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ABSTRACT

Cell Lineage Analysis of the Mouse Inner Cell Mass as revealed by Mi

croinjection

Glen Kalani Winkel

The fate of cells within the inner cell mass (ICM) of the preim

plantation mouse embryo has been investigated using the technique of

iontophoretic intracellular microinjection of lineage markers into sin

gle cells. The enzymatic lineage tracer horseradish peroxidase (HRP)

co-injected with a fluorescent lineage marker, rhodamine dextran (RDX),

enabled immediate visualization of location and number of injected

cells. ICM cells were injected through the polar trophectoderm and also

through the mural trophectoderm to control for the effects of damage to

outside cells. Embryos confirmed as RDX-labelled in a single cell were

cultured individually in microdrops allowing a linear analysis of indi

vidual cell fate. Injected embryos cultured for 21, and 18 hours

developed normally while labelled cells divided more than 3 times giving

rise to as many as 11, descendants. This indicated that the procedures

and dual lineage markers used were not toxic to embryonic mouse cells.

Injected cells were classified by location within the ICM based upon

relative proximity to the polar trophectoderm. Fate analysis revealed

-

that ICM cells contributed descendants to the polar trophectoderm, ICM

and endoderm tissues, dependant upon initial position within the ICM.

Cells closest to the polar trophectoderm contributed more descendants to

the polar trophectoderm than cells deeper within the ICM, indicating

that a cell's position within the ICM may influence its fate. This is

also the first direct evidence that ICM cells have descendants in the
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polar trophectoderm.

While all cells within the ICM were capable of contributing descen

dants to the endoderm, cells on the free surface of the ICM contributed

more descendants to the endoderm than those deeper to the surface. This

is the first evidence to demonstrate that all cells in the ICM may con

tribute to formation of the endoderm. These results taken together

indicate that the ICM cells of the expanded blastocyst are developmen

tally labile and this lability is utilized in the intact embryo during

normal embryogenesis.



Vii

DEDICATION . . . . . . . . . . .

AKNOWLEDGEMENTS . . . . . . . . .

AB STR ACT e e - e. e e - e - - e e

TABLE OF CONTENTS . . . . . . . .

LIST OF TABLES . . . . . . . . . .

L IST OF FIG URES e e e -> - º - º e

INTRODUCTION e e - e e - e º e o

RAT ION ALE e -> e - e - e - - - - e

MATERIALS AND METHODS . . . . . .

1 . Collection of mouse embryos

a) Preimplantation embryos

b) Postimplantation embryos

Determination of cell number

Microinjection . . . . . . .

a) Technical aspects: . . .

b) Microinjection technique:

Scoring of injected embryos

a) RDX injected cells with fluorescence microscopy

b) Whole mount scoring of HRP-stained cells

c) Sections of HRP-stained embryos .

In-vitro culture of injected embryos

a) 21, hour culture: . . . .

b) 118 hour culture: . . . .

Staining procedure for HRP .

Fixation and array mounting for light microscopy

Fixation of postimplantation embryos .

... iii



viii

9. Synthesis of lineage markers . . . . . . . . . . . . . . . 28

10. Preparation of coverslips with L-cells . . . . . . . . . . . 29

11. Trinitrobenzene sulfonate derivatization of the blastocyst . 30

12. Indirect immunofluorescence of TNBS treated blastocysts . . 31

RESULTS . . . . . . . . . . . . . . . . . . . . . . . . . . . . 33

1, Microinjection: controls . . . . . . . . . . . . . . . . . . 33

a) Lineage markers . . . . . . . . . . . . . . . . . . . . . 33

b) Polar and Mural injection routes . . . . . . . . . . . . 35

c) Backing current controls . . . . . . . . . . . . . . . . .38

d) Membrane potentials of injected cells . . . . . . . . . 39

e) Location of RDX fluorescent injected cells . . . . . . . l;0

f) Walidation of scoring: Comparison of RDX to HRP . . . . . 117

g) Walidation of scoring: Comparison of HRP with Sections . 51

h) Embryo staging and cell number. . . . . . . . . . . . . . 53

2. Microinjection: Polar injection route. . . . . . . . . . . . 51,

a) Number of labelled descendants. . . . . . . . . . . . . . 51,

b) Location of labelled descendants, embryos/location . . . 51,

c) Location of labelled descendants, cells/location . . . . 63

3. Microinjection: Mural injection route. . . . . . . . . . . . 66

a) Number of labelled descendants . . . . . . . . . . . . 66

b) Locations of labelled descendants, embryos/location . . . 67

c) Locations of labelled descendants, cells/location . . . . 69

l!. Microinjection: 118 hour culture. . . . . . . . . . . . . . . 72

a) Number of labelled descendants. . . . . . . . . . . . . . 72

b) Locations of descendants after l; 8 hour culture. . . . . . 71,

5. TNBS derivatization of cell surface. . . . . . . . . . . . . 77'



ix

6. SEM and cryofracture SEM of the 6.5 to 8.5 day embryo. . . . 78

DIS CU SSION e - tº e - º e - e. e - e. e e e e e - - e e s - e. e. e. e. 91

1, RDX and HRP as cell lineage markers. . . . . . . . . . . . . 91.

2. Contribution of ICM cells to the polar trophectoderm . . . . 96

3. Contribution of ICM cells to the endoderm . . . . . . . . . . 105

l, . Cell surface of extraembryonic and embryonic endoderm . . . . 110

5. Current hypotheses for cell determination in the mouse embryo11 1

DIRECTIONS FOR FUTURE RESEARCH e º º e © e e e e o - e e - º e e 1 13

REFERENCES e - e. º e e - e - º e e e - e. • e e e - º e • * ... • e . 116



List of Tables

Table 1 a. Injection of RDX+HRP into the ICM: Control, polar . . . .

Table 1b: Injection of RDX+HRP into the ICM: Control, mural . . . .

Table 2: HRP-labelled embryos scored from serial sections . . . . .

Table 3: Number of HRP-labelled cells after 21, and l;8 hour culture.

Table la: Location of HRP-stained cells after 21, hr culture, polar .

Table lºb: Location of HRP-stained cells after 21, hr culture, mural .

Table 5a: Number/location of descendants of injected cells, polar .

Table 5b: Number/location or descendants of injected cells, mural .

l, 9

50

52

55

58

68

61,

70



xi

Figure

Figure

Figure

Figure

Figure

Figure

Figure

Figure

Figure

Figure

Figure

Figure

Figure

Figure

Figure

Figure

Figure

6:

13:

11 :

15:

16:

17:

Cell nuclei

ist of Figures

spread for cell counts . . . . . .

: Embryos fixed on L-cells in ordered array . . .

: Polar and mural injection routes . . . . . . .

Examples of pi, mi and bi cells - © - - - - -

Examples of PT and pi cells e - e - - - e - e.

Whole mounts and sections of HRP-labelled cells

Parietal endoderm and squamous endoderm cells .

: Cibachrome of descendants of "mi" cell . . . .

118 hour cultured embryos . . . . . . . . . . .

Histogram,

: Histogram,

Histogram,

SEM of 6.5

SEM of cell surfaces of 6.5 to 8.5 day mouse embryo

labelled cells/cell division . . .

descendants of injected ICM cells, polar

descendants of injected ICM cells, mural

to 8.5 day mouse embryo . . . . . . . . .

SEM of midline discontinuiety in 8.5 day mouse embryo.

SEM cry of racture of 8.5 day mouse embryo . . .

SEM of whole 8.5 day mouse embryo . . . . . .

15

26

37

l;2
-

l!!

l;6

60

62

76

56

65

71

82

8||

86

88

90



INTRODUCTION

The mouse embryo has only recently been amenable to experimental

analysis. Previously, our knowledge of mouse embryonic development

relied strictly upon descriptive studies of fixed and sectioned embryos

(Sobotta, 1903; Snell and Stevens, 1966) which, by their nature provide

only a static view of the very dynamic processes in development. The

advent of various experimental techniques has allowed us to ask ques

tions about the early embryology of the mouse, such as the normal fate

of embryonic cells, their potential in development, and when this poten

tial becomes progressively restricted as the embryo develops to its dif

ferentiated adult form.

For the purposes of greater clarity and understanding, these terms

should be defined more precisely. The "prospective fate" of a cell has

been defined as what happens to it in normal undisturbed development (my

emphasis). This is clearly different from "prospective potency" which

refers to the full range of developmental pathways which a cell may

choose if given the opportunity (Weiss, 1939). When a cell's potency is

equal to its fate, a cell is considered to be "determined" or "commit

ted" to that fate (Rossant and Papaioannou, 1977). These terms will be

hereafter used interchangeably. It is clear from these definitions that

an experimental demonstration of prospective cell fate requires an

undisturbed spatial and temporal environment, with the means to specifi

cally identify particular cells and their descendants throughout

development. Cell potency, on the other hand, requires that the cell be

challenged with new and different environments to allow it to express

its full developmental potential. Thus, before studies of cell potency



can be properly understood, the prospective fate of cells in the normal

undisturbed environment must be determined, as cell potency experiments

can only provide indirect evidence of cell fate.

The mouse has been utilized as a model for mammalian embryonic

development for several reasons, among them economic considerations.

Their small size, short gestation period, and proliferative capabilities

make them ideal for embryological studies. The genetics of the mouse

are well understood, and many inbred defined strains are readily avail

able (Staats, 1976). The technique of superovulation, used to increase

the number of eggs obtained from a single female mouse, has proved

invaluable for retrieval of large numbers of embryos for experiental
analysis. Finally, and most importantly, the early stages of develop

ment up to and beyond the time of implantation have been amenable to in

vitro culture and manipulation (Daniel, 1978), thereby circumventing the

problem of studying development in utero in an eutherian mammal.

The early cleavage stages of the the mouse embryos proceed at a

rather slow pace, taking approximately 3 to 3.5 days to reach the blas

tocyst stage. It is at this stage of development that the first obvious

morphological differences between cells appear. At this time, what was

essentially a cluster of cells has developed into a form called the

blastocyst. The well-expanded blastocyst consists of two morphologi

cally distinct populations of cells; trophectoderm and inner cell mass.

The outer fluid-filled vesicle of trophectoderm consists of generally

polygonal and flattened cells, joined together by tight junctions, which

provide an impermeable seal, thereby allowing accumulation of fluid

(Karp and Berrill, 1981). Perched upon the inside wall of the trophecto
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derm is the disc-shaped cluster of inner cell mass cells known as the

ICM (Sobotta, 1903; Snell and Stevens, 1966; Karp and Berrill, 1981).

In the next 24 hours of development in vivo, this ICM generates a

layer of cells on its inside free surface facing the blastocoel cavity.

These cells, primitive endoderm, appear to give rise to the parietal and

visceral endoderm of the mouse egg cylinder, (primarily extraembryonic

tissues) as demonstrated by Gardner and Rossant (1979) and Gardner

(1982).

The stages of development dealt with here are the stages of mouse

development from 3.5 days (expanded blastocyst), to 1.5 days, (late blas

tocyst) when the primary endoderm forms. In order to provide the histor

ical backdrop upon which this project is founded, the experimental evi

dence that relates to the development of the ideas regarding cell fate,

cell potency and determination in the preimplantation mouse embryo will

first be discussed.

Although the idea of cytoplasmic localization of determinants in

mammalian embryos has been advanced by Dalcq, (1957) and Mulnard,

(1965), the differentiation that occurs in the mouse embryo as it

develops is now believed to be due to epigenetic phenomena. Some of the

earliest evidence of this idea is from the work of Tarkowski (1959). In

this classic experiment, one blastomere of a two-cell or ll-cell mouse

embryo was destroyed by piercing it through the zona pellucidae with a

glass needle. If, as had been proposed by Dalcq, the cytoplasm of the

two blastomeres were different, then one would have expected that

embryos lacking the sister blastomere would not have developed normally.

However, in support of the regulative ability of the mouse embryo, the
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half and three-quarter embryos produced by Tarkowski developed to the

blastocyst stage, and in some cases gave rise to apparently normal mice,

when reimplanted into pseudopregnant hosts.

This experiment was subsequently elaborated upon by Tarkowski and

Wroblewska (1967) by examining the development of blastomeres isolated

at the 11- and 8-cell stages. In these series of experiments, individual

blastomeres developed in vitro into what appeared to be blastocysts,

though many were lacking an ICM. Based upon their results they proposed

the hypothesis that a cell's location, either "inside" or "outside"

would bias its development into either ICM or trophectoderm, respec

tively. Thus, single 8-cell blastomeres with experimentally reduced

cell number at the time of formation of the blastocyst would find all of

their cells on the "outside" leading to the formation of a trophoblastic

vesicle lacking an ICM. Their hypothesis (known as the "epigenetic" or

"inside-outside" hypothesis) states that cells differentiate depending

solely upon their position within the embryo. More recently this

hypothesis has been supported and advanced by other workers using

chimeric reconstructions of embryos to test cell fate. The elegant

recombination experiments of Hillman et. al. (1972) demonstrated quite

strongly the evidence in favor of the "inside-outside" hypothesis. When

tritiated thymidine labelled blastomeres from 11- and 8-cell embryos were

disaggregated and placed on the outside surface of unlabelled l- to 16

celled embryos, 90% of the labelled cells were found in the trophecto

derm. Labelled cells or whole embryos placed on the inside of an aggre

gation chimera gave rise to ICM (inside) cells preferentially. Thus, it

appeared that the position effect had a great influence on the future of

developing cells in the mouse embryo, presumably due to some effect of



the local microenvironment (see Mintz, 1965).

Kelly (1975) demonstrated that each blastomere from a 1-cell embryo

was capable of contributing descendants to both the trophectoderm and

ICM populations, and thus were not yet determined. In these experi

ments, the host and donor blastomeres differed by electrophoretic vari

ants of the enzyme glucose phosphate isomerase (GPI). A 1-cell blas

tomere (allowed to divide to the 8-cell stage) was recombined with six

host 8-cell blastomeres that differed in their variant of GPI. When

these chimeric mice were transferred to pseudopregnant female mice the

resulting mice from these aggregation chimeras had contributions from

both types of blastomeres in derivatives of the ICM and trophectoderm.

This demonstrated that each blastomere of the ll-cell and possibly each

blastomere of the 8-cell mouse embryo was capable of becoming either ICM

or trophectoderm, and thus these cells were not yet committed to a par

ticular cell fate.

Thus, it appeared that the influences upon the embryo leading to

its differentiated state were governed by local effects in the microen

vironment, which the embryonic cells could interpret and act upon, ena

bling initially similar cells to differentiate in diverse ways. Addi

tionally, at the 8-cell stage, mouse blastomeres appeared to be func

tionally uncommitted, as they were still capable of developing into both

trophectoderm and ICM.

One of the major controversies in the embryology of the mouse

revolves around the timing of the "determinative" events, that restrict

cells to a single fate. Some researchers have speculated that determi

nation occurs as early as the 8- to 16-cell stage due to a number of



differences between outside and inside cells (Handyside and Johnson,

1978; Johnson, Pratt and Handyside 1981; Johnson and Ziomek, 1981),

While others have interpreted their results in terms of a later or more

gradual restriction in lability (Rossant and Wijh, 1980; Spindle, 1978;

Hogan and Tilly, 1978; Handyside, 1978).

When Johnson and his coworkers examined the blastomeres of the 8

to 16-cell embryo, they found what appeared to be two distinct cell

types (Johnson and Ziomek, 1981). One type of blastomere, termed "apo

lar" was smaller in size than the other blastomeres, had a uniform

microvillus cell surface and was more adhesive when compared in a cell

aggregation study. The other blastomere type, termed "polar' WaS usu

ally larger, had a polarized distribution of cell surface microvilli and

was less adhesive. Based upon the observation that apolar cells were

found on the inside of the 16-cell embryo, and polar cells on the out

side, these were believed to be two distinct subpopulations of cells

already somewhat restricted in their cell fate (Johnson and Ziomek,

1981, 1982; Ziomek and Johnson, 1981).

Through the use of microsurgical technique, combined with the use

of injection chimeras, Gardner and coworkers have demonstrated that

determination appears to occur at or around the time of formation of the

blastocyst. The ICM was isolated microsurgically from the blastocyst by

manually dissecting away the trophectoderm cells with glass needles.

When isolated ICMs were aggregated with 8-12 cell morula, differing in

their variant of GPI, to form normal blastocysts, no contribution of

donor ICM cells was detected in any derivatives of the trophectoderm

even though these cells were exposed to "outside" conditions (Rossant,
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1975a). This suggested that the ICM cells from these blastocysts were

already determined to become ICM cells, despite being exposed to condi

tions that would favor formation of trophectoderm cells.

However, evidence from other researchers has suggested that the ICM

cells retain some lability after formation of the blastocyst, by utiliz

ing a different technique of isolating ICM cells. The outer cells of

mouse blastocysts exposed to anti-mouse serum followed by complement are

selectively lysed thereby isolating the protected inner cells (Solter

and Knowles, 1975). Thus, ICMs isolated immunosurgically can be obtained

from an earlier stage of blastocyst than was possible before using

microsurgical technique. When ICMs isolated from early blastocysts

using this method were grown in vitro, trophectoderm cells were often

found in the cultures, suggesting that the ICM was not yet committed

(Handyside, 1978; Spindle, 1978; Hogan and Tilly, 1978). The potential

of isolated mouse ICMs was also assessed for the ability to induce a

decidual response, in vivo, a property solely of trophectoderm (Gardner,

1972). Rossant (1979) reported that 67%, of ICMs isolated from early

blastocysts, could induce a decidual reaction, while only 13%. of ICMs

isolated from late blastocysts could do so. These results suggest that

the ICM remains developmentally labile up to and beyond the time of for

mation of the blastocyst, after which this potential appears to be gra

dually lost.

The next determinative event in the development of the ICM is the

formation of the primary endoderm. These cells are clearly visible as a

monolayer of cells on the free surface of the ICM and adjacent mural

trophectoderm at the late blastocyst stage (Nadijcka and Hillman, 1971; ;
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Enders, 1971; Snell and Stevens, 1966). They are distinguished ultras

tructurally from the underlying ICM cells by displaying slightly greater

amounts of rough endoplasmic reticulum, and appear to be separated from

the rest of the ICM by small deposits of an amorphous substance, prob

ably the beginnings of a basement membrane (Nadijcka and Hillman 1971).

Position is believed to play a role in determining the fate of

these cells, as with the formation of the ICM and trophectoderm. Cells

on the surface of the ICM facing the blastocoel cavity are believed to

be the progenitors of the primary endoderm. This hypothesis is based on

the following observations: When microsurgically isolated ICMs were

aggregated and transplanted to uteri within empty zona, a sonsiser of

cells completely covering the aggregates developed within 24 hours (Ros

sant 1975b). These cells had the morphological characteristics of

endoderm and when injected into host blastocysts showed chimerism in

tissues normally colonized by endodermal derivatives (Rossant 1977).

This demonstrated that the endoderm could form on isolated ICM cores

under in vivo conditions (Rossant, 1977).

Similiarly, in vitro studies of immunosurgically isolated ICM cores

gave an equivalent result. Pedersen and coworkers (Pedersen, Spindle,

and Wiley, 1980) isolated ICMs from giant chimeric blastocysts to

increase the cell mass and subjected them to two rounds of immunosurgery

separated by 21, to 72 hours of culture. When the second round of immu

nosurgery was performed between 21 to 18 hours, the ICM core was capable

of regenerating an endodermal layer. However, when the second round of

immunosurgery was withheld until 72 hours after the first isolation,

these ICM cores failed to regenerate the endoderm. This result not only



suggested that the endoderm layer was formed from the ICM cells, but

also that it could do so under in vitro conditions. In addition, this

demonstrated that the ICM retained the capacity to form endoderm after

producing a layer of endoderm and hence the ICM was not yet strictly

committed to an ectodermal fate.

Results from experiments with teratocarcinoma cells also suggest a

position effect on the formation of endoderm. When embryonal carcinoma

cells were cultured in vitro a layer of endoderm formed surrounding free

floating groups of cells, and endoderm also differentiated on the free

surface of cells attached to the substrate (Martin and Evans 1975).

Finally, when rat ICMs isolated prior to endoderm formation were

injected into mouse blastocysts, most of the rat chimerism was confined

to the endoderm, and contributed mainly to the extra-embryonic fractions

of later conceptuses. The interpretation of this result was that the

rat cells colonized the free surface of the mouse ICM and thus all the

endoderm cells formed were derived from the injected rat ICM. In a few

interesting cases however, rat ICMs attached to the trophectoderm wall

apart from the mouse ICM and appeared to develop into a separate embryo

(Gardner and Johnson 1975). Thus, the body of evidence regarding the

fate of the ICM is that it forms a layer of endoderm, presumably from

the cells on the free surface of the ICM, and that even after generation

of this tissue, retains the capability to reproduce endoderm.

Based upon the experimental evidence already presented, it would

appear that the fate of the ICM cells has already been demonstrated.

However it is significant that every experimental technique utilized

some form of disruption of the original embryo. In the process of



isolation, important cell relationships based upon orientation and posi

tion, as well as cell interactions between adjacent cells, are substan

tially altered. Such major distortions in the original embryo might

have serious effects on the original fate or the determinative state of

the isolated cell or cells. Additionally, when genetically or experi

mentally labelled cells are recombined to form chimeras, they are intro

duced effectively into a new and different environment. In order to

demonstrate the true "prospective fate" of a cell or group of cells, the

determination must be conducted upon the intact undisturbed embryo

(Weiss, 1939). Thus, analysis of embryos resulting from experimental

disaggregation and recombinations are actually a test of cell potency

rather than their prospective cell fate.

An alternate means of determining cell fate would be to follow the

lineage of individual cells within the embryo throughout the course of

development. Cell lineage analysis however, requires a means to mark

individual cells such that their descendants can be positively identi

fied. Recently the enzyme horseradish peroxidase (HRP) has been found to

be useful as a lineage marker in the leech (Weisblat et. al., 1978).

Here, single blast cells were injected intracellularly with HRP, and

later stained for the presence of reaction product by the histochemical

technique of Graham and Karnovsky (1966). Since then, this technique

has been applied to such diverse species as the frog (Xenopus, Jacobson

and Hirose, 1978; Hirose and Jacobson, 1978), ascidian (Nishida and

Satoh, 1983), starfish (Kominami, 1983), grasshopper (Taghert et. al.,

1984), the fly (Lohs-Schardin, et al., 1979; Underwood, et al., 1980),

and the mouse embryo (Balakier and Pedersen, 1982).
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Though useful as a lineage marker, HRP has some drawbacks to its

use. The major drawback is that the tissue must be fixed before the HRP

can be visualized. Thus, it would not be possible to determine the ini

tial location of an injected cell, and then subsequently culture the

embryo. This drawback can be circumvented by combining another lineage

marker within the same injection pipet so that both markers would be

injected simultaneously. Another lineage marker, rhodamine dextran

(RDX), was recently developed specifically for its use as a lineage

marker in leeches (Weisblat et. al., 1980; Stent et. al., 1982; Gimlich

and Braun, 1985). By co-injecting rhodamine dextran with the enzyme HRP,

initial localization of the injected cell within the embryo could be

determined via fluorescence microscopy, followed by individual culture

and subsequent staining for the presence of HRP in the injected cell's

descendants.

Using the above technique, the cell lineage and consequently the

true cell fate of single identified cells could be analysed in the

intact embryo, thereby directly testing the "prospective fate" of cells

within the ICM of the mouse embryo.

RATIONALE

It is clear from the above that several questions remain regarding

the cell lineage of the ICM in the normal intact embryo. By marking

individual cells with lineage tracers and following their cell lineage,

the true prospective fate of cells can be directly assessed. Thus, these

experiments were conducted utilizing the technique of microinjection to

elucidate some important aspects of cell lineage with particular respect
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to the following questions:

1. Can RDX and HRP be utilized together as effective cell lineage mark

ers to study the fate of the ICM cells in the mouse embryo?

2. Which cells are direct descendants of the ICM in the normal intact

embryo? Is the ICM a closed lineage or does the ICM have descendants in

other tissues in addition to the primary ectoderm and endoderm?

3. Which cells in the ICM give rise to the endoderm cells? Are only the

cells on the surface of the ICM capable of becoming endoderm or are all

the ICM cells capable of contributing to the endoderm?

l!. What are the characteristic surface features of cells descended from

the primary ectoderm and endoderm?
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MATERIALS AND METHODS

1. Collection of mouse embryos:

a) Preimplantation embryos:

Female Dub: (ICR) mice (Dominion Research Animals, Inc., Dublin,

Va.) were superovulated by intraperitoneal injections of 5 IU each preg

nant mare's serum (PMS) gonadotropin (Teikoku Zoki Co, Tokyo, Japan) and

human chorionic gonadotropin (HCG) (Ayerst, New York, N.Y.) administered

118 hours apart. Females were mated overnight with males and examined

for vaginal plugs in the morning. Blastocysts were flushed from the

uterine horns 96 to 100 hours post-HCG (day 3.5) with flushing medium II

(Spindle 1980).

Blastocysts were staged according to relative expansion of the

blastocoele. Early blastocysts were those in which the blastocoele was

beginning to form and occupied no more than half the volume of the

embryo. Expanded blastocysts had a cavity that occupied greater than

half the volume of the embryo, and late blastocysts were those in which

the primary endoderm had begun to form and could be visualized on the

surface of the ICM. Those embryos not yet fully expanded were cultured

in organ tissue culture dishes (Falcon Plastics #3037, Oxnard, Ca.) con

taining 1 ml of modified Eagles medium (Spindle, 1980) plus fetal bovine

serum (FBS) at 37°C in an atmosphere of 5% (v/v) CO2 in air, until they

had reached the expanded blastocyst stage. Cell number of morphologi

cally staged blastocysts was determined to provide a quantifiable meas

ure of developmental stage.
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b) Postimplantation embryos:

Naturally mated female mice were used to obtain postimplantation

embryos. Embryos were selected at three stages 24 hours apart at 6.5,

7.5 and 8.5 days of gestation. Female mice were killed by cervical

dislocation, and the embryos were dissected free of decidua using for

ceps and glass needles and placed in fresh phosphate buffered saline

(PBS).

2. Determination of cell number of embryos.

In order to find a quantifiable measure of embryonic developmental

age, number of cells per embryo was determined by a modification of

Tarkowski's air-drying technique (1966). Expanded blastocysts at the

same stage as injected embryos, together with unsuccessfully injected

embryos, were pipeted into a syringe cap cover (1cc Monojet, disposable)

containing 1 ml of 0.5% Na citrate (w/v in water). Embryos were left in

this solution for 10 to 20 minutes until swelling was observed. Then the

embryos were individually picked up by pipet, transferred briefly into

fixative (3:1 methyl alcohol : glacial acetic acid), and pipeted onto a

glass slide. By gently blowing on the embryo through the pipet, the cell

nuclei could be induced to spread out uniformly (see Figure 1).

After being allowed to air dry for a few minutes, the slides were

washed briefly with 50% acetic acid in water to remove cytoplasmic

material (personal communication, A. Spindle) and stained for 10 minutes

with freshly filtered 2% aceto-orcein (Gibco laboratories, Grand Island,

NY). Cell nuclei were then counted under the microcsope with the aid of

an ocular grid and hand counter.
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Figure 1: Cell nuclei spread from an expanded blastocyst cultured in vi

tro for 24 hours. Note the large number of nuclei (cells) that

can be accurately spread by this technique (Tarkowski, 1966).

Number of cells: 158.



-16

3. Microinjection

a) Technical aspects:

Cell marking was accomplished by microinjection via iontophoresis

of horseradish peroxidase (HRP) and rhodamine dextran (RDX) into single

cells of the mouse embryo. Microelectrodes for microinjection were

pulled from 1 mm (.o.d.) thin walled capillary tubing (Omega Dot, Freder

ick Haer, Brunswick, Maine) in a Brown—Flaming microelectrode puller

model P-77A (Sutter Instruments Co., San Francisco, Calif). Typical

electrodes had impedance values of 80-120 megohms when filled with 2.5%

HRP and 2.5% RDX (HRP+RDX) in 0.05M KCl. The microelectrodes were held

in place in model EH-2S electrode holders (WP Instruments, New Haven,

Conn.) on a DeFonbrune micromanipulator. A suction electrode (o. d. 110

to 80 ºun, was made by pulling small pipets from capillary tubing and

then fire polishing the tip on a De Fonbrune microforge until Smooth.

The suction electrode was mounted in another electrode holder on a

micromanipulator and was used to restrain the embryo during injection;

it also served as the reference electrode during iontophoresis.

Embryo injection chambers were made by placing a sterilized thin

strip of coverslip glass over the gasket, (plastic chamber removed) of a

2-chambered tissue culture slide (Lab-Tek Products, Naperville, Illi

nois). Flushing medium II was pipetted under the coverslip, and the

remainder of the chamber on either side of the coverslip was filled with

paraffin oil (Fisher Scientific Co., New Jersey, lot; 0-121) to prevent

evaporation. This chamber allowed for an excellent optical interface as

well as provided a large region for sorting scored embryos. This

chamber slide was then placed on a piece of lantern slide glass cut to
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fit the stage of a Zeiss compound microscope. Manipulation of the

embryos was performed under a low power objective (6.3X) and microinjec

tion was routinely observed using a Zeiss l;0X water immersion lens.

Iontophoretic injection of HRP+RDX was performed using 2 to 5

nanoamps (nA) of constant positive current. HRP and RDX are both posi

tively charged and thus co-migrate into the impaled cell with positive

current. Typical injection times ranged from 10 to 60 seconds with a 20

second injection being the normal schedule. A small negative (0.2 nA)

constant backing current was applied to the micropipet to prevent pas

sive diffusion of HRP/RDX out of the tip of the electrode during manipu

lation and cell penetration. Through the use of an electrometer and

bridge, (Winston Electronics, San Francisco) tip impedances of

microelectrodes could be measured after being filled. The use of an

oscilloscope allowed visual monitoring of the membrane potential of the

injected cell and provided a means of determining when the electrode had

penetrated the cell membrane due to the potential drop inside the cell.

b) Microinjection technique:

Microinjection of blastocysts was accomplished in two different

ways. In polar injections, the cells of the inner cell mass (ICM) were

injected with the micropipet passing through the polar trophectoderm.

In mural injections the pipet first penetrated the mural trophectoderm

cells (MT), opposite the ICM, traversed the blastocoele cavity, and then

entered ICM cells. In both cases the following techniques were used to

accomplish microinjection.

Embryos were picked up by applying negative pressure to the suction
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pipet with a threaded Hamilton syringe (type 87000) such that the ICM

was held at one end of the pipet (Figure 3). For polar injections, the

polar trophectoderm faced the injection pipet, and for mural injections

the polar trophectoderm cells were against the suction pipet. Using

Nomarski optics the upper and lower focal planes were determined for the

particular embryo and the midpoint of the focal range was set: so that

if the embryo was properly positioned on the holding pipet, the focal

plane was roughly in the middle of the ICM. The injection pipet was

then positioned above the embryo over the ICM cells to be injected, and

the tip of the needle was brought into focus. This controlled for the

slight downward deflection of the injection pipet during impalement due

to the angle of the pipet holders necessary to clear the embryo chamber.

By utilizing this method of microinjection, cells in the center of the

ICM could be injected consistently.

Just prior to impalement, the oscilloscope trace was zeroed and the

micropipet advanced until the tip appeared to be within an ICM cell. If

the oscilloscope registered no deflection, signaling entry into the

cell, then negative capacitance was applied to the electrode tip to

facilitate penetration of the cell membrane. Iontophoresis was commenced

by turning on positive current and adjusting to 5 nM. After 20

seconds, iontophoretic current was halted and the needle tip was with

drawn. The embryo was briefly viewed with epifluorescence illumination

to determine if the injection was successful, and successfully labelled

embryos were set aside for rhodamine scoring. Unlabelled embryos were

used to determine cell number of injected embryos.
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4. Scoring of injected embryos

Each embryo was scored in two or three ways which allowed verifica

tion of the accuracy of the initial scoring procedure. Initially

embryos were scored for RDX-labelled cells in whole mounts. Then either

after immediate staining for HRP (controls), or the 24 hour culture

period, they were rescored for HRP-labelled cells. Finally some of

these embryos were embedded, sectioned and rescored again.

a) RDX injected cells with fluorescence microscopy

Scoring of injected embryos was routinely done in whole mount under

the medium power objective (UD!O, effective magnification = 30X) of the

compound microscope. The holding pipet was used to rotate the embryo

about two or three axes, such that the labelled cell(s) could be visual

ized and their location determined. Those cells initially injected with

RDX were observed under fluorescent illumination (Zeiss filter set l;7 77

15) so that the stained cells as well as the embryo outline could be

seen by allowing a small amount of incident light to pass via neutral

density filters or a light blocking device.

Cells were scored as inside cells if during lateral rotation no

fluorescence was observed at the outer edge of the embryo proper. Outer

cells could be easily distinguished from inner cells on the basis of

location and cell shape. Some of the embryos scored under fluorescence

as having single labelled cells were stained immediately after scoring

as contemporary controls to validate the scoring technique under

fluorescent optics. An additional population of control embryos were

generated by staining for HRP all those embryos that were found to be

RDX-labelled in more than one cell (Table 1).
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b) Whole mount scoring of HRB-stained cells

Embryos were stained for HRP by a modification of the Hanker-Yates

procedure (Hanker, et al., 1977). Since HRP and RDX were coinjected

into the embryo it was necessary to determine that both lineage markers

were in the same cell. Thus, a sample population from each experiment

plus several control experiments were done to validate the scoring of

RDX/HRP injected cells. Especially in the case of injection through the

polar trophectoderm, it was necessary to determine if there were any

stained cells in the polar trophectoderm that were negative for RDX, but

positive for HRP, due to the greater sensitivity of the enzyme. Cul

tured embryos were routinely stained for HRP, as the RDX was often too

faint to detect consistently after 21, hours in culture.

After fixation, HRP-stained embryos were placed in an injection

chamber, and manipulated with a suction pipet as before. The embryo

could be rolled through various axes allowing determination of cell

number and location of stained cells. As scoring was performed under

brightfield illumination, stained cells were readily detectable.

Outside cells were determined by their location, just under the

zona pellucida, and could also be distinguished by their flattened mor

phology and angular appearance. Inner cells were determined to be

inside as the cell outline never reached the outside margin of the

embryo during lateral rotation. In addition inside cells were usually

rounded in shape and Smaller than outside cells.
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c) Sections of HRF-stained embryos

The third method of scoring injected embryos was from sections of

embedded embryos. In whole-mount observations some stained cells were

difficult to detect due to the abundance of stained cells, or because

their location was very close to the outer edge of the embryo. Thus,

sections of injected embryos provided a means to confirm the technique

of scoring embryos in whole mount.

HRP-stained embryos were fixed, mounted on plastic coverslips and

embedded in Spurr's epoxy resin (Polysciences). One micron serial thick

sections were cut on a Sorvall MT-2 ultramicrotome with glass knives and

mounted on glass slides. Sections were left unstained as 0.5% Toluidine

blue often obscured lightly HRP-stained cells. In order to facilitate

observation of cells, both for scoring and photomicrography, the epoxy

resin was removed using the technique of Maxwell (1978). Briefly, 1 Jum

sections were incubated for 2 minutes in a solution of NaOH, ethyl

alcohol, and propylene oxide, followed by a rinse in absolute alcohol.

This technique was utilized as it allowed staining with standard histo

logical stains as well as greatly increasing overall contrast enabling

easier determination of stained and unstained cells. Sections were

observed with brightfield optics and the location and number of HRP

stained cells were determined.

5. In-vitro culture of injected embryos

a) 24 hour culture:

After being scored for RDX with fluorescence microscopy, those
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embryos determined to be labelled in single cells were set aside for

individual microdrop culture. Five 20 Jul drops of Eagles media with FBS

were pipetted in numbered arrays in small 35mm petri dishes (Falcon

#1008). The microdrops were then covered with paraffin oil (Fisher) to

prevent evaporation. Embryos were pipeted one per drop and cultured at

37°C in a humidified atmosphere of 5% (v/v) CO., in air for 20 to 21,2

hours. At the end of the culture period embryos were either stained for

the presence of HRP or transferred into new media for l; 8 hour culture.

b) A8 hour culture:

After 21, hours of culture, most of the embryos had hatched from the

zona pellucida. Therefore it was necessary to either prevent attachment

to the substrate by culturing in hanging drops of media, or to allow the

embryo to attach to a coverslip for ease of staining and scoring.

For hanging drop culture, arrays of 10 Jul drops of Eagles media

supplemented with FBS and twice the normal amount of amino acids (Spin

dle, 1980) were pipeted onto the covers of 60mm petri dishes (Falcon

#1007). The embryos were transferred one per drop and the cover

inverted over the petri dish which was filled with 1 ml of sterile dis

tilled water. The whole petri dish was placed in a moist chamber and

incubated for 21, hours.

For outgrowth culture, embryos were allowed to attach in 20 jul

drops of the above media on 13 mm round Thermanox tissue culture

coverslips (Miles laboratories, Inc. Naperville, IL). One embryo per

coverslip was placed in a small petri dish, which was placed in a moist

chamber and cultured for another 21, hours.



6. Staining procedure for HRP

The method to stain for HRP was a modification of the Hanker-Yates

procedure (Hanker et al., 1977). This method was chosen for its greater

sensitivity than diaminobenzadine, and also because the Hanker-Yates

reagent was not a suspected carcinogen. To prepare staining solution

one mg of Hanker–Yates reagent (1,2 p-phenylenediamine dihydrochloride:

pyrocatechol, Polysciences, Inc., Warrington, PA) was mixed with 1 ml of

0.1M Tris buffer, pH 7.6, and ten ºul of a freshly prepared 1.0% solution

Of H2O2 was added. Embryos were incubated individually in a small drop

(20 Jul) of staining solution at room temperature until the brown reac

tion product was visible, generally 10 to 30 minutes.

7. Fixation, array mounting, and embedding for light microscopy

After incubation in Hanker-Yates reagent, zona intact embryos were

washed in flushing medium II containing 0.2% of the lectin bacto phy

tohemagglutin P (PHA, Difco laboratories, Detroit, MI). This step was

necessary before fixation to enable the embryos (both zona intact and

free) to be attached to plastic coverslips in numbered arrays. Embryos

were then fixed for 15 minutes at room temperature with 2.5% glutaral

dehyde in 0.05M phosphate buffer, pH 7.2, with 0.3% polyvinylpyrrolidone

(PWP, Sigma chemical Co.) added to prevent the embryos from sticking to

the petri dish during fixation. After fixation embryos were washed in

drops of flushing medium II, and stored until ready for scoring in

whole-mounts to detect the presence of HRP.

After scoring for HRP-stained cells, embryos were reincubated for 2

minutes in flushing medium II with 0.2% PHA. These embryos were then
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attached to a monolayer of mouse L-cells grown on Thermanox tissue cul

ture coverslips (#5413, Miles laboratories, Naperville, IL).

Fibroblast-coated coverslips were transferred to petri dishes containing

flushing medium II. With the aid of a dissection microscope and mouth

pipet, individual embryos were placed about 1 mm above the coverslip,

and guided by gentle jets of media until they settled into the desired

orientation. A light tap with a fine glass needle insured that the

embryo was attached and helped to push the embryo into better contact

with the fibroblasts. This technique (developed by Lynn Wiley) was

modified to include zona intact blastocysts (Wiley et al., 1985). When

blastocysts were incubated with the PHA before and again after fixation,

they could be attached to a live monolayer of mouse L-cells grown on

coverslips. This technique allowed embryos to be mounted in numbered

arrays, ten embryos per block, as well as enabling the embryos to be

oriented for sectioning. Additional advantages included ease of han

dling embryos through subsequent fixation and embedding steps, more

embryos cut per section, and all embryos could be mounted at the same

depth in plastic, allowing simultaneous sectioning of embryos (Figure

2).

After all the embryos were successfully mounted on the coverslip,

the media was gently drawn off and replaced with 2.5% glutaraldehyde in

0.05 M phosphate buffer and allowed to fix for 20 minutes at room tem

perature. Coverslips containing embryos were washed in buffer and then

postfixed with 1% osmium tetroxide in the same buffer for 30 minutes.

This was followed by a dehydration in a graded series of ethanols during

which uranyl acetate en bloc staining was performed at the 70% step.
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Figure 2: Blastocysts immobilized on L-cells. a) Fixed, sectioned and

scored blastocysts attached to L-cells ready for embedding in

resin. b) Section through an array of mounted blastocysts.

Epoxy resin removed (Maxwell, 1978).



FIGURE 2
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The coverslips were gradually infiltrated into Spurr's low viscosity

epoxy resin (Polysciences), on a Tek-Pro variable rotating table, and

then were inverted over round wells of a silicone imbedding mold (Ladd

#21810) and polymerized for 8 hours at 70°C. Coverslips were peeled

away from the polymerized resin and the embryos sawed out of the resin

discs and remounted on plastic rod stubs for sectioning.

8. Fixation of postimplantation embryos for SEM
and cryofracture SEM.

The 6.5 to 8.5 day: embryos were washed in PBS and then immersed in

a solution of 3% glutaldehyde in 0.1M Na cacodylate for 6 to 12 hours

depending on sample dimensions. After fixation specimens were rinsed in

cacodylate buffer twice and postfixed in 2% osmium tetraoxide in 0.1M Na

cacodylate for 2 hours at room temperature. Dehydration was performed

through graded alcohols ending in two changes of absolute anhydrous

ethanol. Specimens for cryofracture were then frozen in a shallow

liquid nitrogen bath, held in position with forceps, and split with a

sharp single-edged razor blade. Small embryos and fractured pieces were

placed in ant pupae cases and tied with a fine hair to facilitate han

dling. Critical point drying was accomplished in a Bomar model SPC

900/Ex critical point dryer with Matheson bone-dry C02. Embryos were

mounted on studs with silver paste and gold coated in a Technics Hummer

sputter coater W until a 150 to 200 Angstrom coating was achieved.

Scanning electron microscopy was performed in a Cambridge Stereoscan-150

microscope at 20 KW with a 100 gum aperture.
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9. Synthesis of lineage markers

Rhodamine-labelled dextran was synthesized by linking the

isothiocyanate form of rhodamine to dextran using the technique of

deBelder and Granath (1973), as modified by J. Braun at UC Berkeley (Gim

lich and Braun, 1985). 100 mg of Dextran (Sigma, MW 10,000) was dis

Solved in 1 ml dimethylsulfoxide with one small drop of pyridine. Rho

damine isothiocyanate (Sigma) was added (10 mg) and then 2 mg (about 2

jul) of dibutyltindilaurate (Fluka) as a catalyst. This was heated in a

boiling waterbath (95°C for 2 hours and added in small drops to 50 ml of

100% rapidly stirred cold ethanol. The precipitate was centrifuged for

10 minutes at 3-1,000 RPM, resuspended in ethanol and recentrifuged. The

supernatent was drawn off and the precipitate lyophilized until dry

(about 2 hours). Then the RDX was redissolved in a minimal amount (0.5

— 1 ml) of 0.15 M Ammoniumcarbonate (pH 9) and run over a Sephadex G-25

column (diameter 3 cm, length 10 cm). Before running the newly prepared

RDX on the column, free dextran in buffer was run through the column to

fill any non-specific binding sites. The void volume was collected and

lyophilized overnight. The RDX was weighed out and 10 jul aliquots of 5%

RDX in 0.1M KCl were stored frozen.

To make the injection solution, 1 mg of horseradish peroxidase

(Sigma type VI) was dissolved in 20 Jul of distilled water. Ten ºul was

drawn off and mixed with a thawed aliquot of RDX to yield a mixture of

2.5% HRP and 2.5% RDX in 0.05M KCl (HRP+RDX). This mixture was then

loaded into micropipets for injection.
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10. Preparation of coverslips with L-cells

Live mouse fibroblast L-cells (American Type Culture Collection,

L-929) were used to attach scored and fixed blastocysts to coverslips.

Thermanox tissue culture coverslips were cut with the aid of a sterile

hemostat and dissecting scissors into shapes resembling an "L" with the

base of the "L" bent up to serve as a handle when manipulating the

coverslip. These were placed 2 per petri dish and 2 ml of RPMI-16110

medium with glutamine, 2.0 g/L NaHCO3, 25mm Hepes, antibiotics (10

units/ml penicillin, 101), streptomycin) and 10% FBS (cell culture facil

ity, UCSF) was pipeted over the coverslips.

A stock culture of L-cells was grown up to confluence in tissue

culture flasks (25 cmé, Corning glass works, Corning, NY). The medium

was removed and 1 ml of Ca”, Mg” free 0.05% trypsin in phosphate buf

fered saline (PBS) was pipeted in to wash out the medium. Then 1 ml of

the trypsin solution was pipeted into the flask and incubated for

approximately 20 minutes or until the L-cells could be dissociated

from the flask. One ml of RPMI-1610 media was added to the flask to

inactivate the trypsin. The whole volume was drawn off into a centrifuge

tube, and spun down at 800 RPM for 5 minutes. The supernatent was drawn

off and cells resuspended in 1 ml of medium. This suspension of cells

was then pipeted into the petri dishes with coverslips (0.2 ml per

dish), and they were placed in the incubator at 37°C. Coverslips were

ready to accept fixed embryos after about 3 days in culture, or when

they were covered by a confluent monolayer of L-cells.
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11. Trinitrobenzene sulfonate derivatization of the
surface of the blastocyst.

In order to create an artificial antigenic surface for all the out

side cells of a blastocyst at a particular developmental stage, the

non-permeant alkylating reagent trinitrobenzene sulfonate (TNBS) was

utilized. This reagent under the proper conditions will introduce the

trinitrophenol (TNP) group onto unprotonated amines of lipids and pro

teins, while leaving the cytosol intact. The TNP group can then act as

a hapten which can be recognized by antibodies directed against dinitro

phenol (Kaplan et al., 1983). This technique of indirect immunofluores

cence has been utilized before in the mouse embryo at earlier stages to

study inside and outside cell relationships (Surani and Handyside,

1983). In this case the embryos were treated with TNBS and then cul

tured for 21, hours. Indirect immunofluorescence was carried out to

determine if any unlabelled cells were present among the previously

treated surface cells in the region of the polar trophectoderm.

The zona pellucida was removed from expanded blastocysts by incu

bating in acid Tyrode's solution (pH 2.l.) for 30 seconds followed by

several washes in flushing medium II. Embryos were then allowed to

recover for 2 to 3 hours in the incubator at 37°C to permit replacement

of surface molecules removed by the low pH treatment.

TNBS was made up at 10 mM concentration and stored frozen in 100 jul

aliquots. These were thawed out and mixed 1:5 with PBS, and pipeted out

into 20 Jul drops. Zona-free expanded blastocysts were introduced into

the reagent and incubated for 30 minutes at room temperature. Treated

embryos were washed in three changes of PBS prior to incubation in pri
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mary antisera. To test the effect of TNBS on blastocyst development,

cell numbers of embryos were determined in untreated embryos both before

and after 24 hours of culture, and in TNBS treated embryos after 21,

hours in culture.

Several different treatment schedules were used to derivatize the

cell surface. After several pilot studies were conducted, a concentra

tion of 2 mM TNBS for 30 minutes 6 37°C was decided upon to give optimum

results. At this concentration the cell surface fluorescence of treated

embryos was bright enough to allow detection of unlabelled cells.

12. Indirect immunofluorescence of TNBS treated
blastocysts.

Double indirect immunofluorescence was performed to determine the

extent of surface labelling due to TNBS treatment. Rabbit anti-DNP-BSA

serum was obtained from Miles-Yeda laboratories (Naperville, IL) and

sheep anti-TNP as a gift from Dr Pierre Hencot, National Institutes of

Health. Secondary antibodies consisted of fluorescein isothiocyanate

conjugated and rhodamine isothiocyanate-conjugated (FITC and RITC

respectively) goat anti-rabbit IgG, and biotiny lated anti-sheep IgG fol

lowed by rhodamine avidin D (Wector laboratories, Burlingame, CA).

TNBS treated and control (untreated zona-free) embryos were incu

bated for 30 minutes at room temperature in the primary antibody

(diluted 1:5 in PBS for rabbit and 1:10 for sheep antibody) in 20 Jul

drops. Embryos were washed in PBS to remove excess antibody and were

then incubated in the secondary antibody diluted 1:5 in PBS also for 30

minutes at room temperature. FITC and RITC treated embryos were
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observed under the appropiate fluorescent filters for surface staining

while embryos treated with biotiny lated antibody were incubated for

another 30 minutes in microdrops of a 1:10 dilution of rhodamine avidin

D, before observation.

Several methods of indirect immunofluorescence were tried. For the

primary antibody, both rabbit and sheep IgG was used. Control embryos

treated only with the rabbit antibody exhibited strong background

fluoresence. Therefore, sheep was used as the primary antibody in all

subsequent experiments. Two types of second antibodies were used to

produce indirect immunofluorescence; Fluorescein isothiocyanate

conjugated and rhodamine isothiocyanate-conjugated goat anti-rabbit, and

biotiny lated anti-sheep IgG. The fluorescein, though bright, was

bleached easily during observation, and also obscured overlying labelled

areas due to stray fluorescence. Thus, the rhodamine conjugated IgG was

used preferentially. Due to the high background fluorescence when rab-
-

bit was the primary antibody, the biotiny lated anti-sheep IgG was the

most effective second antibody. When embryos were incubated in rhodam

ine avidin D these treated embryos exhibited bright overall fluores

Cence.



RESULTS

1. Microinjection: controls

a) Lineage markers

Microinjection was chosen as the technique to study cell lineage

primarily due to its nondisruptive nature. With microinjection, single

cells could be labelled with a lineage marker and then the fate of the

descendants of injected cells could be determined.

Earlier work of Lo and Gilula (1979a) and Balakier and Pedersen

(1982), had already established the technique of microinjecting the

lineage marker, horseradish peroxidase (HRP), into the mouse embryo.

However, the fact that cells often had persistent cytoplasmic bridges

(Lo and Gilula, 1979a) leading to label diffusing into two cells, made

the analysis of the fate of single cells difficult. By combining the

injection of HRP with a second lineage tracer, rhodamine dextran (RDX),

it has been shown that the initial location and number of cells could be

determined visually with fluorescence microscopy prior to embryo culture

so that embryos with single fluorescent cells could be selected and cul

tured individually. This allowed classification of injected ICM cells

according to position within the ICM such that the fate of individually

labelled cells could be determined.

Both lineage tracers (RDX and HRP) had to fulfill the criteria of

an effective lineage marker. First, the marker must be large enough

that it will not pass through gap junctions. Secondly, the marker must

be readily visible in living or fixed material, and finally it must be

relatively non toxic to embryonic cells.



As both HRP and RDX are very large molecules (MW 10K and ºr
respectively), their size prevents passage through gap junctions, which

was readily apparent when injected cells were observed under fluores

cence. RDX+HRP was shown to diffuse only into the injected cell and its

recently divided sister cell through cytoplasmic bridges (Lo and Gilula,

1979a). Lucifer yellow (MW 1,57), by contrast, was found to spread even

tually to all of the cells in the blastocyst presumably via the gap

junctions between coupled cells.

The fluorescent dextran, RDX, was readily visible under fluorescent

optics causing injected cells to fluoresce bright red. After a 21 hour

culture period, however, this dye appeared to be sequestered into

discrete cellular compartments, as the labelled cell showed rhodamine

fluorescence in small bright patches. These were probably mitochondria,

which are known to sequester rhodamine in living cells (Johnson et. al.,

1980). HRP, on the other hand was not visible after injection into

mouse embryos. Thus, to detect the reaction product of the enzyme the

embryo was fixed. After staining for HRP by the Hanker-Yates procedure,

the injected cell(s) were stained brownish-gray and were readily detect

able in whole mount preparations. The primary advantage of using the

enzyme as a lineage marker was that in low concentrations, such as an

injected cell that had divided several times, the enzyme still produced

a visible reaction product. Injection of RDX and HRP together as a dual

lineage tracer utilized the best aspects of both markers. Initially the

RDX allowed immediate visual confirmation of the location and number of

injected cells, then after a 21 hour culture period, staining for HRP

revealed the location and number of the descendants of the original

injected cell.
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Finally the toxicity of the technique and the lineage tracers must

be addressed. In previous experiments a slight detrimental effect due

to microinjection was observed (Balakier and Pedersen, 1982). Further

experiments into the toxicity of these lineage tracers were conducted by

Cruz (manuscript in preparation). Developmental effects of microinjec

tion and the lineage tracers used here were tested in 2-celled mouse

embryos. Injection of KCl buffer by itself had a small though insigni

ficant slowing effect on development of 2-celled embryos. When RDX was

co-injected with HRP (HRP+RDX) there was again a small but insignificant

effect over the injection of buffer alone. This work indicated that the

microinjection procedure as well as the lineage tracers used were not

toxic to embryonic mouse cells. As the later stages of development

appear to be less sensitive to the effects of injection (Balakier and

Pedersen, 1982), no further studies on the toxicity of RDX+HRP were con

ducted.

b) Polar and Mural injection routes

The ICM at the expanded blastocyst stage is completely enclosed

within the embryo by the trophectoderm cells. Therefore, to inject the

ICM cells, the micropipet must first penetrate through the trophectoderm

layer. Initially, microinjection was performed through the cells of the

polar trophectoderm (polar injection route, see Figure 3). This method

was chosen as it proved to be the easiest to accomplish when learning

the technique of microinjection. The micropipet did not have to

penetrate deep into the embryo, thus reducing damage due to the shaft of

the pipet distorting the embryo. Another advantage with this method was

that injected embryos did not collapse after the pipet was withdrawn,
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Figure 3: Polar and Mural injection. Polar injection: embryo mounted on

suction pipet with ICM facing the injection pipet. a) prior to

injection b) after penetration. Mural injection route: The

pipet must first pass through the mural trophectoderm across

the blastocoele, and into cells on the free surface of the

ICM: a) prior to injection b) after penetration
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Mural injection route
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enabling scoring of the injected cell soon after injection.

Results from these initial experiments suggested the possibility

that damage to the overlying polar trophectoderm cells may have influ

enced the results (see results, part 2). As a control for the polar

route of injection, microinjection was initiated entering the embryo

through the mural trophectoderm. This second method of microinjection

proved to be much more difficult. The pipet tip was first advanced

through the mural trophectoderm opposite the ICM, across the blastocoel

cavity and finally into the ICM (mural injection route, see Figure 2).

The major difficulty with this injection route was that the pipet had to

be advanced deep into the embryo to reach the ICM, and this caused visi

ble stretching and distortion of the mural trophectoderm. Micropipets

necessary to successfully inject via this route were difficult to pull

* they had to be very sharp with a gradual taper. Additionally, after

the pipet tip was withdrawn the embryo would gradually collapse and if

not scored immediately after withdrawing the micropipet, scoring for the

rhodamine fluorescence could not be done until the embryos were cultured

for 1–2 hours to allow reexpansion of the blastocoele cavity.

c) Backing current controls

With either injection route, the micropipet had to penetrate

through trophectoderm cells to enter ICM cells. Thus, a simple backing

current device was constructed using a battery, switch and a potentiome

ter, which was attached to the electrometer. This applied a small con

stant negative (backing) current (0.2 nA) to the pipet tip during the

course of the microinjection experiment, to prevent passive diffusion of

the lineage tracers out of the tip.
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Twenty 8-cell embryos were impaled for 1 minute with a pipet loaded

with the RDX+HRP mixture; 10 with backing current off, and 10 with a 0.2

nA negative backing current. All ten of the embryos impaled with the

backing current off showed evidence of both RDX and HRP labeling in the

injected cell. Conversely, all of the embryos impaled while the backing

current was on showed no labelling with either lineage marker. Thus,

during all subsequent experiments, negative 0.2 nA backing current was

on during manipulation and impalement of ICM cells, and was overcome

when positive injection current (5 nM) was applied to the pipet tip. On

the basis of this control experiment, it was assumed that trophectoderm

cells would not be labelled by passive diffusion of the lineage markers

out of the pipet tip as it passed through the outer trophectoderm cells.

d) Membrane potentials of injected cells

Entry of the micropipet into and through cells was complicated by

the viscous nature of the cell membrane. Through the use of the oscil

loscope attached to the electrometer, entry into cells was confirmed by

a negative cell potential of > 10 mV. When a cell potential of K -10 mW

was encountered, it often meant that the pipet tip was not physically

within the cell it appeared to be in visually. This could be confirmed

by turning on the injection current while observing the embryo with

fluorescence microscopy. Out of 30 embryos injected in this manner, 11,

showed a potential of > -10 mV, and in every case a single cell was

labelled with RDX. Out of the other 16 embryos registering a potential

of K -10 mV, 9 embryos (56%) were labelled with RDX and 7 embryos (1,1%)

had no fluorescent label or were stained only in blebs.
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The health of injected cells was determined after the injection

procedure by noting the membrane potential after the current was turned

off. Most cells registered a potential of 10 - 15 mV after injection

which indicated a healthy injected cell. When cells that registered a

reduced post-injection potential were scored for RDX the label was found

in the blastocoele cavity suggesting that it had leaked out of the

injected cell. In other embryos that showed a reduced potential, no

stain was visible or RDX was present only in blebs surrounding the

injected cell.

e) Location of RDX fluorescent injected cells

Injected cells were scored within 1 hour of injection, except in

the case of murally injected cells, which were scored immediately after

the pipet was withdrawn, but before the embryo collapsed. Warious cell

types were stained in distinct sub-regions of the ICM. When the RDX was

visible in polar trophectoderm cells, these cells were easily discerned

by their outer position and flattened shape in side view, and their

polygonal outline when viewed en face (Figure 5).

ICM cells were classified primarily by their regional location

within the ICM. Three general sub-classes of ICM cells were defined:

(1), those cells that were rounded and appeared to touch the polar tro

phectoderm were defined as "pi" cells, for polar region and inside; (2),

cells that were on the inside surface of the ICM, with their cell mem

brane in contact with the blastocoel cavity were defined as "bi" cells,

for blastocoel region and inside; (3), other cells were in contact with

neither surface and these cells were denoted as "mi" cells, as they

appeared to be in the middle of the ICM (Figures 1-6).
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Figure l; : Initial location of RDX-labelled cells. a) typical "pi" cell

fluorescent for RDX. b) pair of "pi" cells, note rounded

shape and proximity to the polar trophectoderm. c) "mi" cell,

note location near middle of ICM. d) whole mount of HRP

stained "mi" cell. e) fluorescent view of "bi"cell, note lo

cation on the free surface of ICM facing the blastocoele. f)

section of embryo with labelled "bi" cell.



FIGURE 4



43

Figure 5: Photomicrograph of polar trophectoderm (PT) and "pi" cells a)

HRP-labelled whole mount of PT cell, side view. Note flattened

contour. b) en face view of same cell, note polygonal

shape. c) PT cell in section. d) "pi" cell for comparison,

note differences in shape, round vs flat. Note also proximity

to PT cells. e.) Another "pi" cell larger than last. Again

note rounded shape and region of apposition to PT cells.



FIGURE 5
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Figure 6: Photomicrograph of whole mount and sections from 3 embryos.

a) small "bi" cell b) same embryo in section (1 Jum) c)

larger "bi" cell, note location on free surface of ICM in

whole mount and in section d) e) lg "mi" cell, note no cell

contact with free surface of ICM or PT cells.



FIGURE 6
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f) Walidation of scoring: Comparison of RDX to HRP wholemounts

The use of two lineage markers made it necessary to demonstrate

that both lineage markers remained in the same cell or cells, and did

not diffuse to other adjacent cells. A control population of embryos

was generated by staining at random a fraction of the injected embryos,

already scored by RDX fluorescence as labelled in a single ICM cell, for

HRP activity. This confirmed that the RDX and HRP were both present in

the same cell(s), and also controlled for whole mount scoring errors.

An additional population of embryos was generated for controls by

immediate staining for HRP, when RDX label was observed in either two

cells or in the polar trophectoderm. Out of 178 control injected

embryos, 11.1 were injected through the polar trophectoderm, and 37 were

injected through the mural trophectoderm.

1] Polar injection route

Seventy-seven (55%) of the control population of embryos were not

labelled in the ICM or were found to have RDX in more than one cell.

This included cells labelled in the polar trophectoderm (11%), 2 ICM

cells (21%), and both the polar trophectoderm and the ICM (16%).

Sixty-four (1.5%) of the control embryos were scored as labelled in a

Single ICM cell and would have normally been cultured for 21, hours (see

Table 1 a). These same embryos were fixed and reacted for HRP activity

and rescored in whole mount. Embryos were counted as unscorable if the

whole embryo appeared dark, (due to release of the HRP into the blasto

coel cavity), there was no detectable HRP, or if the stained cells were

too faint or too irregular to determine their location accurately.
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Whole mount scoring of HRP-labelled embryos confirmed that 58% of

cells scored as RDX-labelled in one ICM cell, were also labelled in the

same cell, while 13%, were found to be labelled in two ICM cells. An

additional 27% were also labelled in a pair of cells, however, one was

a polar trophectoderm cell and the other an ICM cell. Thus, it was pos

sible that an embryo scored by rhodamine as having label in one ICM cell

could in actuality have been labelled in two cells 10% of the time.

Though this appears to be a low level of accuracy for this technique, it

is relevant to note that scoring errors confusing inside with outside

cells occurred only 29% , (Table 1 a, PT + PT+ICM) of the time (see discus

sion). It was also noted that the levels of mis-scored cells decreased

when injection was initiated from the mural trophectoderm direction.

2] Mural injection route

When embryos injected via the mural route were scored for the pres

ence of rhodamine, 70% of the control embryos were RDX-labelled in a

single ICM cell. The other 30% were derived from embryos not suitable

for culture, as the label was in the polar trophectoderm or in two 2 ICM

cells (see Table 1b). These same embryos were fixed and reacted for the

presence of HRP-labelled cells and rescored in whole mount. Unscorable

embryos accounted for 19% and 30% of the number of injected embryos, for

1 RDX-labelled ICM and two RDX-labelled ICM cells, respectively. Whole

mount scoring of HRP stained embryos confirmed that 76% of the embryos

scored as containing a single RDX-labelled cell, were also labelled with

HRP in the same ICM cell. Five embryos out of 21 (24%) were found to

contain HRP in two cells (see Table 1b).
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g) Validation of scoring: Comparison of HRP wholemount with sections

To further validate the whole mount method of scoring HRP-labelled

cells, HRP-positive scored and fixed embryos were embedded in Spurr's

resin and 1 gum serial sections were cut on an ultramicrotome. From

these sections, embryos were rescored in a blind series to confirm the

location and number of RDX- and HRP-labelled cells. There were 53 seri

ally sectioned embryos, 9 of which had been cultured for 21, hours and

stained for labelled cells. Nineteen of these embryos (36%) were in

complete agreement with respect to both location and number of RDX

label, HRP-label, and from serial sections. Another 15 embryos (28%)

were in agreement from HRP whole mounts to sections. Thus, 61% of the

HRP-labelled embryos scored by whole mounts were in complete agreement

with the sectioned material (see Table 2). This attests to the substan

tial accuracy with which labelled cells could be localized within whole

mounts.

When the nature of the errors were considered, the majority of the

Cases would have had little effect on the results of the experiment.

Four of the sectioned embryos (8%) were unscorable due to undetectable

levels of HRP. Six of the sectioned embryos (11%) were numerical

errors. These were embryos that were scored as having x number of cells

by HRP-whole mount, but when sectioned, one less cell was detected.

This result could have been an artifact of scoring from sections, as a

Stained cell might have been missed when some serial sections were lost.

Alternatively, whole mount scoring could have exaggerated the number of

Cells scored. As numerical errors would have had little effect on the

final position of descendant cells, for the purposes of this experiment
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they were considered as an inconsequential error. Of the other types of

errors in scoring encountered, "minor" errors (where the location of a

cell was miscalculated) would also have had little effect on the results

of this experiment, as the errant cells were miscatagorized to the adja

cent region of ICM cells. Even "major" errors should have had little

effect on these results, as they occurred in very low frequency (11%) and

cells were never scored as being inside when they were really outside

cells. Thus, it is clear that the whole mount technique of scoring for

HRP-labelled cells is a valid means of determining both the number of

labelled cells as well as their location.

h) Embryo staging and cell number

The embryos used for determination of cell number were drawn at

random from the population of expanded blastocysts to be injected, and

from those embryos that were unstained after injection. The cell

numbers of injected and control embryos were determined by the air dry

ing technique of Tarkowski (1966). The mean cell number of the injected

population ranged from 116.3 + 13.8 (S.E.) to 86.9 + 2.9 (S.E.) cells per

embryo. The average of the means from each experiment was 63.5 + 2.2

(S.E.) cells per embryo derived from cell counts of 280 embryos.

After a 21 hour in vitro culture period, embryos were fixed and

allowed to air dry to determine the number of cells per embryo. The

average cell number per cultured embryo ranged from 101.8 + 1.0 (S.E.)

to 137.1, it 7.2 (S.E.) for a 20 to 25 hour culture period. The average of

the means from each experiment was 118.8 + 3.1 (S.E.) cells per embryo,

from a sample population of 151 cultured embryos (see Figure 1). Thus,

embryos after a 20 to 25 hour in vitro culture period approximately



-51

doubled their total cell number. This increase was statistically signi

ficant (Student's t-test, p < 0.01; 32 dif).

2. Microinjection: Polar injection route

a) Number of labelled descendants

Approximately 997 embryos were injected through the polar trophec

toderm. Out of these, 192 were determined as marked with RDX label in a

healthy single cell, and suitable for culture. After the 21 hour culture

period, l, 1/192 (21%) were not scorable as the HRP label was too faint or

the whole embryo was overstained with HRP. A further 16 embryos (8%)

showed no evidence of HRP label. Some embryos were lost or damaged dur

ing the culture and fixation procedure and these 5 (3%) are listed as

not scored in Table 3.

The rest of the cultured embryos showed evidence of label in from 1

to 9 or more cells (see Table 3 & Figure 10). In almost half of the

embryos (1.9%) cultured for 24 hours the injected cell divided at least

once, and 31% (60/192) divided more than once. This lends further evi

dence in favor of the general health of injected cells, because they

were capable of undergoing multiple cell divisions. This also indicated

that toxic effects due to the techniques or the lineage tracers were

minimal.

b) Locations of labelled descendants, embryos/location

The information obtained from injected and cultured embryos was

analysed in 2 different ways. The importance of location was stressed

when embryos were grouped according to the location of descendants with
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respect to the polar trophectoderm, ICM and endoderm. Another means to

analyse the data appears below (section 2c). Descendants of cells

labelled via the polar injection route appeared in three general loca

tions: ICM, polar trophectoderm, and derivatives of the ICM, namely the

endoderm. Out of 71, embryos whose ICM cells were injected and scored,

1.6% of the embryos had one or more cells in the polar trophectoderm

(Table la). When this result was compared against the control data for

polar injections, there was a significant shift of cells from the ICM to

the polar trophectoderm (x*=18.4, p << 0.01 ; 2 dif). This indicates that

cells initially within the ICM population could contribute descendants

to trophectoderm cells, even though the progenitors were completely

enclosed within the ICM. Thus, this represents the first direct evi

dence that the cells in the ICM contribute descendants to the polar

trophectoderm in the course of normal development (see discussion).

After the 21 hour culture period, some of the labelled cells were

observed to be on the inside wall of the trophectoderm, removed from the

region of the ICM. These cells were typically flattened and very stel

late in appearance giving the impression that they were migratory cells

(Figures 7,8). On the basis of their location and cell shape these

cells were considered as parietal endoderm (PE) cells. Another cell

type probably closely related to the PE cell was found on the surface of

the ICM. These cells were also very flat and stellate, similar to the

above PE cell, however they were still in contact with the ICM, and were

defined as a "squamous" endoderm (SE) cells (Figure 7). These flattened

ICM cells did not appear to be visceral endoderm cells, as their mor

phology was more suggestive of a parietal endoderm cell which had not

yet left the ICM, than a cuboidal visceral endoderm cell. Squamous
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Figure 7: Photomicrograph of endoderm cells a) single "bi" cell divided

to give rise to 2 parietal endoderm cells. Note stellate mor

phology, and direction of migration away from the ICM (i). b)

View of just one of these parietal endoderm cells. ICM in

upper right, note "ruffling" membrane at opposite pole of cell

(from ICM). c) section from embryo with a squamous endoderm

cell, note very flattened shape.
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Figure 8: Color photomicrograph of l. labelled cells descended from a

single "mi" cell. 2 cells are polar trophectoderm, 2 are

parietal endoderm, note again stellate morphology.
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endoderm cells were easily distinguished from bi cells in the ICM pri

marily on the basis of cell shape, (bi cells being very rounded); and

size (SE cells were typically quite large, see Figures 1,6,7). A single

SE cell often covered the whole free surface of the ICM. For the pur

poses of statistical analysis, SE cells were grouped with PE cells.

When the number of embryos that had one or more labelled cells in the

endoderm, (SE + PE), were compared, 36% had contributed cells to the

endoderm population, confirming that the ICM contributes cells to the

endoderm (Table la).

If the initial location of the injected ICM cell was considered

when making comparisons regarding the locations of the descendants in

either polar trophectoderm or endoderm, there were no significant

differences between the three types of progenitor ICM cells (pi, mi,

bi).

c) Locations of labelled descendants, cells/location

The above data from table lla was rearranged to reflect the number

of labelled descendants in the polar trophectoderm, ICM and endoderm.

Out of the same 71, embryos as above, there were 253 labelled descendant

cells. Sixty-seven (26%) were found in the polar trophectoderm and 80

(32%) were in the endoderm (Table 5a).

When the initial location of the injected cell was considered there

were several significant differences amongst injected cells. Pi cells

contributed a higher percentage of their total descendants to the polar

trophectoderm (36%) than mi cells (23%) and bi cells (21%, see Table 5a

and Figure 11). This result was significant for both comparisons (pi
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to mi, and pi to bi, x*-test, p << 0.01, 1 dr).

Likewise, when the contribution of descendants of injected cells to

the endoderm was compared, pi cells contributed fewer of their descen

dants to the endoderm population (22%) than mi cells (36%) or bi cells

(36%, table 5a, Figure 11). This indicated that although any cell

within the ICM had an equal chance of contributing one or more cells to

both the polar trophectoderm and the endoderm, the number of descendants

in each population varied depending upon the initial location of the

injected cell.

3. Microinjection: Mural injection route

a) Number of labelled descendants

Due to the greater difficulty in injecting embryos from the mural

route, only 573 embryos were injected. From this injected population,

112 embryos were determined as labelled in a single healthy cell, and

suitable for culture.

After the 24 hour culture period, 13/112 embryos (12%) were not

scorable, and 12 (11%) contained no HRP. The rest of the embryos were

HRP-labelled in from 1 to 9 or more cells (see table 3 and figure 10).

More than half of the injected embryos (63%), divided at least once and

10% divided more than once. These frequencies of survival and cell

division were significantly higher than those for injection via the

polar route. This could be a reflection of less damage to embryos

injected via the mural route; however, since the polar injection data

includes early attempts at microinjection, the observed cell division
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rates probably reflect to some extent improved technique and proficiency

at microinjection.

b) Locations of labelled descendants, embryos/location

Descendants of injected ICM cells labelled by the mural injection

route appeared in polar trophectoderm, ICM and endoderm. Out of 65

embryos injected via the mural trophectoderm, 23 (35%) had one or more

descendants in the polar trophectoderm (Table lib). When this result was

compared to the control population of murally injected cells, this

difference was highly significant. In the control population, single

ICM cells scored under fluorescence for RDX never showed HRP label in

cells other than the ICM. In order to calculate the statistics compar

ing the control population to cultured embryos, it was estimated that

one embryo could have had a cell in the polar trophectoderm if one more

embryo had been injected. The expected population was normalized based

on the control population and compared for significance via the Chi

Squared test (x2 = 110.7, p KK 0.01, 2 df). This further strengthens

the conclusion that ICM cells were capable of contributing descendants

to the trophectoderm (see discussion).

When embryos were injected through the mural trophectoderm, there

was a greater frequency of bi cells initially labelled. This was due to

the fact that bi cells were the first ICM cell encountered, and the

pipet was intentionally not advanced further to avoid extensive stretch

ing of the embryo. These injected cells gave rise to endoderm cells,

both SE and PE. Thirty-five embryos out of 65 (51%) had one or more

descendants in the endoderm population. Thus, embryos injected via the

mural injection route had a greater chance of having labelled cells in



3.

Table
l;.

Location
of
HRP-stainedcellsafter21,hrculture b)Muralinjectionroute

initialNo.ofNo.ofembryoswithall
HRP-labelledcellsin:
|

summary" locationembryosPTICMENDOPT4-ICMICM+ENDOPT+ENDOPT4-ICM+ENDO
|

PTdENDO" pi*
1l;01l,I-311|6
(13)
9
(61) mi”130l!l!2111l,(31)

7
(51) bi93831212l!12l!|13(31)19(50) totals65317:20105l!623(35)35(51) *picell:ICMcellsubjacent

tothepolartrophectoderm.
°bicell;ICMcellonthefree(blastocoel)surfaceoftheICM. “sumofembryoswithlabelledcellsinpolartrophectoderm(PT),PT+ICM,PT+ENDOand

PT-ICM+ENDO *Sumofembryoswithlabelledcellsin
endoderm(ENDO),ICM+ENDO,PT+ENDO,and
PT-ICM+END0

*micell
;
ICMcellinthemiddleoftheICM.

*

TotalNo.(£)ofembryoswithoneormorelabelledcellsinPTorEND0.



-69

the endoderm than those embryos injected by the polar injection route

(Table la and lib). This result was statistically significant and sug

gests a difference in the number of descendants in the endoderm depend

ing upon the route of injection (see discussion).

When the initial location of the injected cell was considered when

comparing the location of descendants in either the polar trophectoderm

or endoderm, there were no significant differences between the three

types of progenitor cells (pi, mi, bi). This indicates that any cell

within the ICM had an equal probability of having at least one descen

dant within the polar trophectoderm or endoderm. However, the initial

location of the progenitor cell did have an effect on the water of des

cendants in either final location (see results, part 2c and 3c). These

results compared favorably with those embryos injected via the polar

route suggesting the route of injection did not affect the course of the

developmental processes.

c) Locations of labelled descendants, cells/location

Regrouping the data of mural injection route to reflect the numbers

of descendants in each cell category, there were significant differences

between cells in different regions of the ICM. Cells that were initially

scored as adjacent to the PT (pi cells), and those that were in the mid

dle of the ICM (mi cells), contributed more cells to the polar trophec

toderm (20% and 19%) than bi cells (1.1%, x*-test, p K 0.01 , 1 df, Table

5b, Figure 12). Thus, it appears that proximity to the polar trophecto

derm lead to a greater number of descendants in the polar trophectoderm.

When the contribution of cells to the endoderm was compared against
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the initial location of the injected cell, there were no significant

differences. All three cell types contributed 10% to 1.6% of their des

cendants to the endoderm (see Figure 12 and Table 5b). Thus, when the

injection was initiated from the mural direction, pi, mi and bi cells

contributed an equal number of cells to the endoderm.

4. Microinjection: 48 hour culture

a) Number of labelled descendants

To further examine the fate of injected cells and to determine the

effectiveness of the HRP label as an extended lineage marker, embryos

were injected, primarily via the mural injection route, and cultured for

l!8 hours instead of the usual 24. Normal development would imply that

labelled cells continue to divide and contribute to various tissues of

the embryo.

Several difficulties arose due to the length of the culture period.

The expanded blastocyst after 21, hours culture in vitro eventually

hatches from the zona pellucida and is ready to attach to the uterine

wall. When grown in vitro the hatched blastocyst will attach to the

plastic petri dish if allowed, thereby making fixation and scoring dif

ficult. Preventing the process of attachment appeared to lead to abnor

mal growth of the embryo. Embryos grown in hanging drops of medium grew

abnormally and their survival rate was reduced when compared to embryos

allowed to attach to the substrate. Thus, for the purposes of this

experiment, injected and cultured embryos were allowed to attach to

small round plastic coverslips, which could then be fixed, scored under

the microscope, and sectioned individually.
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Embryos were fixed and stained for HRP as before, and numbers and

locations of descendant cells were determined. Forty-six embryos were

determined as labelled in healthy single cells, and suitable for cul

ture. After the l;8 hour culture period, 13 (28%) contained no HRP (see

Table 3). Thirty-one embryos (67%) contained HRP in from 1 to 9 or more

cells. Out of these, 26 embryos had labelled cells that divided once

(57%) and 23 embryos (50%) had cells that divided more than once (see

Table 3 & Figure 10). These values compare well with the numbers of

labelled cells after 21, hours of culture. The average number of

labelled cells per embryos was 3.9 after l; 8 hours of culture. This com

pares to 2.5 labelled cells per embryo after 21, hours of culture, sug

gesting that the labelled cells continued to divide, though at a slower

rate. The observed division rates are, therefore, within acceptable

limits given the less than ideal culture conditions for the postimplan

tation embryo. Furthermore, it is well known that embryos cultured in

vitro for long periods tend to develop at a slower rate (Jenkinson,

1977). The number of embryos without detectable levels of HRP at 1,8

hours was higher than at 21 hours, suggesting that the injected/labelled

cell might have died and released the HRP label or alternatively the

cell could have divided several times, diluting the HRP until it was no

longer visible. When compared against embryos cultured for 24 hours,

the shift in the number of cell divisions was significant (x*-test, p KK

0.01, 1 df, Figure 10). This suggests that injected cells remain proli

feratively active through the l;8 hour culture period, as they continued

to divide in the second 21 hours of culture.
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b) Locations of descendants after A8 hour culture

The majority of 1,8 hour cultured embryos (65%) grown onto

coverslips attached and formed trophectoderm outgrowths. This fact was

further evidence of the viability of microinjected embryos. However, as

these embryos were allowed to attach and grow out, it was often diffi

cult to determine the precise locations of labelled cells (Figure 9).

Therefore, labelled cells were scored into one or two locations. A cell

was scored as trophectodermal based upon its presence in the outgrowth

portion of the attached embryo or by its presence in the trophectoderm

of embryos that had not yet attached. Labelled cells were scored as ICM

cells if they were on the surface or within the ICM proper. Most of the

labelled cells (52%) appeared to be in or on the surface of the ICM,

though a few embryos (13%) had labelled cells in both the trophectoderm

as well as in the ICM. Due to the inaccuracies of scoring for location

by this method, sections were cut of representative embryos (see Figure

9). From these sections, most of the labelled cells appeared to be on

the surface of the ICM, or on the surface of the outgrowing trophecto

derm and were believed to be parietal endoderm. Due to the irregulari

ties induced by attaching embryos to the flat substrate, compared to

normal in vivo development, this approach did not reveal pertinent

information about the normal location of injected cells' descendants.

Examining the locations of the descendants of injected embryos grown in

vivo might prove to be more valuable in this regard.
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Figure 9: Photomicrograph of embryos cultured for 118 hours. a) recently

attached injected and cultured embryo, note eight or more

cells in ICM region b) section of same cell as "a". c) Em

bryo that attached and formed large outgrowth, note l; cells 2

in trophectoderm region and 2 in ICM. d) Same embryo in

cross-section, note 2 labelled cells. e.) Another l;8 hour cul

tured embryo, note large number of cells in ICM.
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5. TMBS derivatization of cell surface

Results from the microinjection experiments suggested that the ICM

was contributing cells to the polar trophectoderm in the course of nor

mal development. In order to test this hypothesis independantly, an

alternate means of examining this question was attempted. If, as the

microinjection results suggested, inner ICM cells were emerging on the

outside of the embryos to become polar trophectoderm cells, then it

should be possible to distinguish these newly emerging cells from those

cells originally on the surface, provided the outside cells could be

labelled with some type of marker.

The non-permeant alkylating reagent trinitrobenzene sulfonate

(TNBS) was used to introduce a trinitrophenol (TNP) group onto unpro

tonated amines and lipids of the trophectoderm cells. Antibodies to the

TNP group were then utilized to label all the outside cells of the

embryo. After a 21 hour culture period, unlabelled cells which had

emerged from beneath the trophectoderm, would have no TNP groups on

their cell surfaces, and should not label when exposed to antibodies for

TNP. Thus, any cells that had emerged onto the surface after the TNBS

was applied would not fluoresce after indirect immunofluorescence to

antibodies directed gainst TNP.

To establish that TNBS had no effect on the development of expanded

blastocysts, cell counts of a control population of embryos were com

pared to a population of TNBS-treated embryos. Before the 24 hour cul

ture period, the mean cell count was 66.8 + 1.9 (S.E.) cells per embryo.

After the culture period the mean cell count was 130.3 + 7.8 (S.E.) for

the control population, and 98.5 + 1, .9 (S.E.) cells per embryo for the
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TNBS (2 mM for 30 mine 37°C) treated group. This suggested that the

TNBS had a significant slowing effect on embryo cell growth and develop

ment in expanded blastocysts (Student's t-test, p < 0.02, 6 df).

TNBS treated embryos were cultured for 24 hours and then treated

with the appropiate antibodies to detect the presence of the TNP. When

compared against untreated embryos, TNBS treated embryos were only

slightly brighter than controls, such that any unlabelled cells, if

present, would have been difficult to detect reliably. The most likely

explanation for loss of the label was due to the length of time in cul

ture at an elevated temperature . During this culture period, the

embryonic cell membranes of the trophectoderm cell were probably

replaced by new unlabelled material, leading to a loss of the TNP label.

Based upon these results, the TNBS labelling technique was deemed

unsuitable to detect the emergence of inner cells into the trophectoderm

population over the 21 hour culture period.

6. SEM and cryofracture SEM of the 6-5 to 8.5 day.
mouse embryo

Scanning electron microscopy of the mouse egg cylinder was utilized

to characterize the cell surface features of various regions of the egg

cylinder, noting in particular the embryonic and extraembryonic regions

of the visceral endoderm. It is these differentiated cell types that are

direct descendants of the ICM. The parietal endoderm was removed with

Reichert's membrane and hence was not characterized.

Experimental studies on the formation of endoderm have suggested

that the definitive endoderm is derived from the ectoderm and replaces
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the visceral endoderm during embryogenesis, probably at the head fold

stage (Grobstein, 1952; Skreb and Crnek, 1977; Svajger and Levak

Svajger, 1971;; Poelman, 1981). Since the endoderm of the mouse embryo

is the outermost surface during the egg cylinder stages, evidence for

this proliferative event should be apparent either by a visible change

in cell surfaces, due to the formation of a new cell type, or a discon

tinuity in the visceral endoderm through which the definitive endoderm

might emerge.

Embryos at three stages of development from 6.5 to 8.5 days of ges

tation were selected for SEM and prepared as described in methods. These

stages were selected because they spanned the time during which defini

tive endoderm was thought to form.

In general 6.5 day embryos were smaller in size, however the sur

face features were similar to those of 7.5 day embryos (Figure 13 & 11).

The cell surface of the extraembryonic visceral endoderm was covered by

a high, dense lawn of microvilli which almost obscured the cell borders

of adjacent cells (Figure 1 la). Similarly, the embryonic visceral

endoderm displayed a lawn of microvilli, however, it was neither as

thick nor as long as that over extraembryonic regions (Figure 1 lb). The

height and density of the microvilli decreased rapidly as the tip of the

egg cylinder was approached. At the tip of the egg cylinder the

-

embryonic endoderm appeared as flattened cells with microvillar ridges

outlining the cell margins. The surface features of these Squamous cells

varied. Some displayed a sparse coating of very short microvilli, while

other cells had small surface folds. Others of these endoderm cells had

smooth surfaces with no discernible features (Figure 11, a, b). The aver
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age cell surface diameter ranged from 10 to 15 Aum.

Aside from the regional variation in cell surface morphology there

were no obvious discontinuities in the visceral endoderm at 6.5 days.

However, by 7.5 to 8.5 days there was an abrupt change in morphology in

a region along the midline (Figure 15). Snell and Stevens described this

region as a broad depression in the base of the notochord adjacent to

where it joins the primitive streak (Figure 16). This region is presum

ably homologous to the archenteron of lower chordates and has been

called the archenteron (Snell and Stevens, 1966). Appearing to emerge

through the adjacent endoderm was a patch of cells much smaller than the

usual squamous visceral endoderm cell (1-6 Aum). Their cell surfaces were

uniformly coated with microvilli and each cell had a single cilium (Fig

ure 15 & 16). The origin of this cell type is uncertain, although it

could be derived from the advancing head process (Grobstein, 1952; Poel

man, 1981). In later stages of development, this region appeared to be
-

incorporated into the region of the hindgut, as it could be visualized

deep in the hindgut pocket in scanning electron micrographs, and also in

cryofracture SEM cross sections of the hindgut (Figure 15–17). This

discontinuity was the only obvious change in cell surface morphology,

and was visualized exclusively in the region of the archenteron.

Whether this is the region where the definitive embryonic endoderm forms

remains to be determined.
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Figure 13: Scanning electron micrograph of 6.5 to 8.5 day mouse egg

cylinder. a) 6.5 day egg cylinder, note similarity to 7.5 day

old mouse b) 7.5 day egg cylinder, note squamous morphology

of surface cells. "se" denotes squamous endoderm at tip of egg

cylinder, "ee" is the embryonic endoderm, and "xe" is the ex

traembryonic endoderm. c) Tip of 7.5 day mouse cylinder, note

varied cell surfaces of squamous tip cells.
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Figure 11 : Cell surfaces of 6.5 to 8.5 day mouse embryos. a) 6.5 day

endoderni, note lush microvilli b) 7.5 day mouse, note micro

villi are much sparcer, and the cell borders of adjacent cells

can be easily seen c) 8.5 day squamous flattened cells, note

loss of microvilli and increase of microvillar ridges between

cells.
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Figure 15: SEM of midline discontinuity in 8.5 day mouse embryo. a) re

gion of hindgut (hg), note cells (?) "emerging" between the

endoderm cells. b) closer micrograph reveals cells' surfaces

are different in the midline region. c.) view of cell surfaces

of midline cells, note abrupt discontinuity from Smooth cells

to region of unusual microvilli.
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Figure 16: SEM cryofracture of 8.5 day mouse embryo a) section through

the archenteron, note neural plate (np), mesoderm (mes), en

doderm (en), and archenteron cells (ar). b) Closer view re

veals the Smaller sized cells in the archenteron as well as

the region of discontinuity between archenteron cells and en

doderm. c) Discontinuous cell surface morphology of endoderm

and archenteron cells. Note small single cilium in each cell,

smaller size, and uniform cell surface.



FIGURE 16
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Figure 17: SEM of whole 8.5 day mouse embryo Note region from foregut

(fg) to hindgut (hg). Ridge across either side of midline may

denote the boundary of the underlying cells. Also in region

of the hindgut, note the archenteron (ar) deeper into the

hindgut than on earlier embryo (figure 15).
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DISCUSSION

1 - RDX and HRP as cell eage markers

The results obtained using RDX+HRP as a dual lineage marker suggest

that they can be utilized effectively in the preimplantation mouse

embryo. Rhodamine dextran served as a useful marker to determine the

initial location of the injected cell in the live embryo, while the HRP

allowed detection of the injected cell's descendants after a 21 to l;8

hour in vitro culture period.

Microinjection of a dual marker was particularly useful in the

mouse embryo because of the persistence of cytoplasmic bridges between

recently divided cells (Lo and Gilula, 1979). In previous studies

(Balakier and Pedersen, 1982), this fact led to some uncertainty in the

number of cells injected initially. The number of cells (whether one or

two) had to be determined based upon a control population of embryos

stained immediately for the presence of HRP. Use of RDX combined with

the HRP allowed the number as well as the location of the injected

cell(s) to be determined so that the results of cultured embryos would

be based upon the descendants from a single cell. Theoretically this

was a very powerful approach, however the results of control injections

indicated that a cell could sometimes be labelled with HRP yet not show

any evidence of RDX.

The fact that the RDX scoring was not totally accurate may be a

reflection of the extreme sensitivity of the enzymatic marker compared

to the fluorescent dextran. The RDX relied strictly upon its ability to

fluoresce for visibility. Since HRP was an enzymatic marker, low con
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centrations of enzyme could be effectively compensated for by allowing

a longer incubation period for the staining reaction. Thus, low

levels of HRP would be more easily detectable. Thus, if equal amounts

of RDX and HRP in low concentration were injected into a cell, the RDX

might be undetectable while the HRP would indicate a positive reaction

product. This idea was supported by observations using the silicon

intensified target (SIT) camera. A cell initially scored as negative

for RDX fluorescence would demonstrate very faint fluorescence when

scored with the SIT camera. When such an embryo was scored, the faintly

labelled cell was also positive for HRP. Thus, low concentrations of

RDX+HRP in a cell might lead to undetectable levels of RDX, which could

have increased the frequency of a mis-scored cell when rescored for the

presence of HRP label.

For ICM cells injected via the polar route, there was a higher

incidence of label in two cells than would have been expected. In par

ticular, when a single ICM cell was scored for RDX label, HRP-labelled

cells appeared in both the polar trophectoderm and the ICM 27% of the

time. The explanation for this level of mislabelled cells may be due to

the proximity of the polar trophectoderm cells to the ICM cells. When

the injection process of RDX+HRP was monitored under epifluorescence

illumination, it was observed that although the tip of the pipet

appeared to be in an ICM cell, RDX label would sometimes first appear in

the outer polar trophectoderm cell. This suggested that the tip of the

needle might still be effectively within a polar trophectoderm cell as

well as inside an ICM cell, by stretching the trophectoderm cell mem

brane around the tip and into the ICM cell. This would persist until

injection pressure caused the membrane to rupture, releasing the RDX
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into the intended ICM cell. Thus, it would be possible to fill an outer

cell briefly with the lineage markers, followed by a more extensive fil

ling of the ICM cell. The low concentration of RDX in the outer polar

trophectoderm cell would not be observable without the use of the SIT

camera or other amplification device, even though the cell would be

positively stained for HRP.

When injections were made via the mural route, a similar type of

phenomenon was observed. Even though the pipet tip was already quite

deep in the blastocoel cavity, the oscilloscope trace had not yet

registered a potential drop, indicating that the pipet tip was not

through the mural trophectoderm cell. Only after negative capacitance

was applied and the oscilloscope trace had returned to zero, was the tip

of the pipet actually through the trophectoderm cell. This electrophy

Siological observation was confirmed by visual monitoring of mural

injections. The cell membrane of the mural trophectoderm cell appeared

to be stretched over the tip of the micropipet, even though it was

already deep within the blastocoele cavity almost in contact with the

ICM cells. Though this observation is difficult to understand, it has

been detected by other electrophysiologists (R. Nuccitelli, personal

communication). This suggested that the cell membrane of the trophecto

derm was extremely tough to penetrate, such that when injection was ini

tiated via the polar route the pipet did not have the extent of penetra

tion necessary to stretch the cell membrane, as in the mural direction.

Thus, the cell membrane was penetrated due to the pressure of injection,

which left a residual amount of HRP+ RDX in the outer polar trophectoderm

cell.



-911

Due to the nature of these complications, and to control for any

side effects due to damage of trophectoderm cells, injection was also

performed from the mural direction. It was especially relevant that

labelled cells were never found in the polar trophectoderm in control

series (Table 1b), when injection was initiated from the mural direc

tion. Therefore, the incidence of accidental labelling in the polar

trophectoderm can probably be attributed to the means of entry into the

ICM rather than a failure of the microinjection technique itself. Thus,

despite these limitations, the procedure of injection through outer

cells to label deeper cells appeared to be a valid means to microinject

as the incidence of mis-scored cells could be controlled for by the use

of the dual tracers and the route of injection.

When the effect of the route of injection was compared with respect

to the location of labelled cells, it was observed that injection via

the polar route led to a slight excess of labelled cells appearing in

the trophectoderm, though this difference was not significant (Table lia,

lib; x*-test, p>0.05, 1 df). Conversely, embryos injected from the mural

direction had a significantly greater chance of having descendants in

the endoderm (p<0.01, 1 df). Likewise when the number of descendants

was considered in making the same comparison, there were statistical

differences for both the contribution to the polar trophectoderm and the

endoderm (Tables 5a, 5b; x*-test, p30.01, 1df). This result could be

explained by two primary factors: first, even though damage to the mural

trophectoderm appeared to be significant due to the observed distortion

of the embryo, damage within the ICM was minimal, as the pipet did not

have to penetrate deep into the ICM to inject the deeper cells, nor did

it disturb the overlying polar trophectoderm cells. This may have led
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to a less disrupted environment, such that cells forming the endoderm

proliferated rapidly and were affected less by the procedure. Secondly,

it was observed from control experiments (Table 1 a, b) that injection

via the polar route led to label in 2 cells (sometimes PT and ICM),

While mural injection showed a higher incidence of 2 labelled ICM cells.

Assuming this situation reflects the true rate of numerical scoring

errors, then embryos injected via the polar route would have been

labelled in a greater number of outer cells, leading to an increase in

the number of labelled descendants in the outer layer. Conversely,

embryos injected by the mural route had an increased number of labelled

cells in the ICM which would have led to an increase in the number of

descendants in the endoderm. Thus, by comparing the control population

to the cultured population for mural and polar injections (Tables 1,4

and 5), these differences can be explained. However it is important to

restate that the incidence of descendants found in the polar trophecto

derm after mural injection could not be accounted for by this differ

ence. When embryos were injected via the mural route, labelled cells

were never found in the polar trophectoderm. Thus, the evidence that

cells within the ICM gave rise to descendants in the polar trophectoderm

is further strengthened by this result.

In any experiment in which a foreign substance is introduced into

an embryonic cell, the question of toxicity must be addressed. These

results suggest that neither the microinjection procedure nor the

lineage tracers themselves had any severe detrimental effects. Embryos

with injected cells developed normally after 21, hours of culture, and

greater than half (56%) of the injected cells divided at least once.

After 1, 8 hours of culture, cells continued to proliferate with again
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more than half (57%) of the injected cells dividing more than once. HRP

was detected in a single cell in 17% of the embryos cultured after 24

hours culture, and in only 11% of the embryos cultured for 1,8 hours.

This observation suggests that although these cells may have been

delayed due to the microinjection procedure, these cells initiated cell

division after 1,8 hours of culture. The shift towards the right in the

histogram (Figure 10) reflecting a greater number of dividing cells was

significant, which confirms that injected cells were healthy and contin

ued to proliferate during the second 24 hour culture period.

Finally, the effectiveness of RDX+HRP over long culture periods

should be addressed. The fact that HRP label could be detected after l;8

hours in culture and was visible after a single cell divided more than 3

times, (Table 3, Figure 10), suggested that (given the proper culture

conditions) the limit of detection of HRP as a cell lineage marker had

not been reached yet. Evidence from Lawson, Meneses and Pedersen

(manuscript in preparation), has indicated that after more than 6 cell

divisions HRP-label was too dilute to detect reliably. Thus, this evi

dence taken together suggests that RDX+HRP is an effective lineage

marker in the preimplantation mouse embryo. It offers the advantages of

immediate localization in the living embryo, is confined to the cell

injected, non-toxic to embryonic cells, and useful as a lineage marker

over three to four generations of the injected cell.

2. Contribution of ICM cells to the polar trophectoderm

The fate of the ICM cells in the mouse embryo has recently been an

area of much debate. Previous experimental evidence has suggested that
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once enclosed within the blastocyst the ICM was a closed lineage, giving

rise solely to the three major germ layers, plus extraembryonic mesoderm

and amniotic ectoderm. The evidence obtained from these microinjection

experiments indicates that the ICM is still developmentally labile as it

is capable of contributing descendants to the polar trophectoderm. This

therefore is the first direct evidence that the ICM contributes descen

dants to the polar trophectoderm in the intact blastocyst. Previous

evidence suggesting that the ICM was restricted in its fate was inferred

from experiments involving removal of the ICM from its natural environ

ment and either injection into a similar environment or placement in a

new location to test its developmental potential (Gardner, 1972;

Gardner, 1975; Rossant, 1975).

Experiments involving such alterations of the original embryo make

several assumptions regarding the effects of the technique used. In

some cases the ICM was removed from older embryos (the late blastocyst),

after which time the ICM cells may have become restricted in their

developmental fate. When Gardner and his coworkers removed ICMs micro

surgically from blastocysts, they noted that microsurgery was successful

only with fairly well advanced blastocysts (Gardner, 1972; Rossant,

1975a; 1975b). If determination is a late event in development, then

these later ICMs would have already been restricted in their fate such

that even if re-exposed to "outside" conditions they could not alter

their prospective fate (Rossant, 1975a). In addition, these ICMs were

aggregated with embryos from an earlier stage of development. Temporal

dislocations of this type may affect the ability of cells to communicate

with each other, such that they may be unable to exchange relevant

developmental information.
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Although the glucose phosphate isomerase (GPI) technique used to

detect the extent of contribution to different populations of cells in

chimeras was reasonably sensitive, very small contributions of cells

might not be detectable with this assay. Tissues to be compared for

presence of variant isozymes of the enzyme were disaggregated into dif

ferent fractions, homogenized and analysed by starch gel electro

phoresis, so the possibility of determining the extent of in situ

chimerism was also lost. Thus, this technique has inherent limitations

when the contribution from the donor embryo is small in the resultant

chimera.

In more recent experiments the sensitivity of this technique was

increased using a more sensitive assay procedure, as well as improved

microsurgical methods to disaggregate tissues for the GPI assay

(Papaioannou, 1982). In these experiments it was noticed that a small

fraction of the chimeras produced (3/15), had contribution from the ICM

present in the ectoplacental cone, a tissue normally derived exclusively

from the trophectoderm (Papaioannou, 1982). Although the experimental

technique involved was biased against finding a contribution of the ICM

within the trophectoderm fractions, such evidence was detected. How

ever, this possibility was ruled out and was explained instead as the

result of contamination from the ICM during the tissue isolation phase

of the assay. More recently Rossant and Croy (1985), utilizing the

injection chimera technique to examine the origin of cells within the

placenta, have demonstrated a high level of contribution from the ICM in

tissues normally derived from the trophectoderm. In three out of 11

"anomalous" embryos examined in detail, contribution from the ICM was

very high in the placenta, spongiotrophoblast, and labyrinthine
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trophoblast, (tissues normally derived from the trophectoderm) compared

to the other experimental chimeras. These results appeared incompatible

with previous evidence from injection chimeras (Gardner et. al., 1973;

Rossant et. al., 1983), however, the blastocysts from which these donor

ICMs were isolated were early blastocysts, indicating that the ICM from

early blastocysts retained the potential to contribute cells to the tro

phectoderm until some time after blastocyst formation.

When ICM cells were isolated by the more recent immunosurgical

technique of Solter and Knowles (1975), several workers obtained evi

dence that the ICM was still undetermined both in vitro (Handyside,

1978; Hogan and Tilly, 1978; Spindle, 1978) and in vivo (Rossant and

Lis, 1979). In these types of experiments ICM cells were isolated by

exposure to anti-mouse serum followed by complement. Outer cells, which

were selectively exposed to the antibody proteins, were lysed and

removed by gentle pipetting. When these ICM cells were cultured in

vitro, trophectoderm tissue was produced, depending upon the time of

isolation of the ICM cells. This was confirmed by morphology (Handyside,

1978) and ability to form outgrowths in culture (Spindle, 1978; Hogan

and Tilly, 1978). If ICMs were isolated at the early blastocyst stage,

the percentage of embryos forming trophectoderm was increased to approx

imately one hundred percent. Conversely, when isolated ICMs from the

late blastocyst stage were cultured, the number of embryos that regen

erated trophectoderm was reduced. This evidence indicates that the ICM

of the early blastocyst is not yet committed, but as the embryo

develops, this lability is gradually lost. Spindle (1978) suggests that

this lability is lost sometime between the 32- to 64-cell stage in mouse

strain Dub: (ICR), however, with a different mouse strain C3H/ He, ICMs
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isolated from 611-cell blastocysts were capable of forming trophectoderm

50% of the time (Hogan and Tilly, 1978). Thus, it appears that the time

at which lability becomes restricted may vary depending upon the strain

of the mouse.

Attempts were made using microinjection to determine at which

developmental stage the ICM no longer had descendants in the polar tro

phectoderm. These experiments were unsuccessful due to several con

siderations. The ICM of embryos at the 6ll-cell stage and older was very

thin and technically very difficult to inject. Injected cells were not

easily scored and were often damaged by the micropipet. Finally, these

later stage injected embryos developed poorly in vitro, such that it was

not possible to accurately score labelled descendants of injected cells

(see results, part 1).

Another aspect that is of considerable importance regarding the

above experiments is that ICMs were isolated from their normal surround

ings, and then either placed back into the same environment or cultured

in isolation. Ultrastructural analysis has revealed that the ICM cells

maintain cell junctions between other ICM cells as well as between over

lying trophectoderm cells (Nadijcka and Hillman, 1974; Enders, 1971).

Although the importance of these junctions is unknown, the presence of

functional gap junctions in the mouse embryo has been demonstrated by Lo

and Gilula (1979). Both ICM and trophectoderm cells were capable of

passing Lucifer yellow, a small molecule (MW 1,57), between cells that

were also shown to be coupled electrically. It has recently been demon

strated in the Xenopus embryo that gap junctions may have developmental

significance. Embryos injected in a dorsal blastomere with antibody to



- 101

gap junction protein showed a reduced level of cell to cell coupling,

and substantial morphological defects. These included such gross abnor

malities as the brain or eyes being absent (Warner et. al., 1984), sug

gesting that gap junctions were necessary for normal development. By

analogy, there may be a role for the gap junctions observed in the mouse

embryo. When ICMs are isolated from the blastocyst, these junctional

contacts are disrupted at a time of development when cells are becoming

committed. If gap junctions played a role in the developmental processes

of cell commitment, then altering them would affect the fate of these

cells. This would explain why the fate of cells in reaggregated embryos

appears to differ from the fate of microinjected cells in the intact

mouse embryo.

Cell interactions whether through gap junctions, other elements of

the cell surface or interactions with the extracellular matrix, play a

major role in development of the early mouse embryo. For example, the

ICM appears to act as an inducer on the trophectoderm causing the over

lying polar trophectoderm to remain mitotically active (Gardner, 1971;

Gardner et. al., 1973). ICMs injected into empty trophectoderm vesicles

Stimulate cells otherwise destined to become post-mitotic to sustain

proliferation. Similarly, it is possible that the trophectoderm may

exert some influence back upon ICM cells that affects the timing of

their commitment. Evidence that the trophectoderm may affect develop

ment of ICM cells has been advanced by Pedersen and Spindle (1980).

They noted that 8-cell and morula embryos when injected into giant

chimeric blastocysts would develop differently if they remained floating

free in the blastocoel fluid, than if they attached to the trophectoderm

wall. Free floating donor embryos developed into apparently normal
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blastocysts, while those that attached to the trophectoderm wall

developed into compact structures that lacked a blastocoel.

In later development, evidence suggests that cell interactions play

a role in determining the course of development. Dziadek demonstrated

that both the extraembryonic and embryonic endoderm were capable of syn

thesizing alphafoetoprotein (AFP) when cultured in isolation. However,

when recombined with the extraembryonic ectoderm, production of AFP was

inhibited. Since the ICM proliferates to form endoderm and the extraem

bryonic ectoderm develops from the trophectoderm, this represents an

example of trophectoderm tissue influencing the protein synthesis pat

tern of tissue derived from the ICM. Likewise, Hogan and Tilly (1981)

demonstrated a similar effect. Endoderm cells in contact with the

extraembryonic ectoderm, became parietal endoderm cells, as dis

tinguished by their morphology, while those cells in contact with the

embryonic endoderm retained the characteristics of visceral endoderm.

These results taken together suggest that the trophectoderm is able to

exert an effect on tissues derived from the ICM at later stages in

development. Because cell interactions play such a major role in

directing the fate of these ICM cells in later development, these

interactions may be developmentally significant at the blastocyst stage

of development. Disruption of these cell relationships would alter the

prospective fate of ICM cells, such that when reintroduced into the

blastocyst they are no longer capable of developing into trophectodermal

derivatives. Therefore, results involving reaggregated embryos might be

expected to differ from experiments involving the intact embryo.

In reconstitution experiments, isolated ICMs were often stored in



-103

medium for several hours after isolation (Papaiaoannou, 1982). During

this time the loss of normal cell to cell contacts may have resulted in

the induction of new cellular proteins, either reflecting or causing a

fundamental change in the lability of these isolated ICM cells. Experi

mental evidence from the sea urchin suggest that cell separations have a

dramatic effect on the observed pattern of proteins (Pittman and Ernst,

1984). The protein patterns from sea urchins at the mesenchyme blastula

stage were compared, both before and immediately after separation of the

primary mesenchyme from the presumptive ectoderm and endoderm. Separa

tion of these cell layers substantially induced 20 new proteins to

appear, while 37 other proteins showed a 3-fold or greater decrease as

assessed by 2-D gel electrophoresis. This change represents an effect

on 13% of the total number of proteins in the sea urchin. This dramatic

shift in the pattern of protein synthesis was presumably due to the loss

of normal cell to cell contacts, as similar results were not observed at

the 16-cell stage before these cell contacts had been established. A

similar effect may be induced in the mouse embryo by removal of impor

tant cell to cell contacts. The loss of such cell contact might lead to

a change in the level of commitment of the ICM cell such that the fate

of isolated cells no longer reflects the fate of cells left undisturbed

within the natural environment.

The above evidence taken together suggests that results from exper

iments involving disggregation of the embryo into individual tissues or

single cells must be interpretated with caution, because the fate of

cells may be altered by the experimental conditions of separation. Thus,

the results obtained from microinjection experiments with intact embryos

more accurately represent the true fate of ICM cells in the mouse



-101

blastocyst.

The hypothesis that ICM cells of the blastocyst contribute cells to

the polar trophectoderm had been suggested before by Handyside (1978).

Because inner cells appeared to be dividing at a faster rate than outer

cells, while the number of inside cells appeared to be decreasing, Han

dyside postulated that there might be an outward movement of ICM cells

capable of forming trophectoderm during expansion of the blastocyst.

This idea was considered also by Copp (1978), as the regional prolifera

tion of the polar trophectoderm overlying the ICM was not sufficient to

account for the movement of cells away from the embryonic pole. Like

wise, when polar trophectoderm cells overlying the ICM were injected

with HRP, the resulting descendants were displaced towards the abem

bryonic pole, and replaced by unlabelled trophectoderm cells (Copp,

1979; Cruz and Pedersen, 1985). Furthermore, Tarkowski and Wroblewska

(1967), observed that false blastocysts arising from individual blas

tomeres appeared to have partially enclosed ICM cells which actually had

their cell surfaces on the outside of the trophectoderm. Together these

observations suggest that the inner cell mass cells may be proliferating

into the outer trophectoderm layer. These results support this

hypothesis as ICM cells contribute descendants to the polar trophecto

derm with regular frequency (1.6% and 26% of embryos, polar and mural

injection routes, respectively). Further evidence for this effect was

revealed by data from cell counts and number of cell divisions. During

the 21 hour culture period, cell number of cultured embryos increased

two-fold; 63.5 (+ 2.2 S.E.) cells per embryo before culture to 118 (+

3. 1 S.E.) after 24 hours in culture. However, the number of descendant

cells derived from a single labelled cell was 3.1, cells per embryo.
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This suggested that the ICM cells were dividing more rapidly compared to

the embryo as a whole, which compares favorably with earlier evidence

regarding cell divisions in the blastocyst (Barlow, Owen and Graham,

1972). Thus, it appears that in addition to their rapid division, the

ICM cells of the expanded blastocyst can insert into the outer trophec

toderm layer in normal development and contribute to the trophectoderm.

Morphological evidence consistent with this idea can be discerned

from whole-mounts and sections of injected embryos. Cells subjacent to

the polar trophectoderm (pi) were in close apposition to the outer

cells, and in some cases their true location (whether inside or outside)

could not be determined with precision. When sections of these embryos

were examined, these pi cells sometimes appeared to have part of their

cell surface on the outside, while the majority of the cell was enclosed

within the ICM (see Figures l;-5). In addition their morphology more

closely resembled ICM cells, being rounded, rather than thin and flat

tened like the typical trophectoderm cell. These could be ICM cells

observed in the process of inserting into the outer trophectoderm layer,

though this of course could not be conclusively proven from observations

of whole-mounted or sectioned embryos.

3. Contribution of ICM cells to the endoderm

It is clear from these results that in addition to contributing

descendants to the polar trophectoderm, ICM cells also contribute des—

cendants to the endoderm. However, the fact that most of the cells

within the ICM contributed descendants to the ICM conflicts with the

proposal that only the ICM cells on the free surface of the ICM can form
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the endoderm (Gardner, 1978). This then is the first direct evidence

that all of the cells within the ICM normally have descendants in this

tissue.

It is generally believed (although there is no direct evidence to

support it) that the cells on the free surface of the ICM are the pro

genitors of the endoderm. Evidence for this view comes from the study

of isolated ICMs both in vitro (Pedersen et. al., 1977) and in vivo

(Rossant, 1977) and from observations of teratocarcinoma cells in cul

ture (Martin and Evans, 1975). The strongest evidence in favor of this

view is from the work of Gardner and Johnson (1975). Rat ICMs injected

into mouse blastocysts to form interspecific chimeras, contributed

mainly to endodermal derivatives as assayed by the GPI technique. It

was therefore suggested that the rat cells colonized the free surface of

the ICM and responded to "positional" cues, proliferating to form the

endoderm. As before, these experiments are subject to the same criti

cisms involving recombination experiments, though in particular, the use

of interspecific donor cells may have further affected the results. If

the rat donor ICM cells had segregated together on the free surface of

the mouse ICM, (due to selective adhesiveness between cells of the same

species), this would have biased the location of the cells that would

have eventually produced the endoderm. Injected rat cells would colon

ize the free surface of the mouse ICM preferentially and remain as a

coherent group of cells eventually becoming the endodermal cell layer.

Due to lack of interspecific cooperation, underlying mouse cells would

therefore be excluded from contribution to the endoderm population. This

would have led to the incorrect conclusion that only the surface cells

formed the primitive endoderm layer.
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Alternatively, my results indicate that while cells on the free

surface of the ICM (bi cells) contribute descendants to the endoderm,

nearly half of the deeper ICM cells (pi and mi) are also capable of con

tributing descendants to the endoderm. Although all of the ICM cells may

contribute descendants to the endoderm, those cells closest to the free

surface contributed more often and in greater number than those deeper

within the ICM (see Figures 11 & 12, tables 1 a, b, 5a, b). This suggests

that the endoderm may not rely solely upon positional cues to guide its

formation, as the deeper cells were not exposed to "outside" conditions,

yet still differentiated into endoderm.

Since it has been observed that the primitive endoderm first

appears on the free surface of the ICM, the mechanism through which the

deeper cells gain access to the outer layer needs to be explored.

Experiments have shown that there is only limited rearrangement of cells

within the early embryo (Kelly, 1979; Garner and McLaren, 1974) and also

in later postimplantation development (Gardner and Johnson, 1975).

Presumably, this lack of cell mixing also pertains to the cells within

the ICM, making it unlikely that deeper ICM cells migrated to the sur

face due to random cell mixing. As the embryo develops in culture, it

was observed that while the blastocyst expands, the ICM becomes consid—

erably more flattened. When injections were performed into ICMs of this

developmental stage, it was noted that the ICM was very thin, spread out

and only one to two cell layers deep. This did not occur simply as a

result of in vitro culture conditions as embryos removed very late on

day 3.5 looked identical to embryos cultured in vitro for 21, hours.

Thus, is it likely that this observation reflects the normal development

of the blastocyst. Therefore, when the ICM becomes thinner, all of the
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cells, including the deeper ICM cells are nearer the free surface,

greatly increasing the probability that they would differentiate into

endoderm.

Another area of controversy relating to formation of the endoderm

is the timing of proliferation of the two different types of endoderm.

Parietal endoderm is distinguished by its location and morphology. It

is typically found on the inside wall of the mural trophectoderm and is

identified by its stellate and flattened shape. Wisceral endoderm, on

the other hand is found on the surface of the ICM of the l; .5 day blasto

cyst, and is identified by its resemblance to a cuboidal epithelium.

There are two hypotheses to explain the formation of parietal and vis

ceral endoderm. Gardner (1981) has proposed that the ICM first proli

ferates a layer of primitive endoderm that subsequently differentiates

into either visceral or parietal endoderm depending upon the tissue it

overlies. This conclusion was based upon experiments from injection

chimeras, as injected visceral endoderm cells contributed exclusively to

the parietal endoderm of donor embryos. Dziadek (1979), on the other

hand has proposed that the ICM first forms a layer of parietal endoderm,

which subsequently migrates off the ICM, and then in a second wave of

proliferation forms the visceral endoderm. This view was based on evi

dence that the second layer of endoderm formed on isolated ICMs (already

immunosurgically treated to remove the 1st layer of endoderm) was posi

tive for AFP, a feature of visceral but not parietal endoderm.

The evidence from microinjection into the ICM appears to support

the former hypothesis. Endodermal descendants of injected cells were

found primarily on the inside wall of the trophectoderm, or on the sur
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face of the ICM. The morphology of both cell types were similar. The

primary distinction between them was their location. It appeared as if

the cells on the surface of the ICM were also parietal endoderm, because

they were stellate, flattened, and looked like migratory cells (Figure 7

& 8). These cells were termed squamous endoderm (SE) cells as they did

not appear to have the cuboidal characteristics of visceral endoderm.

These cells could be the primitive endoderm cells from which the parie

tal and visceral endoderm develops (Gardner, 1981), however as the first

dividing cells were found to be in the parietal endoderm, they were

named accordingly. Thus, based upon these injection experiments, it

appears rather that the primitive endoderm may be capable of becoming

visceral endoderm if left in contact with the ectoderm, or parietal if

allowed to migrate over the mural trophectoderm, due presumably to

inductive influences from the underlying cells. Throughout the microin

jection period no evidence for differentiated visceral endoderm was

found, as the only cells on the surface of the ICM were quite flat and

resembled the morphology of the parietal endoderm cells (see Figure 7).

Thus, it is likely that the parietal endoderm cells migrate away from

the ICM until the region of the inner trophectoderm wall is "full". Then

the cells remaining on the surface of the ICM differentiate into vis

ceral endoderm. This conclusion supports Gardner's hypothesis, although

the ICM appears to continue to produce descendants in endoderm during

the whole period of expansion of the blastocyst. Therefore, these

results suggest, as before, that the lability of the ICM is not lost in

a one-step process, as after a certain number of cell divisions, but is

gradually lost as cells proliferate and continue to contribute descen

dant cells to their respective populations.
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* - Cell surface features of extraembryonic and
en onic e €I"I■ le

The mechanism of formation of the embryonic endoderm in the mouse

embryo is an area about which little is known. The definitive endoderm

is believed to arise from the primitive ectoderm at some time after the

head fold stage of development. The evidence for this view is based

upon transplantation experiments, where pieces of embryos, with and

without the endoderm were grafted to the kidney capsule (Grobstein,

1952; Levak-Svajger and Svajger, 1971; Skreb et. al., 1975; Diwan and

Stevens, 1976). These results suggested that the definitive or embryonic

endoderm did not appear until later in development. The primitive

endoderm that was formed earlier in development has been shown to con

tribute mainly to extraembryonic derivatives of the future fetus

(Gardner and Papaioannou, 1975; Gardner and Rossant, 1979). The mechan

ism of formation of the embryonic endoderm is believed to be by fusion

of the squamous endoderm with the overlying head process, which subse

quently gives rise to the embryonic endoderm (Snell and Stevens, 1966;

Grobstein, 1952). The results from SEM of the 6.5 to 8.5 day mouse

embryo reveal a small discontinuity in the region of the archenteron.

Otherwise the surface of the egg cylinder throughout these stages

appeared relatively intact with no obvious proliferation of ectoderm

through the endoderm as might have been expected from descriptive and

experimental studies. This suggests that either the definitive endoderm

of the mouse embryo is derived in part from the primitive endoderm, or

the definitive endoderm emerging from the primitive streak assumes a

morphology identical to the resident primitive endoderm.
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5. Current hypotheses for cell determination in the
mouse embryo

There are currently two hypotheses regarding how cell determination

occurs in the preimplantation mouse embryo. The first called the epi

genetic or "inside-outside" hypothesis states that cells differentiate

solely based upon their position within the embryo. In its simplest

form this hypothesis proposes that cells on the inside of the embryo

differentiate into ICM cells as a result of their internal position,

whereas blastomeres on the outside of the embryo are directed to dif

ferentiate into trophectoderm due to their position on the "outside" of

the embryo (Tarkowski and Wroblewska, 1967). The second more recent

hypothesis is called the "polarization" hypothesis, which proposes that

phenotype, not position guides the fate of early cells in the embryo.

Thus, cells at the 8-cell stage of development become polarized near

the time of compaction, and when these cells divide to form the 16-cell

morula, the two daughter cells inherit different aspects of the previous

polarized differentiation. It is this phenotypic difference which subse

quently determines their future fate (Johnson and Ziomek, 1981; Ziomek

and Johnson, 1982).

The results presented here appear in conflict with the epigenetic

hypothesis in two respects; Firstly, ICM cells enclosed within the blas

tocyst contribute cells to the outer trophectoderm layer, even though

they are exposed to "inside" conditions. Secondly, cells immediately

subjacent to the polar trophectoderm, deep to the free surface of the

ICM, have descendant cells in the endoderm. Both of these results are

contrary to the expectations of the epigenetic hypothesis. Thus, it

appears that either these cells are acting in response to another set of
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influences, after becoming localized in specific regions in the embryo,

or the hypothesis is in its present form is incomplete. Based primarily

upon the importance of cellular interactions in early mouse development

(Johnson and Ziomek, 1983; Johnson, 1981; Hogan and Tilly, 1981; Copp,

1978; Pedersen and Spindle, 1980; Dziadek, 1978; Gardner, 1971; Gardner

et. al., 1973), it is suggested that these cells are able to maintain or

restrict lability with respect to their immediate environment, ie. the

neighboring cells. Thus, the results of these experiments are better

explained by the "polarization" hypothesis, with some qualifications.

As the polarization phenotype of ICM cells was not examined in this

experiment, it would not be possible to state the relationship between

cellular polarization and the fate of the injected cells. However,

based upon experiments by Ziomek and Johnson (1982) the phenotype of

inside cells would probably be similar to apolar cells. It has been

determined (Ziomek and Johnson, 1982) that apolar cells when placed on

the inside of a reaggregated 16-cell morula were capable of differen

tiating into either ICM, trophectoderm or both. Polar cells when placed

on the inside were never found exclusively in the ICM, though they were

capable of having descendants in trophectoderm and ICM in a small per

centage of the embryos. This suggested that polar cells were already

committed in their fate, which was a reflection of their phenotype,

while apolar cells were not yet determined. This observation agrees

with the results of these microinjection experiments, as inside (presum

ably apolar cells) were not yet uncommitted to a strictly ectodermal

fate. In a more recent paper Johnson and Ziomek (1983) proposed the

following definition for commitment; "that outer polar cells are commit

ted when they can no longer undergo differentiative divisions, while
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inner apolar cells are effectively committed when they can no longer

polarize to give a trophectoderm cell in response to asymmetric cell

contact". Thus, both by the definition of determination advanced

before, (Rossant and Papaioannou, 1977) and this definition of commit

ment, ICM cells at this stage of development are not strictly committed

to a particular fate but are developmentally labile and can utilize this

lability during normal development of the blastocyst.

Careful analysis of intact embryos is necessary to gain an under

standing of normal unperturbed development. Though the technique of

microinjection cannot answer questions regarding cell potency, it can

demonstrate the true "prospective fate" of cells in the intact embryo.

Caution therefore must be applied to interpretations from experiments

involving only disaggregation and reassembly of the embryo, as normal

cell interactions, relationships, orientations, and timing have been

affected. Such perturbations may well have an effect on the cell's "per
ception" of its determinative state such that it may demonstrate a more

restricted fate, or conversely, greater potential than in the normal

embryo.

DIRECTIONS FOR FUTURE RESEARCH

One of the primary advantages of the microinjection technique is

the ability to label individual cells in the intact embryo. On the

other hand, its greatest weakness lies in the inability to detect

injected lineage markers over longer culture periods. Thus, a lineage

marker that relied upon genetic differences within the injected cells

would be especially effective in mapping out the fate of early embryonic
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tissues. Such a marker would have to be expressed in all of the tissues

of the embryo, so that false negatives would be eliminated, and it must

be easily integrated into the genome and expressed in sufficient quanti

ties to be detectable throughout development.

Another area that warrants further development is the use of better

in vitro culture techniques for the postimplantation embryo. In order to

follow the fate of later tissues via microinjection, in vitro culture of

the stages of development from the late blastocyst to the early egg

cylinder must be improved, as it is at this crucial time in development

that formation of the primary germ layers begins.

Relating to the current evidence presented, this research could

develop in several directions.

First, the actual quantitative extent of contribution from the ICM

to the trophectoderm should be determined. Is this observation a fairly

small event or do large numbers of cells insert into the trophectoderm,

and what is their subsequent fate? In conjunction with this, the

mechanism behind the insertion of cells into the trophectoderm

epithelium should be examined. Are the cell junctions specifically

weaker among the polar trophectoderm cells such that ICM cells are able

to insert easily into the trophectoderm, or do ICM cells have a particu

lar mechanism to enable insertion into this outer cell layer. Addition

ally, it would be important to know when this lability is lost and allo

cation of cells to the polar trophectoderm ceases.

The nature of cell interactions within the embryo should also be

examined. Little is known about the nature of such interactions in the
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mammalian embryo, and this would be a fruitful area for further investi

gation. Cell junctions such as gap junctions may have important

developmental significance, and specifically how they might provide

developmental instructions to adjacent cells would be worthy of investi

gation.

Finally, the mechanism behind the elusive event defined as "deter

mination" should be explored: How does the relationship of position

within the embryo affect its cell fate? And what governs the polariza

tion process in individual blastomeres? Is determination related solely

to one event or is it due to a combination of factors including pheno

type, position, and cell lineage? What is the molecular basis for a

cell becoming committed or determined in its fate? Obviously these

questions are many; however, answers to these important questions will

bring us insight into the processes underlying development from the

single-celled embryo into the wonderfully complex and intricate adult

organism.
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