (B) Pulse-
chase BrdU followed by
cytometry of whole embryo
suspensions after 24 hours in
vivo. Typical profiles for wild-
type (left panel) and Igf2+m/−p

(right panel) of litter-matched
embryos injected at E8.5 and
dissected at E9.5 (plugging).
The cells above the horizontal
line were labelled as after a
single BrdU pulse. Numbers
indicate mean cell number above the horizontal line as a percentage of whole embryos (n=12). (C) Mean±s.e.m. of percentage of pulse BrdU
incorporation as in A at E8.5 (n=8), E9.75 (n=16) and E10.5 (n=13). The only significant differences occurred at E9.75 (P=0.006).
(D) Means±s.e.m. of percentage of pulse (E8.5) chase (to E9.5) BrdU incorporation as in B. Fewer cells divided in Igf2+m/−p, as significantly
more retained label as if pulsed at 1 hour (n=12, litter-matched samples).

Fig. 8. Cell size analysis of unfixed cells in suspension.
(A) Red blood cell (mouse) size distribution profiles
following incubation in buffers of different osmolarity (insert)
using a Coulter multi-sizer. (B) Red blood cell changes in cell
size with osmolarity, from A. (C) Multiple cell diameter
profiles from unfixed whole wild-type (blue, n=5) and
Igf2+m/−p (red, n=6) litter-matched embryos, aged E9.5 using
cell number of a fixed wild-type embryo.
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al., 1992; Snow, 1976). The notable exception appears to be the
cells of the primitive streak, which express N-mycbut not Igf2,
where cell cycle times appear to be approximately 3-3.5 hours
when estimated using stathmokinetic analysis (Downs et al.,
1989; MacAuley et al., 1993). Extrapolating from the
accumulation of cell number, we estimate that cell doubling
time would be ~10 hours between E8.8 and E11.4, which
suggests that the principal period of IGF2 effect occurs over a
population average of two to four cell cycles (E9-E10). Once
cells are lost, any compensatory mechanisms do not appear to
rescue organism size after the E9.25 period (catch up growth,
Table 1).

Elegant genetic studies in Drosophila have confirmed
observations in yeast that control of cell growth can override
mechanisms of cell cycle progression (Johnston et al., 1999;
Neufeld et al., 1998; Prober and Edgar, 2000). At least in the
Drosophilawing, co-ordination of both G1 (proliferation) and
G2 (growth) appears to be via E2F-mediated expression of
both cyclin E and Cdc25/string, respectively (Neufeld et al.,
1998). As with E2F, the effect of Myc also appears to be on
cyclin E post-transcriptional control of G1/S duration, but also
on growth, as cells that overexpress Myc are larger, whereas
cells that over-express cyclin E are smaller (Iritani and
Eisenman, 1999; Johnston et al., 1999). Unlike E2F, the effect
of Myc on growth is not thought to be mediated by
Cdc25/string (Johnston et al., 1999). Insulin, related insulin-
like ligands, PI3 kinase, Akt/PKB and PTEN phosphatase also
modulate cell growth in Drosophila (Bohni et al., 1999;
Brogiolo et al., 2001; Goberdhan et al., 1999; Weinkove et al.,
1999). In the case of cell autonomous growth activity via the
Drosophila insulin receptor, the effect may be mediated
through two pathways. First, PI3K effects on cell size
mediated by Akt (PKB) inactivation of translational repression
by 4E-BPI, and second, IRS/Grb2 linked effects to the
Ras/MAPK kinase pathway to control cell proliferation
(Brogiolo et al., 2001; Gingras et al., 1998; Yang and Kastan,
2000). 

There are several explanations for the differences in growth
between wild-type and Igf2+m/−p embryos: first, each cell could
have undergone one less cell cycle; second, a complete
generation of newly divided cells could have died; third, a
timing mechanism could lead to early withdrawal from the cell
cycle; fourth, cell number may the same, but cell size differs;
and finally, a combination of the above. In our experiments, it
appears that the limited supply of IGF2 has consequences on
cell survival and division. The effect may arise because of
either limited ligand alone, or because of concomitant
increased expression of growth signals such as myc or p53,
unmasking the lack of IGF2-mediated cell survival. A trivial
explanation may also relate to lack of nutrient and oxygen
supply. However, in our view, the magnitude and
reproducibility of the growth defect suggests that the effect is
developmentally programmed. Furthermore, although the
differences we detect in cell proliferation and cell death are
subtle between E9 and E10, and we cannot exclude effects
either side of this time period, they coincide with the
irreversible and significant differences in cell number
throughout the rest of gestation and adult life. As it is likely
that limiting ligand supply will simultaneously modify
multiple pathways depending on cell type, it is not surprising
that we can detect no differences in cell size (Fig. 8).

Does insulin-like growth factor 2 control adult size
by modifying cell number during a discrete period of
post-implantation development? 
The proportional growth of a mouse is thought to be controlled
during two growth periods, one during development (IGF2),
the other relating to the prolonged growth effects after this time
(IGF1; Baker et al., 1993; Lupu et al., 2001). Our data now
eludes to the possibility that IGF2-mediated control of whole
organism growth may occur during a developmental period of
only a few cell cycles. However, the questions remain as to
whether this is the sole period of IGF2 action, and whether the
extent and duration of IGF2 supply controls size differences
between species. 

Analysis of our data with that of Baker et al. and Gardner et
al. suggests that the reduction in whole organism weight of
Igf2+m/−p (38-47% E16 and P1, Table 1) is more extensive than
the reduction in DNA content or cell number (20-21%), at least
between E11.0 and P1 (Table 1; Baker et al., 1993; Gardner et
al., 1999). The apparent reduction in weight alone at ~E11 to
only 75% of wild-type littermates, which then reduces further
to ~60% by E16, could be viewed as evidence that argues
against there being a single discrete period of IGF2 control of
cell number (Baker et al., 1993). The results of inner cell mass
and trophectoderm exchange experiments suggest that such a
discrepancy may be due to the relative lack of extracellular
fluid accumulation in Igf2+m/−p conceptuses, when compared
with differences in DNA content at E16 (Gardner et al., 1999).
Here, a greater component of total weight in the wild-type
conceptus was accounted for by fluid content, e.g. that
associated with ECM, compared with Igf2+m/−p, without
changes in DNA content (Gardner et al., 1999). Increased IGF2
supply in development can result in overgrowth, e.g. either
after disruption of Igf2r (+130%) or biallelic Igf2 expression
(+130%; Eggenschwiler et al., 1997; Lau et al., 1994; Ludwig
et al., 1996). In the former case, oedema occurs with
overgrowth of the placenta (Baker et al., 1993; Louvi et al.,
1997). In the latter case, oedema does not occur, even though
placental growth is similar to that in Igf2r−m/+p (Eggenschwiler
et al., 1997). In neither case is cell number or DNA content
known. The proportional overgrowth that occurs during H19
disruption can be rescued to wild-type size by Igf2+m/−p

(Leighton et al., 1995). Even though combination of Igf+m/−p

and Igf2r−m/+p results in rescue of viability, the animals remain
smaller and have the same growth phenotype as Igf+m/−p (60%
of wild type) (Ludwig et al., 1996). A combination of
Igf2r−m/+p and disruption of H19 results in further overgrowth
with phenotypic features that are consistent with those seen in
Beckwith Wiedemann syndrome (Eggenschwiler et al., 1997).
Overall, these experiments further suggest that IGF2 controls
cell number, presumably between E9 and E10, but can also
result in fluid accumulation after this time period. Interestingly,
using Western blots on embryonic extracts, tissue levels of
IGF2 at E12.5 are similar in both Igf2r−m/+p and disruption of
H19, at least twofold higher than wild type, but fall to 1.4 in
the former by E13.5 and are at least sevenfold higher when
genotypes are combined (Eggenschwiler et al., 1997; Ludwig
et al., 1996). However, the correlation between IGF2 supply
and cell number has yet to be established. After E9-E10, IGF2
supply is limited by the sequestration function of IGF2/M6P
receptor present at similar sites (Lee et al., 1990; Senior et al.,
1990; Wutz et al., 2001). Furthermore, the recovery of cell
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survival and proliferation to wild-type levels after this period
may also arise because of rescue by later production of IGF1
(Baker et al., 1996; Baker et al., 1993). 

We do not know either the cause of the relative increase in
cell death or decreased S-phase (E9.25-E9.75) that is
exaggerated in Igf2+m/−p embryos, and whether there is a
sensing organ that monitors growth and controls IGF2 supply
(Snow et al., 1981). IGF2 supply may modify a crucial
population of cells, each either with an autonomous growth
program, or an ability to control cell numbers of determined
cells situated in close proximity (de Bruijn et al., 2000;
Gandarillas and Watt, 1997; Gao et al., 1997; Gurdon, 1988;
Johnston et al., 1999; Slack, 2000). Functionally, the period
of IGF2 effect on embryo cell number may demarcate
development into two stages: an initial phase that is
predominantly associated with the development of form,
perhaps when the number of determined stem (source) cells are
genetically regulated, followed by a second growth phase,
when the limits to mammalian organ size are established.

We thank Ted Evans, Chris Graham and Richard Gardner for early
discussion, and Louis Mahadevan for anti-H3 antibody, and the CRC
and BBSRC for support.
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