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1
I. Introduction

The adult vertebrate brain is complex and well organized. It contains multiple types
of neurons and glial cells in variqus layers or laminae. These cells are usually born near the
ventricular surface and must migrate vast distances to reach their final destinations in those
laminae. This migration is necessary for the formation of well-ordered laminae, proper
synaptic connections, differentiation, and cell survival. Sometimes, it does not occur
correctly in humans and several congenital brain malformations are characterized by
abnormal migration of neurons (Rakic, 1975, 1990; Barkovich et al., 1987). Possible
consequences in humans include premature death, seizures, and learning disabilities. To
understand fully how and why neuronal migration can be abnormal, it is necessary to
determine molecular mechanisms that neurons use for adhesion, movement, and guidance.
It is also necessary to determine whether different neurons that end up in different places

use different molecular mechanisms.
The chicken optic tectum can serve as a good model for studying cell migratory
mechanisms because of several advantages, such as numerous previous studies, structural
simplicity, and easy manipulation. It is organized similarly to the mammalian brain, yet it
can be accessed through a hole in the eggshell at any time during development. A wealth of
information has been obtained from tracing the development of tectal cell clones (as well as
brain cell clones in other systems) using permanent marking of neuronal progenitors in the
ventricular zone with techniques such as recombinant retroviral vectors.
Migration of cells in the vertebrate brain follows two common pathways: radial and
tangential. A diagram illustrating key steps in the migration of tectal cells is shown on
page 43. Radially, cells migrate from the ventricular surface toward the pial surface and,
tangentially, cells move along the direction parallel to the brain surface. The migration
patterns of tectal cells are similar to parts of mammalian brain. Radial and tangential
migrations have their own characteristics. For example; during radial migration, tectal cells
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are more closely and more regularly arranged. During the first and second waves of
tangential migration, different cell types leave the radial array from different locations at
different periods and seem to follow different guides. The migration guides for these two
directions in the optic tectum have been identified. Most neurons exhibit radial migration.
Radial migration follows the guide of radial glia which have a long procesS extending from
the ventricular zone to the pial surface. The first tangential migration of large multipolar
efferent neurons appears to use axons as guides. The second tangential migration involves
astrocytes which migrate under the pia in all directions, and, they may use incoming retinal
axons as a guide. The molecular mechanisms controlling these migrations in vivo are
currently not very clear, even though numerous adhesion and other types of molecules
have been shown to play very important roles in adhesion and guidance of neural cells in
vitro.
There are several major adhesion protein families: the cadherins, the integrins, and
the immunoglobulin superfamily. Cadherins are calcium-dependent cell adhesion
molecules that have been implicated in a variety of morphogenetic processes (fakeichi,
1991; Geiger and Ayalon, 1992). The immunoglobulin superfamily members mediate
calcium-independent cell adhesion and include a diverse array of different molecules, all of
which contain one or more immunogloblulin-like domain. lntegrins are discussed below.

It is highly likely that control of adhesion, guidance, and differentiation of developing tecta!
(and all vertebrate) neurons and glia require interactions of numerous members from all of
these families. I am interested in the roles of integrins. Transgenic knockouts, expression
of antisense against integrins, and perturbation of integrins by oligonucleotides and
antibodies have shown that integrins are very important for development of animals. I am
interested specifically in the roles that two particular integrin subunits (a8 and a6) play in
tecta! cell migration and survival.
Integrins are heterodimers consisting of two subunits, a and

J3.

At least 14 a and 8

J3 subunits have been found and these subunits form at least 20 integrins through different
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combinations (reviewed in Hynes, 1992). They are transmembrane proteins that bind a
wide variety of extracellular matrix (ECM) proteins. By detecting the cues of ECM, they
can transmit signals from the outside of cells to the inside of cells, as well as vice versa
(hynes, I992; Dedhar and Hannigan, I996). Interactions between integrins and their ECM
ligands play very important roles during development They are crucial for many events
such as cell migration during development and anchorage dependent survival and division.
Several studies indicate that the pI subfamily of integrins, the largest subfamily, is
very important for normal development of animals. Targeted deletion causing an absence
of the PI subunit caused embryos to die before implantation (Fassler and Meyer, I995).
Transgenic knockouts of several a: subunits of this

pI subfamily and the knockouts of

some of their ligands also caused death in embryonic stages (Fassler et al., I996).
Microinjection of antibodies and an oligonucleotide against the PI subunit lateral to the
cranial neural tube in vivo disturbed the proper emigration of neural crest cells (BronnerFraser, I985). Expression of antisense against the a:6 integrin subunit perturbed early
nervous system development in Xenopus laevis (Lallier et al., 1996). And most relevant
here, Dr. Galileo and co-workers found that P1 integrins are crucial for tecta! cell migration
and survival using antisense-containing retroviral vectors (Galileo et al., 1992).
The importance of the P1 integrin subfamily in the development of central nervous
system (CNS) is now well known, however, the roles of different a: subunit members of
the PI subfamily are not quite clear. To dissect the roles of different a: subunits, several
different methods can be used. One way to do this is to generate knockouts of the a:
subunits. Even though this is a most efficient way to completely delete a molecule, the
disadvantages are also obvious. The transgenic studies often cannot provide information
about the development of the CNS because the animals died too early. It also cannot
answer the question regarding the roles played by a molecule at different developmental
stages. Currently, transgenic techniques are available only for a small number of animal
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species, so it cannot answer the question about the importance of a molecule in other
species. Another way to study the different roles played by a subunits is to use either
antibodies or antisense oligonucleotides to inhibit the expression of the respective integrins.
These two techniques are useful for short term studies after delivering antibodies or
oligonucleotides to a small area of target tissue. Since these reagents will dilute themselves
within the tissue, it is difficult to study long term effects of these reagents on development.
Also, these techniques cannot provide the means to study the development of a marked cell
clone (descendants of a single cell) within a wild-type environment. This is because the
reagent is delivered into a target area and will thus potentially affect all cells within that
area Currently, the best way to study the cell autonomous role of a molecule in the
development of a cell clone is to express antisense permanently along with a permanent
marker to identify the clone. Such a technique could provide the advantages of long term
perturbation of a molecule and clonal analysis. Retroviral vectors are able to accomplish
both delivery of antisense sequences and maker genes successfully into progenitors, after
which the effects can be followed in marked clonal cell progeny.
Previous work byGalileo eta!. (1992) using a

~1

integrin antisense retrovirus

implicated ~1 integrin adhesion molecules as being involved in tecta! cell migration and
survival. However, because integrins are expressed as heterodimeric complexes, it was
not possible to conclude which of the several possible a subunits was associated with the
implicated ~1 subunit. Therefore, I used the same antisense-containing retroviral vector
strategy used by Galileo eta!. (1992) to attenuate two specific a integrin subunits (aS and
a6) in developing chicken brain. I used this strategy to determine if these subunits play
different roles during brain development, and to determine whether either of these
subunits mediated the previous effects of antisense against the ~ 1 subunit.

a

·

Programmed cell death (PCD) is a well known phenomenon of cell death that
occurs in the developing nervous system where neurons die by apoptosis. It has been
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proposed that PCD plays a key role in fonning the architecture and network organization of
the developing nervous system. Recently, integrin-dependent cell survival has been
identified. Survival of many cell types requires integrin-mediated adhesion to extracellular
proteins. Some a and ~ integrins such as ~ 1, a2~ 1, a4~ 1, aS~ 1 and aL~2, a V~3 and
aV have been reported to promote cell survival (reviewed by Meredith and Schwartz,

1997). However, there is no report about the involvement of a8 or a6 subunits in
suppression of apoptosis of cells. There are several strong pieces of evidence from my
work indicating that a8 may be involved in the regulation of apoptosis of developing tecta!
cells. To detennine whether a8 integrin antisense- containing cells were dying by
apoptosis, a sensitive detection method was needed. Usually, DNA end-labeling
techniques are used for detection of broken DNA ends in apoptotic cells. I developed two
DNA end-labeling techniques to detect apoptosis in vivo. Recently, Blaschke et al. (1996)
reported a very sensitive DNA end-labeling method involving alkaline phosphatase
visualization which could detect 50-70% apoptotic cells at some stages during the nonnal
development of mouse forebrain. Previous to work of Blaschke et al., widespread cell
death during the early proliferative period of brain development was unknown. I report
here a comparable sensitive fluorescent detection method as well as similar findings of
widespread early cell death in the chick midbrain.
The Results section of this dissertation is divided into three parts, each of which
represents a separate published paper or manuscript prepared for submission. In Parts A
and B, I report the development of new techniques to. disce111 dying cells within tissue
sections and within dissociated cell preparations. These methods were necessary because
cells in the developing brain that were infected with the retroviral vector containing
antisense integrin a8 were dying. I wanted to collect evidence that these cells were dying
by apoptosis and, therefore, developed two new techniques for detection of apoptotic cells.
The first method (described in Part A) was fluorescent direct in situ end labeling
(DISEL). This technique detects apoptotic cells in vivo and in vitro, and is very simple to
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perform. However, this technique was not sensitive enough to detect apoptotic cells in the
early developing optic tectum (midbrain), and so a more sensitive method was devised.
This more sensitive method (described in Part B) involved a multi-layer strategy of
detecting end labeling of DNA breaks after incorporation of digoxigenin-11-dUTP. This
method of enhanced fluorescent in situ end labeling (termed FISEL+) appears to be as
sensitive as the enzyme-linked in situ end labeling (JSEL+) developed by Blaschke eta!.
(1996) for analysis of developing mouse cerebral cortex. FISEL+ was ultimately used (in
Part C) to demonstrate that optic tectum cells infected with the integrin a8 antisense vector
showed increased in situ end labeling and, thus, were dying by apoptosis.
In Part C of the Results, I used two retroviral vectors that expressed antisense
sequences to address the hypothesis that a8 and a6 integrins play different roles during
early brain development in vivo. My results show that these integrin subunits did play
different roles during brain development The integrin a8 subunit was required, generally,
by all cells for survival. The integrin a6 subunit was required, more specifically, by a
small subset of cells to migrate to their proper location in upper brain laminae. These
results have broad implications for brain development in that it is now possible that a
variety of specific integrin subunits may be used in a variety of general and specific ways to
mediate a variety of developmental processes.

Specific Aims of This Work:
1) Develop the necessary methodology for sensitive fluorescent detection of cells in
early stages of apoptosis, so that the role of integrins in cell survival can be addressed.
This is addressed in Part A and B of the results.
2) Determine whether two a integrin subunits, a8 and a6, are required for normal
cell migration and/or survival in the developing chicken optic tectum. This is addressed in
Part C of the results.
3) Determine whether a8 and a6 integrins are involved in brain development in
similar or distinct ways. This is addressed in Part C of the results.
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II. Materials and Methods
The Materials and Methods are included separately within each of the individual
sections of the Results (Parts A, 8, and C).

8
III. Results
Overview of Results
Part A
Two in situ end labeling techniques (DISEL and ASEL+) were devised for
detection of apoptotic cells. I found that the direct DISEL method (described in Part A) and
a commercially available indirect ISEL kit (using digoxigenin-11-dUTP and fluoresceinconjugated anti-digoxigenin antibodies) yielded very similar results in several tissues
examined: developing E6 retina, E6 head mesenchyme, E6-8 bmin and cultured pieces of
embryonic chick optic tectum. DISEL is a very simple and reliable one step method for
detection of apoptotic cells in late stages where DNA condensation occurs, however, the
sensitivity of DISEL is not as high as with ASEL+.

Part B
ASEL+ (described in Part B) is a very sensitive method for detection of apoptotic cells in
their early stages of DNA fmgmentation as well as in late stages. I was able to detect
distinct patterns of progmmmed cell death (PCD) at different stages of optic tectum
development. PCD occurred rarely before embryonic day (E) 7 or between E9 and E12.
However, dmmatic cell death was observed between E7.5 to E8 when cells undergo
extensive migmtion to build the upper brain layers (laminae). Increased cell death was also
observed in various tecta! laminae at later stages, E15 and E18. One interesting feature
observed was that most apoptotic cells in early stages (E7-E8) did not show typical nuclear
changes, while they did have such changes as fmgmentation and condensation in later
stages (El5-El8). This feature is probably related to the ability of normal neighbor cells at
early stages to quickly remove dying cells, and a lack of this ability at later stages. Another
interesting feature observed was that ASEL+ material also appeared in the proximal
axoplasm of ASEL+ apoptotic neurons at later stages. This probably reflects fmgmented
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nuclear DNA material getting into axoplasm, which was detected by the extremely sensitive
FISEL+ technique.

Part C
To assess the developmental roles of two integrin alpha subunits (a 8 and a6) in
the chicken optic tectum, progenitors were infected with retroviral vectors that contained the
marker gene lacZ plus antisense sequences from either the a8 or a6 integrin subunit
cDNAs. On embryonic day 3 (E3), the vector was injected into tecta! ventricles of chicken
embryos. On E6, E7.5, E9, or later, chicken embryos were sacrificed, and optic tecta were
dissected and processed for histochemical detection of lacZ positive cells. The antisense
bearing cell

cl~nes

(descendants of a single infected progenitor) were analyzed for

proliferation and migration patterns and were compared to lacZ-only vector-infected control
clones. At E6, both a8 and a6 integrin antisense containing cell clones were similar to
controls. a8 integrin antisense containing clones exhibited a cell number reduction in
upper laminae (intermediate zone and tecta! plate) at E7.5 and a reduction in the ventricular
zone as well at E9, indicating a role for a8.integrin in cell survival. a6 integrin antisense
containing cell clones exhibited no difference in total cell number at E9, but had a net
redistribution of more cells in the ventricular zone and less cells in the tecta! plate. These
data suggest that a8 integrin is essential for the survival of all optic tectum cells while a6
integrin is essential for migration of only a subset of tecta! cells. These data also
demonstrate that some integrins are involved in brain development in a general way, and
others are involved in specific ways.
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Part A
Simple Direct In Situ End Labeling (DISEL)
for Detection of Apoptotic Cells in Tissue Sections
Apoptosis plays very important roles during development, normal adult tissue
maintenance and some disease processes. If one wants to study these processes, it is
important to detect apoptotic cells from nondying ceiis. Since Gavrieli first published his
DNA nick end labeling method (Gavrieli eta!., 1992), many similar modified versions of
terminal-deoxynucleotidyl-transferase (TdT)-mediated dUTP-biotin nick end labeling
(TUNEL) or in situ end-labeling (ISEL) involving digoxigenin-11-dUTP have been

.

published (Ben-Sasson eta!., 1995; Blaschke eta!., 1996; Micheli eta!., 1995; Till, 1994;
Tomusciolo eta!., 1995). In all of the above indirect methods, further steps after the
terminal transferase reaction must be used to visualize the apoptotic cells. Here we
introduce a very simple method, direct in situ end labeling (DISEL), to detect the apoptotic
cells in tissue sections in situ. Our method is based on terminal transferase directly
transferring fluorescein-12-dUTP to the ends of DNA fragments of apoptotic ceiis without
the involvement of any antibodies. Thus this simple-method saves both time and money.
A slightly more complicated method utilizing fluorescein-12-dUTP has been
described for cultured cells (Mitra, 1996). This article also mentions the application of the
method to tissue sections after additional steps, however there was no demonstration of
detection of apoptotic ceiis in situ. Similarly, a method utilizing direct transfer of Cy3conjugated dUTP has been described for use with cultured cells (Tomusciolo eta!., 1995).
It was also shown that this method was compatible with immunofluorescent and

bisbenzimide staining, although its use on tissue sections was not performed. We have
analyzed cryosectioned developing chicken feet, skin and neural tissues in situ as weii as
cultured neural tissue with our simple DISEL method. This method works reliably and
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gives strong fluorescent signals in apoptotic nuclei and is compatible with nuclear
counterstaining and immunofluorescent antibody staining techniques.
Tissues were fixed in 1% (vollvol) formaldehyde (ACS grade, Sigma, St. Louis,
MO) in phosphate buffered saline (PBS) for 1 hour at room temperature and then washed
with PBS three times. The fixed tissues were left in 30% sucrose for several hours until
sinking to the bottom of the tube. Tissues were then embedded in O.C.T. compound
(Miles, Elkhart, IN), frozen on dry ice, and cryo-sectioned at 10 J.Lm on a cryostat.
Slides. were permeabilized for 10 minutes with 0.1% Triton-X-100 in PBS.
Following three PBS ·washes, the slides were incubated with 50-100 J.LI oftheTdT
reaction mixture containing TdT (Promega Corporation, Madison, WI) 20 U/100 J.Ll TdT
buffer (Promega, 1x), 1 nmole/100 J.LI fluorescein-12-dUTP (Boehringer Mannheim,
Indianapolis, IN) and 1 nmole/100 J.LI dNTPs. A cover slip was placed over the sections
to spread the reaction mixture uniformly on the slide. The incubation reaction was carried
out for 30-60 minutes at 37°C for 1 hour in a moist chamber. The reaction was terminated
and the cover slip was removed by placing the slide upright in a beaker of PBS and allowed
to fall off by gravity.
For combination DISEL and cell type-specific antibody staining, sections were first
immunostained with anti-MAG antibodies (Poltorak et al., 1987), rinsed, incubated with
Cy3-labeled secondary antibodies (Pierce, Rockford, IL) and rinsed again, and then the
above DISEL procedure was carried out.
Nuclei were counterstained by incubating slides with 0.1 J.Lg/ml bisbenzimide
(Sigma Chemical, St. Louis, MO, USA) for 5 minutes and then rinsing with PBS. 0.1%
phenylene-diamine (Sigma) in 70% glycerol was added to the slides to retard fading of
fluorescein, and a coverslip was placed on the tissue.
As can be seen in figure 1C, the typical fragmented and condensed apoptotic nuclei
shown by bisbenzimide are also positively stained by our DISEL method. We have tested

Figure 1. Examples of DISEL Labeling in Tissue Cryosections
Figures are composite images of DISEL labeling in green (A-D) and either
bisbenzimide counterstaining of all nuclei in blue (A-C) or immunostaining of MAG (+)
oligodendrocytes in red (D). A) DISEL (+)nuclei (arrows) in embryonic day 8 chick optic
tectum. B) DISEL (+)nuclei (arrows) in the connective tissue meninges overlying the
optic tectum. C), D) Numerous DISEL (+) nuclei in cultured pieces of embryonic chick
optic tectum. C) Bisbenzimide counterstaining of nuclei reveals that DISEL (+) nuclei are a
large percentage of the total. D) Immunostaining of MAG (+) oligodendrocytes (arrows)
reveals that none of these cells are DISEL (+). Bar=lO 1-1m.
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several different types of tissues such as developing chicken feet (not shown), brain
(Figure 1A), and connective tissue (Figure 1B), retina (Figure 2A) and mesenchyme
(Figure 2C) as well as cultured brain tissue (Figure 1, C and D) and found that this simple
technique worked well to detect apoptotic cells.
We directly compared our method with a commercially available indirect ISEL kit
using digoxigenin-11-dUTP and fluorescein-conjugated anti-digoxigenin antibodies. We
found that D!SEL and ISEL yielded very similar results in the several tissues we examined:
developing E6 retina (Figure 2, A and B), E6 head mesenchyme (Figure 2, C and D), E6
and E8 brain (not shown) and cultured E7 brain (not shown). In all cases, we found that
DISEL and !SEL yielded very similar results with respect to number and location of labeled
nuclei, staining in~nsity,background staining level and morphology of labeled nuclei.
Both DISEL and ISEL methods labeled nuclei with a variety of morphologies in
neural tissues as visualized by bisbenzimide counterstaining. Nuclei with characteristic
condensed and fragmented appearance were labeled, as well as some that appeared normal
(not condensed or fragmented) as shown in figure 1C for D!SEL (ISEL not shown). This
is not surprising because it has previously been demonstrated that brain cells undergoing
apoptosis often do not exhibit pyknotic nuclei commonly seen in other tissues (Blaschke et
al., 1996). We suspect that the normally-appearing D!SEL (+)nuclei were those in the
early stages of cell death where DNA fragmentation has occurred on a molecular scale, but
apoptotic features of nuclear condensation or fragmentation are not visible. Detection of
DNA degradation by TUNEL in cells in vivo without apoptotic morphology has been
described for several species including chicken (Ben-sasson et al., 1995).
We were also able to combine this method with immunofluorescent staining for a
cell type-specific antigen, MAG (Poltorak et al., 1987), in our cultured neural tissue
(Figure 1D). This combination worked well and resulted in no loss of immunostaining
signal. Although we always immunostained the sections before carrying out the DISEL
procedure, we assume that this order could be reversed with good results.

Figure 2. Comparisons of DISEL and ISEL Labeling
Figures are composite images of either DISEL (A and C) or ISEL (B and D) in
green and bisbenzimide counterstaining of all nuclei in purple. (A and B) Embryonic day-6
chick retina Both DISEL and ISEL labeled scattered nuclei n the neural retina(NR) and
pigmented epithelium (PE) as pointed out by the arrows. The neural retina was artificially
separated form the underlying pigmented. epithelium during processing in B. (C and D)
Embryonic day-6 chick head mesenchyme. Both methods labeled a moderate density of
nuclei (arrow) in certain areas such as those shown. Bar-=10 Jim
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In conclusion, we found this simple technique for in situ detection of apoptotic cells
to work very reliably, and save time and reagents compared to other currently used indirect
methods.
This work has been published as a "Benchmark" in the journal BioTechniques as
cited below. Zhang, Z. and D.S. Galileo (1997). Direct in situ end-labeling for detection
of apoptotic cells in tissue sections. BioTechniques 22, 854-836.
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PartB
Widespread Programmed Cell Death in Proliferative and
Postmitotic Regions of Developing Chick Optic Tectum
Programmed cell death (PCD) has long been recognized in later stages of central
nervous system development. Recently, widespread PCD has been reported by others in
the proliferative and postmitotic regions of the fetal mouse cerebral cortex using a sensitive
in situ end labeling technique (ISEL+). Here, we demonstrate that widespread PCD also
. exists in proliferative regions of chicken optic tectum during early development using a
modified sensitive fluorescent ISEL method (FISEL+) and antibody staining for an
apogen. Several developmental stages from embryonic day (E) 3 to E18 were examined.
FISEL+ positive dying cells were rare before E7 as well as between E9 to E12. However,
massive cell death was observed in the ventricular zone (VZ) between stages E7.5 to E8.
At this time extensive cell migration is underway and many dying cells were found not only
in the VZ (premigratory cells) but also in the intermediate zone and tecta! plate (migratory
cells). This is quite different from E7 at which stage PCD was almost exclusively found in
the VZ. We also found many labeled dying cells in upper tectallaminae at late
developmental stages such as El5 and E18. Our results parallel those found in developing
mouse cortex, and suggest that this phenomenon of early widespread PCD is fundamental
to developing vertebrate brain. We suggest that the mechanisms involved in the early PCD
in brain may be related to cell migration.

Introduction
Programmed cell death (PCD) has been recognized to play an important role during
the development of the central nervous system (for a recent brief review see Henderson,
1996) as well as in the development of other systems· (reviewed in Clarke and Clarke,
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I996). It has been difficult to study PCD in situ due to the paucity of cell death markers.
Only one recent systematic investigation of PCD in developing brain has been reported
using a sensitive in situ end labeling (ISEL+) involving alkaline phosphatase (Blaschke et
al., I996). This new method allowed these workers to discover that there exists a short
period of widespread PCD in the developing mouse cerebral cortex. Furthermore, this
PCD occurred primarily in the ventricular zone of the developing mouse brain where cell
division was occurring. Here we used a sensitive modified fluorescent in situ end-labeling,
referred to as fluorescent ISEL+ (FISEL+) which has a similar sensitivity to ISEL+. We
observed a similar pattern and number of dying cells in similar regions of the chicken optic
tectum. We also found that cell death varied quantitatively during the development. Many
dying cells were in the proliferative zone in early stages (before E8) as well as in
postmitotic regions in E7-E8 where neuronal migration is taking place. In addition, we
found significant cell death in upper laminae in later stages (EIS and EI8) where synaptic
connections are being formed.

Materials and Methods
Tissues were fixed in I% (vol/vol) formaldehyde (ACS grade, Sigma, St. Louis,
MO) in phosphate buffered saline (PBS) for I hour at room temperature and then washed
with PBS three times. The fixed tissues were left in 30% sucrose in PBS for several hours
until sinking. Tissues were then embedded in O.C.T. compound (Miles, Elkhart, IN),
frozen on dry ice, and cryo-sectioned at approximately 6)lm on a cryostat.
For FISEL+, sections were permeabilized for 10 minutes with O.I% Triton-X-100
in PBS. Following three PBS washes, the slides were incubated with 250 )ll of terminal
deoxynucleotidyl transferase (TdT) reaction mixture containing TdT (Promega
Corporation, Madison, WI) at 20 U/IOO )ll TdT buffer (Promega, Ix), 0.05 nmole/IOO )ll
digoxigenin-II-dUTP (Boehringer Mannheim, Indianapolis, IN). The incubation reaction
was carried out at 37°C for I hour in a moist chamber. Reactions were terminated by
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incubating sections in 2x SSC for 10 minutes. Sections were then washed 3 times with
PBS. Incorporated digoxigenin-11-dUTPs were detected by incubation with monoclonal
anti-digoxigenin antibody (Boehringer Mannheim, Indianapolis, IN) for 30 minutes, then
sections were washed 3 times with PBS. Sections were incubated with biotinylated goat
anti-mouse antibody (Jackson ImmunoResearch Laboratories, West Grove, PA) for 30
minutes and washed three times with PBS. Sections were incubated with Cy3-conjugated
streptavidin (Jackson ImmunoResearch Laboratories) for 30 minutes and washed three
times with PBS. Nuclei were counterstained by incubating sections with 0.1 J.Lg/ml
bisbenzimide (Sigma) for 5 minutes and then rinsing with PBS. Slides were coverslipped
in 0.1% p-phenylene- diamine (Sigma) in 70% glycerol.
Sections were observed and photographed using a Nikon Microphot microscope
equipped for epi-fluorescence. At least two tecta at each age were processed for FISEL+
and analyzed. Tissue sections of some age tecta were immunostained with the monoclonal
antibody BV2 (Rotello eta!., 1994; obtained from Dr.Junying Yuan, Massachusetts
General Hospital). This antibody recognizes an as yet unidentified antigen (apogen) that is
specific for cells undergoing PCD. For this, sections were incubated in BV2 overnight at
4°C, rinsed, incubated for 30 minutes to one hour in biotinylated goat anti-mouse
secondary antibody, rinsed, and then incubated for 30 minutes to one hour in fluoresceinconjugated streptavidin. Sections were coverslipped and observed as above..
We also analyzed dissociated tecta! cells from three different age embryos for
FISEL+ labeling on a flow cytometer to quantify cells which were undergoing apoptosis.
Tecta at E6, E8, and E9 were harvested and cells were processed in parallel for FISEL+
labeling in one experiment. For this, tecta were dissected, the meninges were removed,
tecta were minced, and were incubated in 0.05% trypsin/0.02% EDTA for 10 minutes at
37°C. A solution containing soybean trypsin-inhibitor (without DNase I) was then added
and the tissue was dissociated into single cells by trituration as previously described
(Galileo eta!., 1992). Single cells were pelleted gently by centrifugation and resuspended
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in 1% fonnaldehyde (Sigma; ACS grade) for 30 minutes for fixation. Cells were rinsed
with Hank's solution twice, and then resuspended in 70% ethanol. The cells in 70%
ethanol were then stored for several days in a -20°C freezer. After rinsing with Hank's
solution twice, cells were resuspended in a tenninal transferase reaction mixture ( 15 units
TdT/100 !!1, 0.05 nrnole digoxigenin-dUTP/100!!1, and IX TdT buffer) for 1 hour at
37°C. Cells were then rinsed twice in phosphate buffered saline containing 5% fetal
bovine serum (PBS/FBS), and resuspended in monoclonal anti-digoxigenin in PBS/FBS
for 30 minutes at room temperature. After rinsing in PBS/FBS, cells were resuspended in
biotinylated goat anti-mouse in PBS/FBS for 30 minutes at room temperature. After
rinsing, cells were resuspended in streptavidincfluorescein for 30 minutes at room
temperature, rinsed again with FBS/PBS, cells were resuspended and subjected to analysis
on a FACS/Calibur (Becton Dickinson) flow cytometer.

Results
We developed a new fluorescent in situ end labeling procedure (FlSEL+) that is
extremely sensitive for the detection of apoptotic cells in tissue sections and in dissociated
cell populations. Frozen sections of developing chick optic tectum were analyzed with this
method for detection of apoptotic cells in situ. From embryonic day (E) 3 to E7, only
occasional labeled cells were seen (Figure lA-D; data not shown for E3). However, on
E7.5, many labeled cells were present, mostly in the ventricular zone, although some were
present in the intennediate zone (IZ) and newly fanning tecta! plate (TP) (Figure IE). On
E8, the quantity and distribution of labeled cells depended on the region of the tectum along
its anterior-posterior axis (Figure 1J):. Anteriorly, the labeling resembled that of E9 tectum
with scattered labeled cells mostly within the VZ. In mid-tectum, labeled cells were not
only in the VZ but also numerous in the IZ and TP as well. In posterior tectum, labeling
tapered off to only occasional cells in the ventricular zone as in E7 tectum. Thus, within a

Figure 1. Detection of Apoptotic Cells in Tissue Sections
Cryosections of different age optic tectum were analyzed by RSEL+ (A-H, and J)
or by BV2 immunostaining (1). The embryonic age of the tissue analyzed is shown within
each part. A-1 are cross sections and J is a sagittal section. The arrows in (H) show two
apoptotic neurons in the same lamina with obvious ·neuronal morphology. (J) is a montage
from two separate views of the same section as shown by the thin white line separating
them. The insert in (J) shows a higher magnification of the tissue directly above it. For all
parts, the ventricular side of the tissue is down. VZ, ventricular zone; IZ, intermediate
zone; TP, tecta! plate.
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single sagittal section of E8 tectum, a pattern exists of increasing and decreasing
proportions of FISEL+ labeled cells.
At E9, fewer labeled cells were present than at E7.5-E8 and they were scattered
throughout the tissue (Figure IF). Many of these cells showed less labeling intensity than
those of E7.5-E8. At E12, few labeled cells were present and the majority of these were
labeled in or near the ventricular zone (Figure lG). At EIS and E18, scattered labeled cells
could be seen throughout the tectum (Figure IH; shown is EIS only). Unlike nuclei
labeled before El2, many nuclei of these later age embryos had the appearance of being
condensed and fragmented, which are typically characteristic of apoptotic nuclei. Also seen
occasionally were cells (apparently neurons) with labeled cytoplasm and sometimes label
within a large process (presumably an axon) as shown at E15 in figure IH, arrows. These
cells often contained very condensed nuclear material. Cells labeled in sections of EIS and
El8 tectum were presumably classical apoptotic neurons undergoing connection
maturation. Thus, from obtaining a labeling pattern in optic tectum similar to tha~ in mouse
cortex (Blaschke et al., 1996), and from labeling neurons in later stages of connectivity we
are confident that our FISEL+ is labeling apoptotic cells.
We wished to further confirm that our FISEL+ method was detecting apoptotic cells
during the early period (E7-8) when we observed massive labeling. To this end, we
immunostained E8 tectum cryosections with a monoclonal antibody (BV2) that is specific
for an as yet unidentified "apogen" in apoptotic cells that was used in other regions of the
developing chick embryo (Rotello et al., 1994). We found that the immunostaining pattern
using BV2 was very similar to the FISEL+hbeling (Figure ll; compare to inset in Figure
lJ). Positive cells were numerous in the ventricular zone as well as present in the
intermediate zone and tecta( plate. Thus, we have identified large numbers of apoptotic
cells at this age using two independent methods.
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Finally, we subjected dissociated tectum cells at three stages (E6, E8 and E9) to
FISEL+ followed by analysis using a flow cytometer. The results are shown in Figure 2.
The peak shown for E6 cells signifies the level of staining in unlabeled cells. At E8 there
are two well-defined peaks: one negative as for E6 and one that is of roughi;Y equal size that
represents FISEL+ positive cells. At E9 the peak of FISEL+ staining is broad and
intermediate between that for E6 and E8. It appears to represent a combination of the
negative peak and a positive peak that is less positive than that for E8. These flow
cytometry data closely resemble what was observed in our tissue sections.

Discussion
We have documented the spatial and temporal distribution of dying cells in the optic
tectum during development using a new sensitive DNA end-labeling technique referred to
as FISEL+. A distinctive pattern of PCD was observed during different developmental
stages and detection of apoptotic cells was confirmed by immunostaining with an antiapogen monoclonal antibody (Rotella et al., 1994). PCD occurred rarely before E7 or
between E9 and E12. However, dramatiecell death was observed between E7 to E8 when
cells undergo extensive migration to build the tecta! plate. We also observed increasing cell
death in various tecta! laminae at E15 and El8. This later stage cell death (E15 and E18)
undoubtedly reflects neuronal connection maturation. One interesting feature we observed
is that most apoptotic cells in early stages (E7-E8) did not show typical degenerative
nuclear changes, while they did have such changes as fragmentation and condensation in
later stages (E15-E18). This feature is probably related to the ability of normal neighbor
cells at early stages to quickly remove dying cells, and a lack of this ability at later stages.
It has previously been noted by other workers in neural tissue (see Zhang and Galfleo,
1997 for discussion). Another interesting feature we observed is that FISEL+ material also
appeared in the proximal axoplasm of FISEL+ apoptotic neurons at later stages. This

Figure 2. Analysis of FISEL+ Labeling by Flow Cytometry
Dissociated optic tectum cells were subjected to FISEL+ as described in the text
Labeled cells were than analyzed by flow cytometry. Results from E6 cells are shown in
the top panel, E8 cells are shown in the middle panel, and E9 cells are shown in the bottom
panel.
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probably reflects fragmented nuclear DNA material entering into axoplasm which was then
detected by our extremely sensitive FISEL+ technique.
In mid E8 tecta, PCD occurred not only in the proliferative wne (VZ). but also in
postmitotic zones (IZ and TP). In either more developmentally-advanced anterior regions
or in more delayed posterior regions, PCD occurred almost exclusively in the VZ. We
think that this small central region of extensive labeling occurs only during a narrow
window in time in the optic tectum. Presumably, this pattern of extensive death moves
through the tectum from anterior to posterior like a wave as the tectum develops. At
present, we do not know the mechanisms regulating PCD around these times. A short
review by Voyvodic (1996) that discusses this phenomenon in mouse cortex gives three
possible explanations: weeding out of unfit cells (stated as unlikely), selection of a desired
phenotype as in the thymus (favored by Blaschke eta!.), and competition for a limited
amount of survival factor (apparently favored by Voyvodic).
We would like to suggest a refinement of the phenotypic selection hypothesis that
involves recognition of the migratory substratum for these early cells. Radial glial cells
provide a supporting track for migration of tecta! cells through the intermediate zone and
into the forming tecta! plate. It is possible that the excess cells which are generated cannot
be carried and some somehow "overload" the transportation capacity of these glial guides.
It may be as simple as the physical limitation of a radial glial cell to be in contact only with
so many migrating cells. Only a certain random percentage of the newly generated neurons
and glia might make and keep specific and stable contact interactions with the radial glial
scaffolds.

The~e

interactions would have to be made in the ventricular zone and maintained

continuously during their migration into the tecta! plate. Those that do this live. Those that
do not die. Radial glial cell and other tecta! cell contact interactions may, therefore, provide
a mechanism for keeping cells alive, thus controlling the cell number and cell distribution
pattern in the optic tectum for later neuronal connectivity. Currently, we are investigating
whether adhesion molecules such as integrins play roles in the regulation of PCD in the
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optic tectum. Interestingly, we have found that attenuating a specific integrin heterodimer
(a:8~1)

with an antisense-containing retroviral vector induces apoptosis in infected cells

during the same time period as the naturally occurring PCD reported on here (Zhang and
Galileo, submitted for publication). It is tempting to speculate that, in our model,

a:8~1

integrin interactions between migrating cells and a substrate on radial glia are required to
suppress apoptosis, and that generation of excess cells prevents and/or disrupts this
interaction in those cells that die.
Our findings support the theory that normal development of the vertebrate brain
may involve at least two phases of cell selection before reaching maturity. The first phase
allows migration of only a limited (but still excess) number of neuroblasts to where
connections can be made, while the second phase involves maturation of neuronal
connections.
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Parte

Retrovirally Introduced Antisense Sequences Against
Integrin a8 and a6 Subunits Result in Different ·
Effects During Early Brain Development In Vivo
Summary
To assess the developmental roles of two integrin alpha subunits (a. 8 and a.6) in
the chicken optic tectum, progenitors were infected with retroviral vectors that contained the
marker gene lacZ plus antisense sequences from either the a.8 or a.6 integrin subunit
cDNAs. On embryonic day 3 (B), the vector was injected into tecta! ventricles of chicken
embryos. On E6, E7.5, E9, or later, chicken embryos were sacrificed, and optic tecta were
dissected and processed for histochemical detection of lacZ positive cells. The antisense
bearing cell clones (descendants of a single infected progenitor) were analyzed for
proliferation and migration patterns and were compared to lac:Z:-only vector-infected control
clones. At E6, both a.8 and a.6 integrin antisense containing cell clones were similar to
controls. At E7.5, a.8 integrin antisense containing clones exhibited a cell number reduction
in upper laminae (intermediate zone and tecta! plate) and at E9, a reduction in the ventricular
zone as well, indicating a role for a.8 integrin in cell survival. a.6 integrin antisense
containing cell clones exhibited no difference in total cell number at E9, but had a net
redistribution of more cells in the ventricular zone and less cells in the tecta! plate. Our data
show that different integrins play different roles during brain development: a.8 integrin is
essential for the survival of all optic tectum cells while a.6 integrin is essential for migration
of only a subset of tecta!

c~lls.
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Introduction
Cells born in the mammalian brain migrate long distances along radial glia to new
locations, differentiate into specific cell types, develop elaborate morphologies, and form
highly specific connections. This is also true for the avian brain including the midbrain
structure, the optic tectum. The simple organization and easy manipulation of the chicken
optic tectum make it a good system to study adhesion molecules involved in certain aspects
of vertebrate central nervous system development, such as cell migration and
differentiation.
One family of adhesion molecules involved in vertebrate brain development is the
integrins. The integrin adhesion system is very complex and contains at least 16 alpha
subunits and 8 beta subunits which heterodimerize to produce more than 20 different
receptors (reviewed in Hynes, 1992). Alternative splicing of the alpha and beta subunits
adds additional complexity. lntegrins are extremely multifunctional: they mediate cell
adhesion .and migration, organize the actin-based cytoskeleton, activate signal transduction
pathways, and control anchorage-dependent cell survival (Ruoslahti and Reed, 1994).
lntegrins also regulate changes in gene expression which are critical for developmental and
proliferative responses to the environment and appear to affect cell survival by regulating
programmed cell death (Clark and Brugge, 1995).
Integrin adhesion systems play important roles in normal development of many
tissues. Integrin-mediated signals may regulate several processes during development such
as proliferation, differentiation and migration. Integrin-extrace!lular matrix interactions are
also required to suppress apoptosis (Ruoslahti and Reed, 1994; Scott eta!, 1997). The p1
integrin subunit (of interest here) forms the largest subfamily of integrins and can
heterodimerize with at least 10 different a. subunits including a.6 and a.8 which we
analyzed here. Transgenic mouse knockouts have shown that the P1, a.3, a.4, and a.5
integrin subunits are essential for development, since inactivation of these subunits is lethal
(MUller and Kypta, 1995; Fassler and Meyer, 1995; Watt and Hodivala, 1994). Recently,

2S
an aS knockout study showed that asp 1 plays a crucial role in epithelial-mesenchymal
interactions during kidney morphogenesis, and most homozygous mutant animals died by
the first or second day after birth (MUller eta!., ·1997).
Studies have shown that PI integrins are involved in cellular growth and survival.
(Howlett, eta!., 1995). For example, integrin avPI rescued melanoma cells from
apoptosis in three-dimensional dermal collagen (Montgomery eta!., 1994), and integrin
asp 1 supported survival of cells on fibronectin and upregulated Bcl-2 expression (Zhang
eta!., 1995). There is no report on whether a6P1 or aSP I are also involved in the
protection of some types of cells from undergoing apoptosis, although a6 integrins are
upregulated in some tumor cells (Varner and Cheresh, 1996). Here, we provide some
evidence that asp 1 may be involved in the survival and growth of chicken optic tectum
cells during development in vivo.

a6 and aS integrins are expressed in the chicken optic tectum and retina. The
chicken aS subunit eDNA was cloned by Bossy et al. (1991). Immunochemical analysis
showed that aS is widely expressed, predominantly in ectodermal tissues (nervous system
and epidermis). In both the central and peripheral nervous systems, aS expression is
frequently concentrated in axon-rich regions rather than in cell dense areas. This
distribution pattern has also been reported for the optic tectum ( Bossy eta!., 1991). The
aspr integrin receptor can bind to extracellullar matrix proteins tenascin-C
(tenascin/cytotactin), vitronectin, and fibronectin as demonstrated by using immunostaining
for focal contacts, adhesion assays, and affinity chromatography assays (Schnapp eta!.,
1995). asp 1 integrin receptors mediate interactions of embryonic chick motor and sensory
neurons with tenascin-C in vitro (Varnum-Finney et al., 1995) and promote attachment,
cell spreading, and neurite outgrowth on fibronectin in vitro (MUller et al., 1995). aS
integrin may be involved in the regulation of axonal and dendritic growth of some neurons
in rat developing central nervous system (Einheber eta!., 1996).
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The a6 integrin subunit is also expressed in developing chicken embryo brain
(Bronner-Fraser eta!., I992) and retina (de Curtis and Gatti, I994; de Curtis eta!., I99I;
de Curtis and Reichardt, I993). There are two different a6 isoforms (a6A and a6B)
which are produced by alternative splicing; the two forms differing in their cytoplasmic
domains (Delwel eta!., I994). Only a6B is expressed in mouse brain (Tamura eta!.,
I99I). Potential ligands for

a6~ I

integrin include laminins (Delwel eta!., I994; de Curtis

and Gatti, I994) as well as other molecules such as kalinin and invasin (Cheresh and
Mecham, I994).
Both isoforms are found in developing retina and may have different functions during
retinal development because of their distinct biochemical properties and differential
localization (de Curtis and Reichardt., I993). Interactions of cell surface a6~I integrin
with laminin-I may mediate growth of avian ciliary ganglion neurons during pathfinding in
vivo (Weaver eta!., I995). Expression of a6 integrin has been shown to be necessary for
early nervous system development in Xenopus by expression of antisense a6 integrin
RNA in the animal hemisphere (Lallier eta!., 1996).
Since it has been shown that integrin subunits a6 and aS are in developing tectum,
can promote neurite outgrowth in vitro, and can bind to extracellular molecules in
developing chick tectum, we hypothesized that these integrins (and their substrate
molecules) may play very important roles during tecta! development. Previously, we have
shown that reducing

~I

integrin subunit expression using a

~1

integrin antisense retrovirus

inhibited cell migration of virus-infected cohorts of cells in the chick optic tectum (Galileo
eta!., 1992). It was not known which of several possible alpha subunits were involved in
mediating the

~I

antisense effect or the exact role(s) that they played. To further dissect the

roles of integrin systems in tecta! development, we cloned a fragment of the aS or the a6
integrin subunit in the antisense orientation after the lacZ gene in a retroviral vector.
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The infected progenitor cells carry the viral genome and pass it to their progeny.
The lacZ gene serves as a permanent marker to identify infected cells. The distribution,
cell number, and migration pattern of infected cell progeny can be followed after tissue
fixation and histochemical staining for IacZ using the substrate X-gal. Our results indicate
that the a.6 integrin subunit may be essential for the migration of a subset of tecta! cells, but
that the a.8 subunit is essential for the survival of all tectal cells during development

Materials and Methods
Virus Production
The retroviral vectors used in this study are shown in Figure 2. pLZx denotes the
plasmid encoding the viral genome, while LZx denotes the virus itself. pLZ14 is a lacZonly vector that has been described previously (Galileo et al., 1992). pLZa.6AS was made
by ligating a 1.4 Kb Xbai-Bgl II eDNA fragment of the chicken a.6 integrin subunit (de
Curtis eta!., 1991; obtained from Dr. Louis F. Reichardt, HHMI, UCSF) in the antisense
orientation into unique Nhe I and Bgl II sites after lacZ in a derivative of pLZ14 (called
pLZ14-TCS; not shown) previously made for the purpose of cloning antisense sequences
after the lacZ gene. The restriction enzyme Nhe I was added to the ligation mixture to
reduce background ligation of pLZ14-TCS. pLZa.8AS was made similarly to pLZa.6AS
by placing a 0.3 Kb Xba !-Eel 136II fragment of the chicken a.8 integrin eDNA (Bossy et
a!., 1991; obtained from Dr. Louis F. Reichardt, HHMI, UCSF) in the antisense
orientation into the unique Nhe I and Pml I sites after lacZ in pLZ14-TCS. The restriction
enzymes Pml I and Nhe I were added to the ligation mixture to reduce background. Here,
Xba I was compatible with and ligated to Nhe I, and Eel 136 II was COJ?patible with and
ligated to Pmll. Constructs were confirmed by extensive restriction enzyme digestion
analysis (not shown).
Plasmid DNA to be used for virus production by transfection was purified by either
Qiagen (Qiagen Inc., Chatworth, CA ) or Promega Wizard Maxi prep (Promega, Madison,
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WI) DNA purification columns according to the recommended procedures. All viral
vectors were produced by transient transfection of vector and helper plasmids into the QT6
quail fibrosarcoma cell line (Moscovici et al., ICJ77). These cells were used because they
are highly trnnsfectable by the calcium phosphate precipitation method and contain no
endogenous RSV sequences. To produce virus, 10 em dishes of subconlluent QT6 cells
were transfected with a mixture of 10 Jlg of vector plasmid plus 10 Jlg of helper plasmid
'

(pBH1210; Galileo et al., 1992) per plate using the method of Chen and Okayama (1987).
Media containing shed virus particles was collected two and three days after transfection
and concentrated by centrifugation at 15,000 rpm (approximately 30,000xg) in a Beckman
SW28 rotor for 2.5 hours, or 13,000 rpm for 12 hours. Both conditions resulted in good
recovery of concentrated virus. Titers were determined by infection of QT6 cells in the
presence of 10 )lg/ml polybrene and sebsequent staining for lacZ (see below) two days
later.

Embryos
Fertilized white leghorn chicken eggs were obtained from SPAFAS (Roanoke, IL)
and incubated at 37.5°C until the desired Hamburger and Hamilton (1951) stage was
reached. Embryos were injected with viral concentrate at stages 16-18 (E3). Viral
concentrates (1-2 Jll) were injected into the right tecta! ventricle (Gray et al., 1988) using a
pulled glass micropipet and a picopump (World Precision Instruments, Sarasota, FL).
Prior to injection, 20-25 Jll of concentrate was mixed with I Jll of lmg/ml polybrene and
with 2 Jll of 1% fast green dye. After injection, a few drops of sterile-filtered ampicillin
(50 )lg/ml) were placed on the embryo before sealing the egg window with transparent
tape, and the eggs were returned to the incubator. At appropriate times thereafter, embryos
were removed from the eggshells, tecta were dissected in calcium- and magnesium-free
Tyrode's solution, and fixed in 2% formaldehyde (ACS grade, Sigma) in phosphate-
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buffered saline (PBS; 150 mM NaCI, 15 mM sodium phosphate, PH 7.3) for 1-2 hour.
Tecta were then rinsed in PBS several times and incubated overnight in a solution
containing 5-bromo-4-chloro-3-indolyi-~-D-galactoside (X-gal; 1 mg/ml), 60 mM
potassium ferricyanide, 60 mM potassium ferrocyanide, and 2 mM MgCI2 in PBS. The
next day, tecta were rinsed several times in PBS, postfixed in 2% formaldehyde/2%
glutaraldehyde in PBS, rinsed in PBS, and cleared in 70% glycerol. LacZ"positive cells
were visualized with a dissecting microscope. Gathering of data concerning cell number
and distribution of cells within clones was done using a compound microscope. Sections
containing clones of lacZ-positive cells were hand-cut and mounted on glass slides in
glycerol. Every injection experiment involved injecting some embryos with an antisense
vector and some embryos with the lacZ-only vector for direct comparison. Student's t test
was used to compare mean numbers of cells/clone between lacZ-only and antisenseinfected tecta.

Immunohistochemistry
Tecta were fixed by immersion in 2% formaldehyde (ACS grade) in PBS for
approximately 2 hours, rinsed in PBS, and sunk overnight in 30% sucrose in PBS at 4°C.
Tecta were submerged in Tissue-Tek O.C.T. compound (Miles, Inc., Elkhart, IN) and
frozen on dry ice. Cryostat sections were cut at approximately 10 ~m thickness and airdried onto glass Superfrost Plus slides (Fisher Scientific, Pittsburgh, PA). To detect the
low levels of a6 and a8 integrins present in the optic tectum, we used an indirect triplelayer immunofluorescent technique. For this, sections were incubated in primary antibody
against either the a6 (P2C62C4 monoclonal antibody obtained from Dr. A.F. Horwitz,
Univ. of IL) or a8 (polyclonal anti-human a8 obtained from Dr. Lynn Schnapp, Mount
Sinai Medical Center; polyclonal anti-chicken a8 obtained from Dr. Louis F. Reichardt)
subunit of integrin in PBS containing 5% fetal bovine bovine serum (FBS) and 0.03%
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Triton-X-100 for one-half to 1 hour at room temperature. Sections were then rinsed in
PBS/FBS, incubated in a biotinylated secondary antibody raised against the species of the
primary antibody (mouse or rabbit) in PBS/FBSffriton-X-100 for one-half to one hour,
rinsed, and incubated in fluochrome-conjugated streptavidin in PBS/FBSffriton-X-100 for
one-half to one hour. Immunofluorescent staining was visualized on a Nikon Microphot
microscope equipped for epifluorescence.

Tests of Antisense Suppression
To test our antisense-containing vectors for their ability to attenuate their target
integrin subunit, tecta were infected in vivo and then OT cells were recovered several days
later and analyzed for integrin expression by flow cytometry. Tecta! ventricles were
injected with virus at E3 as above for clonal analysis. On E7, tecta were dissected, the
meninges were removed, tecta were minced, and were incubated in 0.05% trypsin/0.02%
EDTA for 10 minutes. A solution containing soybean trypsin-inhibator and DNase I was
then added and the tissue was dissociated into single cells by' trituration as previously
described (Galileo eta!., 1992). Single cells were pelleted gently by centrifugation and
resuspended in 1% formaldehyde (ACS grade) for 30 minutes for fixation. Cells were
gently pelleted, rinsed in PBS, and then rinsed in PBS containing 5% FBS (PBS/FBS).
Cells were immunostained for IacZ ~nd either a6 or a8 integrin by incubating cells in
PBS/FBS containing anti-IacZ antibodies (see Galileo et al.; 1992), anti-integrin antibodies
(see above method for immunostaining of tissue sections), and 0.03% Triton-X-100 for
one-half hour at room temperature. Cells were pelleted, rinsed in PBS/FBS and
resuspended in secondary donkey anti-primary species congugated to R-phycoerythrin
(Jackson Imrnunochemicals, West Grove, PA) to visuaJize.JacZ-positive cells and
biotinylated antibodies against the species in which the anti-integrin primary antibody was
raised in PBS/FBSffriton-X-100 for one half hour. After rinsing in PBS/FBS, cells were
incubated in streptavidin-fluorescein in PBS/F8Sffriton-X100 for one half hour to
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visualize integrin staining. Cells were rinsed in PBSIFBS and then subjected to two-color
flow cytometry analysis on a Becton Dickinson FACS/Calibur. The level of integrin
subunit immunostaining was analyzed on infected lacZ-positive cells as well as on
uninfected lacZ-negative cells.
The vector l.Za6AS was also tested for its ability to reduce a6 integrin expression
in infected QT6 cells in vitro, which express this subunit. For this, QT6 cell cultures were
infected with either l.Z14 or l.Za6AS. Approximately one week later, cells were removed
from the dish by incubation in 0.05% trypsin/0.02% EDTA solution for 1-2 minutes and
resuspended as single cells. Cells were gently pelleted and resuspended in 1%
formaldehyde (ACS grade) for fixation for 30 minutes. Following rinsing in PBS/FBS,
cells were incubated in fluorescein-anti-mouse and either Texas Red-anti-rabbit orRphycoerythrin-anti-rabbit in PBS/FBS/Triton-X-100 for 30 minutes. Cells were rinsed and
subjected to two-color flow cytometry analysis on a FACS/Calibur (Becton Dickinson) or
an EPICS ELITE (Coulter) flow cytometer.

Flow Cytometry Analysis of End Labeling
To demonstrate that the a8 integrin subunit is important for the survival of OT
cells, tecta were infected in vivo and single cells from E7-E8 tecta were analyzed for their
pattern of DNA end labeling by flow cytometry. The end labeling method used is an
extremely sensitive fluorescent method that we developed to demonstrate widespread
apoptosis in tissue sections during normal early OT development (Zhang and Galileo,
submittcid for publication). For this, tecta! ventricles were injected with vinis on E3 as
above for clonal analysis. On E8, tecta were dissociated into single cells as above except
that no DNase I was used. Cells were fixed in suspension as above, rinsed with PBS, and
then resuspended in 0.1% TritonX-100 in PBS for 10 minutes. After rinsing with PBS
twice, cells were resuspended in a terminal transferase reaction mixture ( 15 units TdT/100
j.J.l, 0.05 nmole digoxigenin-dUTPIIOOj.J.l, and IX TdT buffer) for 1 hour at 37°C. Cells
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were then rinsed twice in PBS/FBS, then resuspended in monoclonal anti-digoxigenin
(Boehringer Mannheim, Inndinanapolis, IN) and polyclonal anti-lacZ antibody in
PBS/FBS for 30 minutes at room temperature. After rinsing in PBS/FBS, cells were
resuspended in biotinylated goat anti-mouse in PBS/FBS for 30 minutes at room
temperature. After rinsing, cells were resuspended in R-phycoerytherin- anti-rabbit and
streptavidin-fluorescein for 30 minutes at room temperature. After rinsing, cells were
resuspended and subjected to analysis on a FACS/Calibur (Becton Dickinson) flow
cytometer. Auorescent end labeling was analyzed on infected lacZ-positive cells as well as
uninfected lacZ-negative cells.

Results
Integrin o:S and o:6 Expression in Developing Tectum
To demonstrate that o;8 and o;6 integrins and some of their known substrates are
expressed in the developing chicken optic tectum during periods of cell migration, we
immunostained frozen sections of developing tecta. we had to utilize a sensitive triple-layer
immunofluorescent staining method to visualize the very low-levels of o:8 and o;6 integrin
subunit present in the optic tectum. As others have previously found (Bossy eta!., 1991;
Bronner-Fraser et al., 1992), we found that both o;8 and o;6 integrins were expressed in
developing tectum. We stained E7 tecta! sections with two different polyclonal antibodies
specific for integrin o:8 and both resulted in a very low level widespread staining pattern
where cell surface outlines were visible (Figure lA). Staining appeared to be highest in
the axonal layer, the intermediate zone (IZ). We found that a.6 integrin staining was
widespread but extremely low level such that cell surface outlines were barely visible
(Figure 1B). Staining appeared to be higher in the germinative ventricular zone (VZ).
We found that two integrin a.8~ 1 substrates, tenascin-C and fibronectin, were
expressed during tecta! development. As shown in Figure lC, moderate to high levels of

Figure 1. Expression of Integrin Subunits and Substrates in the Developing
Optic Tectum
Cryosections of developing optic tectum were immunostained with antibodies
against integrin a8 (A), integrin a6 (B), tenascin-C (C), and fibronectin (D). (A) and (B)
are E7 tectum and (C) and (D) are E9 tectum. For all parts, the ventricular surface is down.
Arrows in (D) denote blood vessels (BV). VZ, ventricular zone; IZ, intermediate zone; TP,
tecta! plate. See text for details. Immunostaining for substrates in (C) and (D) were
performed by Deborah Ingram and Dr. Deni S. Galileo.
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anti-tenascin staining was present at E9, primarily in the axonal layers, the stratum opticum
(afferent) and stratum album centrale (efferent). Anti-fibronectin staining was widespread
and very low level (Figure 10). The brightest staining was around blood vessels and in
.

.

the nieninges. Staining in the neural tissue was present in the tecta! plate (TP) which
tapered off to be undetectable in the ventricular zone (VZ). Fi bronectin staining has
..

previously been found on mammalian cortical radial glia (Sheppard et al., 1991). Thus, we
have found immunoreactivity for both a8 and a6 integrin subunits and two possible
substrates for a8~ 1 integrin in developing tectum.

Construction and Testing of Antisense Vectors
We constructed two recombinant retroviral vectors (LZa8AS and LZa6AS) that
contained the lacZ marker gene plus sequences of the chicken a8 or a6 integrin subunits
cloned in the antisense orientation (Figure 2). These sequences both spanned the
translational initiation site of their target messages and were cloned directly after lacZ in the
vector constructs. This strategy was successful previously in the vector LZ16 for
attenuating expression of ihe ~1 integrin subunit (Galilee et al., 1992). It was also chosen
because there is only one transcript (from the viral LTR) and, thus, every cell expressing
the lacZ gene product contains the desired antisense sequence as a tail on the lacZ message.
To test the ability of LZa8AS and LZa6AS to attenuate their respective integrins,
we produced virions and infected E3 tecta in vivo. Four days later, tecta were dissociated
and cells were doubly immunostained with antibodies against lacZ and either a8 or a6
integrin. They were then subjected to two-color analysis by flow cytometry. We found that
the mean level of the immunostaining peak for a8 integrin on OT cells infected with
LZa8AS was reduced significantly compared toOT cells infected with LZ14 (Figure 3;

p<O.OOOl) as well as compared to uninfected cells from the same tecta (p<0.05; data not
shown.). We found that the mean level of the immunostaining peak for a6 integrin on ar

Figure 2. Retroviral Vectors Used in This Study
pLZ14, pLZa.6AS and pLZa.8AS encode gag-lacZ fusion proteins. pLZa.6AS and
pLZa.8AS are similar to pLZ14 with the addition of an antisense sequence (hatched arrow)
against either the a.6 or the a.8 integrin subunit. Boxes indicate viral long terminal repeats.
Key restriction sites used in construction of the antisense vectors are marked. See text for
details.

38

gag

pLZ14

lacZ

-1._____.rl'::::I:::=====~M ~
Xbal

Bglll

gag

Nhell
Xbal

lacZ

PLza 8AS-1L..-___J!-'=I.J====:;integrinas
I ~.--------.~
Pmll/
Nhel/
Ecl136 II Xba I

Figure 3. Analysis of a8 Integrin Immunostaining of Optic Tectum Cells by
Flow Cytometry
Tecta were injected with either l.Z14 or l.Za8AS on E3 and dissociated tecta! cells
were analyzed for a8 integrin immunostaining on E7. The top panel shows a8 integrin
levels in cells infected by l.Z14. The bottom panel shows a8 integrin levels in cells
infected by l.Za8AS (p<O.OOOl).
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cells infected with LZo;6AS was also reduced (data not shown) although not as
dramatically as was the effect of LZo;8AS. We do not know why this was the case. It
could be that the antisense sequence was less effective at attenuating expression of the o;6
integrin than was the sequence used for o;8 integrin, for some reason. It could also be that
since the levels of staining for the o;6 integrin subunit were extremely low, it was beyond
the limits of being able to detect a decrease reliably.
To further test LZo;6AS, we similarly analyzed infected QT6 cells (a quail
fibrosarcoma cell line; Moscovici et al., 1977) which express a higher level of o;6 integrin.
QT6 cells were dissociated, doubly immunostained, and analyzed by flow cytometry.
Levels of o;6 integrin immunostaining were markedly reduced (p<0.0001) on QT6 cells
infected with l.Zo;6AS compared to those infected with a lacZ only control vector LZIO
(functional equivalent to LZ14; Galileo eta!., 1990) (Figure 4). We do not know the reason
why LZo;6AS was more effective at reducing o;6 integrin levels in QT6 cells than in or
cells. It may be due to the extremly low level of o;6 integrin subunit in OT cells, the
dissociation process, the antibodies used, or some other reason(s). However, we have
provided evidence that our vectors LZo;SAS and LZo;6AS can attenuate their targeted
integrins in or cells infected in vivo and in QT6 cells in vitro.

Effects of o;8 integrin Antisense In Vivo
At E3, we infected progenitor cells in the developing chick optic tectum with
retroviral vectors containing antisense sequences against the o;8 or o;6 integrin subunit in
order to assess the requirements of these molecules for proliferation and migration.
Experiments contained embryos injected with each type of virus. Groups of tecta were
then fixed, sectioned by hand, and histochemically stained for lacZ at E6, E7.5, E9, and
E12. Clones of LacZ -positive cells were identified and analyzed as before

Figure 4. Analysis of a.6 Integrin Immunostaining of QT6 Cells by Flow
Cytometry
QT6 cells were infected with either l.ZIO or l.Za.6AS and analyzed for a.6 integrin
after dissociation and immunofluorescent staining. The filled graph represents levels of a.6
integrin in controll.ZlO-infected cells. The unfilled gmph represents levels of a.6 integrin
in LZa.6AS-infected cells (p<O.OOOl).
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(Galileo eta!., 1992). Features of lacZ-only (l.Zl4) and lacZ-antisense (LZcx6AS or
LZcx8AS) were compared.

E6
At E6, the tectum is composed of a thick ventricular zone with a thin marginal zone
superficial to it made up of axons from the large multipolar efferent neurons (Figure 5).
Cells infected on E3 with the control vector (l.Zl4) have divided to form marked clones of
about a dozen cells each. These clones appeared as radial arrays of cells that spanned the
thickness of the ventricular zone. As shown in Figure 6, top, typical E6 cell clones of both
control (l.Z14-infected) and experimental (l.Zcx8AS) groups look similar with respect to
cell number, distribution, and the intensity of LacZ staining. Statistical analyses of E6
results are presented in Table 1.

Cell numbers are similar for both groups (p=0.49).

Thus, the presence of cx8 integrin antisense did not have an obvious effect on either the
proliferation of infected progenitors or the radial_stacking of clonal progeny at this stage.

E7.5
After E6, cells begin to migrate out of the ventricular zone along radial glial cells so
that by E7.5 the tectum consists of a ventricular zone, an intermediate zone (the former
marginal zone), and a newly forming tecta! plate (see Figure 5). Typical control and
antisense aS-expressing cell clones are shown in Figure 6, middle, and it can be seen that
less staining is evident in upper laminae. The average total cell number per clone as well as
cell number in the tecta! plate and the intermediate zone was reduced (p<O.OOOl) for cx8
integrin antisense expressing cell clones (Table 2). However, the cell number in the
ventricular zone of cx8 integrin antisense expressing cell clones was similar to that of
control clones. In the control (LZ14) clones, there was a substantial net increase in the total
cell number at E7.5 compared to E6 (about 10 cells) as well as a substantial redistribution

Figure 5. Key Steps in the Proliferation and Radial Migration of Chick
Optic Tectum Cells
At E3, progenitors are present in the ventric.ular zone (VZ). These progenitor cells
proliferate and differentiate to give rise to tecta! neurons and glia A progenitor cell infected
by a retroviral vector containing a pennanent marker such as JacZ is shown as a filled cell
and can pass the maker to its progeny. The progenitor cell infected at E3 divides to fonn
radially arrayed clonal cohorts that span the width of the VZ at E6. Around E7.5, cells
intensively migrate out of the ventricular zone along radial glia (stippled cell with long
radial process which spans all the layers) through the intennediate zone (IZ; the fanner
marginal zone, MZ) to fonn the tecta! plate (TP). A few cells also migrate tangentially in
the IZ and later differentiate into large multipolar efferent neurons.
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Table 1
Tectal ventricles were injected with l.Za8AS or l.Z14 on E3 (approximately stage
17), and tecta were analyzed at E6. The average size of a clone of both control (l.Zl4) and
the experimental (l.Za8AS) clones is given as mean cell number± standard error of the
mean. Significance of differences between mean numbers of cells was assessed by the two
tailed t test
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Table 1. Effect of LZaSAS on E6 Tecta) Cells

Vector

Number of Clones(analyzed)

Mean Cell No./Clone

LZaSAS

163

11.6±0.6

l.Z14

104

10.9±0.7

P=0.49

Table 2
Tec!al ventricles were injected with LZcx8AS or LZ14 on E3 (approximately stage
17), and tecta were analyzed at E7.5. For the vector LZcx8AS, the number of clones used
for analysis was 134 (N=134); for the vector LZ14, the number of clones used for analysis
was 55 (N=55); The cell distribution of a mean cell number in each layer: ventricular zone,
intermediate zone, and tecta! plate, as well as mean total cells per clone are expressed as the
mean cell number± standard error of the mean. Significance of differences between
control and experimental mean numbers of cells was assessed by the two tailed t test.
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Table 2. Effects Of LZa.SAS On
Number and Distribution Of Tecta! Cells At E7 .5

LZ14 (N-55)

Clonal Cell

LZa8AS (N=l34)

Distribution

Mean Cell No. ± SE

Total clone

13.7±0.8 (100%)

21.2±2.0 (100%)

<0.0001

Tecta! Plate

0.4±0.1 (3%)

5.0±0.6 (24%)

<0.0001

Intermediate Zone

1.0±0.2 (7%)

4.5±0.6 (21 %)

<0.0001

Ventricular Zone

12.3±0.4 (90%)

11.7±1.1 (55%)

0.65

P value

Mean Cell No. ± SE
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of cells out of the ventricular zone into upper laminae (about 10 cells). However, in a8
antisense containing clones, there was only a slight net increase in either total cell number at
E7.5 compared to E6 (about 2 cells) or redistribution into upper laminae (about 1 cell). Our
a8 antisense results are similar to that of our previous ~1 antisense results (Galileo et al.,
1992) in that a8 antisense bearing clones had less cells in the JZ and TP. However, our

<X8 antisense bearing and l.Z14 cell clones reported here had similar cell number in the
ventricular zone. This is different from our previous finding in which antisense ~ 1 bearing
clones had more cells in the ventricular zone compared to control clones. One possible
explanation is that some a8 antisense bearing !ectal cells may have died earlier than did ~ 1
antisense bearing tectal cells. At E7.5, a8 antisense may be more effective than ~ 1
antisense in reducing the a8~1 heterodimer (see Discussion). It is also possible that the
effects

of~ 1 antisense

could reflect a combination of the results of a8 and other a

subunits, such as a6.
Differences between means of cells in the intermediate zone and tectal plate in
l.Z14- and l.Za8AS-infected clones could be due to either a large effect on a subpopulation
of l.Zd8AS-infected clones or a lesser effect on the majority of clones. To determine
which of these possibilities is correct, results from these two laminae (JZ and TP) are
sho~n

as relative frequency histograms in Figure 7. It can be seen for both laminae that

the majority of the population of clones were drastically reduced in cell number in
LZa8AS-infected clones. Thus, l.Za8AS appears have affected most, if not all, clones.

E9
Between E7.5 and E9 some proliferation continues and much radial migration
occurs, resulting in a substantial thickening of the tecta! plate (see Figure 5). Shown in
Figure 6, bottom, are typical control and a8 antisense infected cell clones at E9. There was
a net increase in total cell number in control clones between E7.5 and E9 (about 7 cells).

Figure 6. Appearance of LZaSAS-Infected Cell Clones In Vivo
Tecta were injected with l.Z14 or l.Za8AS on F3 and processed for X-gal
histochemistry on E6 (top panel), E7.5 (middle panel), or E9 (bottom panel). Shown are
l.Z14 control clones (left) or l.Za8AS clones (right) in thick sections.
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Figure 7. Relative Frequency Histogram of Tectal Clones Infected with
LZaSAS and LZ14 at E7.5
The top panels show the relative frequency distribution of LZa8AS- and LZ14infected cells within the tectal plate. The bottom panels show the relative frequency
distribution of LZa6AS- and LZ14-infected cells within the intermediate zone.
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Table 3
Tecta! ventricles were injected with LZa8AS or LZ14 on E3 (approximately stage
17), and tecta were analyzed at E9. For the vector LZa8AS, the number of clones used for
analysis was 103 (N=103); for the vector LZ14, the number of clones used for analysis
was 65 (N=65); The cell distribution of a mean cell number in each layer: ventricular zone,
intermediate zone, and tecta! plate, as well as mean total cells per clone are expressed as the
mean cell number± standard error of the mean. Significance of differences between
control and experimental mean numbers of cells was assessed by the two tailed t test.
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Tale 3. Effects Of LZ!XSAS On
Number and Cell Distribution at E9

Clonal Cell
Distribution

LZa8AS (N-103)

LZ14(N=65)

P value

Mean Cell No. ± SE Mean Cell No. ± SE

Total clone

8.8±1.0 (100%)

28.6±2.4 (100%)

<0.0001

Tecta! Plate

1.8±0.5 (20%)

14.8±1.2 (52%)

<0.0001

Intermediate Zone

1.1±0.2 (12%)

3.6±0.4 (13%)

<0.0001

Ventricular Zone

6.0±0.4 (68%)

10.1±1.0 (35%)

<0.0001
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However, there was a net decrease in a8 antisense containing clones by about 5 cells. The
mean total cell number in a8 antisense containing clones and number in each of the three
layers (ventricular zone, intermediate zone, and tectal plate) were dramatically reduced
compared to those of the control clones (p<O.OOOl for all comparisons). These decreases
suggest that most of the a8 antisense bearing cells died. Also, in general, a8 antisense
bearing cells that were still present were fainter in staining for lacZ, also suggesting that
these remaining cells may be dying.
To gain a better understanding of the effects of l.Za8AS on the depletion of cells
over time, a relative frequency histogram of the total cell number/clone for l.Za8AS- and
LZ14-infected cell clones on E7.5 and E9 is shown in Figure 8. It can be seen that for
controll.Z14 clones, that there is a shift in the population toward slightly larger clones
between E7.5 and E9. LZa8AS-infected cell clones as a population, however, are shifted
relative to controls towards being smaller in cell number at E7.5. This shift towards
smaller clones is even more pronounced at E9. Thus, over time, l.Za8AS-infected cell
clones become smaller as a population. These data also are consistent with the notion that
this antisense vector is causing cells to die.
To further explore the possibility of cell death of a8 antisense expressing cells,
previously injected tecta (E3) of different ages (E6, E9, and El2) were analyzed for the
total number of radial clones/embryo. It seemed to reason that if a8 antisense-containing
cells were dying, then there should be a marked decrease in the number of radial clones/
embryo by E12. We found this to be the case (Figure 9). For this experiment, one group of
embryos was injected on E3 with control virus LZ14 and anotl_1er group with antisense
virus l.Za8AS. At E6, E9, and El2 the tecta of several (4-6) of each type of embryo was
processed histochemically for lacZ-positive clones and analyzed. The mean clone number
for each virus type at E6 was set at 100% and the means for later days displayed relative to
this number. Controls showed a slight decrease in the number of radial clones/embryo

Figure 8. Relative Frequency Histogram of LZaSAS- and LZ14-Infected
Clones at E7 .5 and E9
The upper two histograms display the relative frequency distributions of total cell
number within clones at E7.5. The lower two histograms display the relative frequency
distributions of total cell number within clones at E9.
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between E6 and El2. cx8 antisense-infected embryos, however, showed at EI2 a dramatic •
decrease in clones/embryo to less than 5% of the number present at E6 (Figure 9). These
results support our belief that cx8 antisense expressing cells died.
To investigate the alternative possibility that cx8 antisense-containing cells were not
dying, but dispersing away from radial arrays, E9 tecta were qualitatively analyzed for the
presence of cells outside radial arrays. Tecta! pieces were analyzed using a dissecting
microscope at a magnification where single blue cells could be discerned in the tissue that
was previously cleared in glycerol. No evidence was found of marked cells outside the
radial arrays in cx8 antisense infected tecta Taken all together, our results indicate that cx8
antisense-containing cells did not disperse from the radial arrays, but rather died.
Although the cx8 antisense containing cells almost certainly died by apoptosis, we
attempted to gain evidence for this by using a very sensitive fluorescent in situ end labeling
technique (FISEL+) (Zhang and Galileo, submitted for publication) and flow cytometry
analysis. During normal tecta! development between E7 and E9 there exists awidespread
naturally-occurring wave of apoptosis (Zhang and Galileo, unpublished observations
submitted for publication) similar to that seen in developing mammalian cerebral cortex
(Blaschke eta!., 1996). The peak of apoptosis in tectum appears to be centered around
E7.5-E8. When tissue sections or dissociated cells were analyzed by FISEL+ around this
age, over half of the total cells were labeled and, therefore undergoing apoptosis. We
performed FISEL+ on LZ14 and LZcx8AS infected OT cells dissociated at E8 to determine
whether there was an increase in the end labeling pattern of the cx8 antisense-containing
cells over control cells. We found that there was a significant increase in FISEL+ labeling
in LZcx8AS infected cells compared to LZ14 control infected cells (Figure 10; p<O.OOOI).
Similarly, there was a significant increase in end labeling for LZcx8AS-infected cells over
uninfected cells within the same tecta (p<O.OOOS), and there was no significant difference

Figure 9. Disappearance of LZa.SAS Infected Clones Over Time
A group of embryos were injected with either l.Za.8AS or 1214 at E3, and some
were sacrificed at E6, some at E9, and some at E12. The mean cell clones per tectum at E6
are expressed as 100%, and the mean cell clones per tectum at both E9 and E12 are
expressed as the mean percentage (relative to tliat at E6) ±standard error of the mean (error
bars).

53

120

100
~

~

~

80

f-

..

....0
~

c

60

u

-o-

-;;

-

0

u

40

~

>
·;;
~

-;;
0:

20

0
E6

E9
Embyonic Day

E12

% l.Z14 Clones/OT
% a8AS Clones/OT

54
between uninfected cells from l.Za.SAS-infected tecta and l.Z14-infected cells (p>O.IO).
Our observed increase in RSEL+ labeling in a.8 antisense-containing cells provides
evidence that these cells died by apoptosis. Although significant, a large increase in
labeling over controls was not expected since there is normally much apoptosis and, hence,
end labeling detectable at this age when a.8 integrin attenuation appears to be resulting in
additional cell death (see right peak in bottom graph of Figure 10). Taken together with our
observations that a.8 antisense containing cells disappeared from radial arrays almost
completely by E12 and did not appear to go elsewhere in the tectum, we conclude that OT
cells require a.8 integrin for their survival and that they died by apoptosis when this integrin
was attenuated.

Effects of a.6 Integrin Antisense In Vivo

E6
At E6, the appearance (Figure 11, top) and average size of a.6 integrin antisense
expressing clones was not different from that of control LacZ only expressing clones of
about a dozen cells (p=0.25; Table 4). This result is similar to the a.8 antisense expressing
clones, and thus, the presence of a.6 antisense sequences similarly did not affect
proliferation or radial stacking of cells within the ventricular zone.

E9
We did not analyze LZa.6AS infected OT cells at E7.5. At E9, a.6 antisense
expressing cell clones appeared to be normal (Figure 11, bottom). There was no difference
in the total cell number/clone between a.6 integrin antisense-expressing and the control
LZ14 clones. However, there was a significant redistribution of the cells within two of the

Figure 10. Flow Cytometry Analysis of LZaSAS·Infected Cells after
FISEL+
The bottom panel shows the FISEL+ labeling pattern of nonnal uninfected cells
from tecta that were injected with l.Za8AS at E3 and processed at E8. The left peak
represents unlabeled (nondying) cells and right peak represents labeled (apoptotic) cells.
The top panel shows the FISEL+ labeling pattern of l.Zl4-infected cells (p>O.lO between
top and bottom panels). The middle panel shows the FISEL+ labeling pattern of l.Za8ASinfected cells in the same population as the bottom panel. These cells showed increased
FISEL+ labeling compared to the LZ14-infected controls (p<O.OOOl) as well as compared
to uninfected cells (p<O.OOOS).
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Figure 11. Appearance of LZa6AS-Infected Cell Clones In Vivo

Tecta were injected with LZ14 or I...Za6AS on E3 and processed for X-gal
histochemistry on E6 (top panel) and E9 (bottom panel). Shown are LZ14 control clones
(left) or l..Za6AS clones (right) in thick sections.

56

LZ14
E6 ·

E9

LZa6AS

Table 4
Tecta! ventricles were injected with l.Za6AS or l.Zl4 on E3 (approximately stage 17), and
tecta were analyzed at E6. The size of a clone of both control (LZ14) and the experimental
(LZa6AS) clones is given as mean cell number± standard error of the mean. Significance
of differences between mean numbers of cells was assessed by the two tailed t test.
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Table 4. Effect of LZcx6AS on E6 Tecta! Cells

Vector

Number of Clones (analyzed)

Mean Cell No./Clone

l2cx6AS

218

11.4±0.6

1214

208

12.5±0.7

P=0.25
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three laminae (Table 5). Differences in cell number between a6 integrin subunit antisense
expressing and the control LZ14 clones were found in the tecta! plate (p<0.0001) and
ventricular zone (p<0.0001). There was no difference in the net cell number present in the
intermediate zone (p=0.86). There were more cells (2.3 cells more) in the ventricular zone
and less cells (4 cells less) in the tecta! plate for a6 integrin antisense- expressing clones
compared to LZ14-infected control clones. Although the number of cells more in the
ventricular zone is not exactly the same number of cells less in the tecta! plate, it is possible
that the cells missing from the tecta! plate are the same cells remaining in the ventricular
zone. Our results suggest that integrins containing an a6 subunit are necessary for the
migration of a subpopulation of tecta! cells destined for the tecta! plate. Reduction of the a6
integrin subunit appears to delay or prevent the migration of this subpopulation of tecta!
cells from the ventricular zone into the tecta! plate.
From the results in Table 5, if LZa6AS was affecting the majority of clones to a
similar extent, then it could be expected that there would be corresponding shifts among the
majority of clones in the cells within the affected laminae. To determine whether this was
the case, relative frequency histograms were plotted for the VZ and TP of LZ14- and
LZa6AS-infected clones at E9 (Figure 12). These histograms show that within the
ventricular zone there was a corresponding small shift in the population of LZa6AS clones
towards containing more cells (Figure 12, top panels). Also, for the tecta! plate there was a
corresponding shift in the population of LZa6AS clones towards containing less cells
(Figure 12, bottom panels). These results suggest that the majority of LZa6AS-infected
clones were affected similarly.
In contrast to the histochemical staining for lacZ in the aS integrin antisense
expressing clones, the lacZ staining for a6 integrin antisense expressing cells at E9 did not
appear faint The total mean cell number/clone in a6 integrin antisense expressing clones at
E9 was not changed compared to that of control clones. Considering these differences in

Table 5
Tectal ventricles were injected with LZu6AS or LZ14 on E3 (approximately stage
17), and tecta were analyzed at E9. For the vector LZu6AS, the number of clones used for
analysis was 166 (N=I66); for the vector LZ14, the number of clones used for analysis
was 128 (N=128); The cell distribution of mean cell number in each layer: ventricular
zone, intermediate zone, and tectal plate, as well as mean total cells per clone are expressed
as the mean cell number± standard error of the mean. Significance of differences between
control and experimental mean numbers of cells was assessed by the two tailed t test.
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Table 5. Effects Of LZa.6AS On
'Cell Number and Distribution at E9

Clonal Cell

LZa.6AS (N=166)

LZ14 (N=128)

Distribution

Mean Cell No. ± SE

Mean Cell No. ± SE

Total Clone

18.0±0.8 (100%)

19.8±1.0 (100%)

0.18

Tecta! Plate

5.0.0±0.4 (28%)

9.0±0.6(45%)

<0.0001

Intermediate Zone

3.0±0.2 (17%)

3.0±0.2 (15%)

0.86

Ventricular Zone

10.0±0.4 (55%)

7.7±0.4 (39%)

<0.01

P value

Figure 12. Relative Frequency Histogram of Affected Zones in LZa.6ASInfected Tecta at E9
The top panels show the relative frequency distribution of l.Za.6AS- and l.Z14infected cells within the ventricular zone. The bottom panels show the relative frequency
distribution of l.Za.6AS- and l.Z14-infected cells within the tecta! plate.
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a6 integrin antisense expressing clones, our results indicate that a6 containing integrins
play a different role during development than do a8 containing integrins. Our results are
summarized in a quantitative diagram in Figure 13.

Discussion
We constructed retroviral vectors that contain antisense sequences against integrin

aS and a6 subunits as well as the lacZ marker gene in order to attenuate these integrin
subunits in identifiable cells. We demonstrated that these vectors reduced levels of their
respective integrins in dissociated OT cells that were recovered after they were infected in
vivo as well as in a cell line in vitro. Therefore, we believe that our in vivo results
concerning the behavior of infected OT cells are due to the attenuation of a8 and a6
integrin subunits. As with any antisense strategy experiment, it is not possible to rule out
that the observed phenotypes were due to either a specific or a nonspecific alternative
effect. However, our results showing two drastically different phenotypes with LZa8AS
and LZa6AS in vivo serve as controls for each other.
Our results show that different integrins play different roles during the development
of the central nervous system. The attenuation of the integrin subunits a8 and a6 had
different effects on the development of optic tectum cells. Attenuation of the a8 subunit
resulted in cell death by apoptosis as shown by increased ASEL+ labeling. Our a8
antisense results here and our previous PI antisense results argue that a8PI is one
molecule that influences cell survival in developing brain. At early stages such as E6,
LZa8AS virus infected clones did not appear different from control LZ14 clones. But, as
early as E7.5, the LZa8AS bearing clones were much different in cell number and
distribution. Normally, cells begin migrating out from the ventricular zone around E7.
E7.5 clones were different from control clones in the intermediate zone and tecta! plate, but
similar in the ventricular zone. There are several potential explanations for this. It may be

Figure 13. Summary Data
The effects of antisense a8 and a6 sequences on the clonal development of tecta!
cells are shown in this quantitative summary diagram. Data are taken from Tables 1-5.
Each dot, black or white, represents a cell.
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that a8j31 first affected the survival of cells which migmte into the intermediate zone and
tecta! plate. Or, it may be that after E6 fewer cells were produced, so that fewer cells then
migrated out of the ventricular zone. Since our E6 results do not support an effect on cell
production, we favor the first explanation. a8 antisense bearing cells in the ventricular
zone at E9 were fewer in number than in control clones, indicating that these cells were also
affected and eventually died. Death was also suggested by fainter staining for lacZ. It is
currently unknown whether the earlier dying cells in the upper laminae and/or the relatively
later dying ventricular zone cells died due to a direct effect or due to an indirect effect.
Our results are the first to demonstmte a potential role for a8j31 integrin during
bmin development. MUller and coworkers (1997) showed recently that mice with a null
mutation in the integrin a8 gene exhibited profound deficits in kidney morphogenesis. It
has not been reported yet whether or not there were any abnormalities in those mouse
bmins. Clonal analysis results here for LZaSAS resembled previous )31 integrin antisense
results (Galileo et al., 1992) even though the a8 antisense results appeared more dmmatic.
It is possible that the aS integrin subunit may mediate the most necessary functions of )31
integrins for survival of OT cells during development. The reason why the aS antisense
result was more dmmatic than the )31 antisense result may be because the aS antisense
reduced more dmmatically the expression level of a8)31. The a8 subunit can dimerize only
with the.J31 subunit, while )31 can dimerize with as many as 10 different a subunits.
Therefore, even if the aS and the )31 antsense sequences reduced their respective subunits
to similar levels, the aS antisense sequence would be expected to lower the level of aSj31

more, thus having more dramatic effects on developing !ectal clones.
Numerous reports have shown that integrin adhesion systems participate in the
regulation of apoptosis (e.g. LaAamme and Auer, 1996; Dedhar and Hannigan, 1996).
The anti-apoptosis function of integrins may be mediated through signaling cascades
involving focal adhesion kinase (Richardson and Parsons, 1995). It has been reported that
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tx5~1 integrin can support survival of cells on fibronectin, possibly by upregulating Bcl-2

expression (Zhang et al., 1995).
tx8~1

tx8~ 1

is also a fibronectin receptor. It is possible that

inhibits apoptosis of optic tectum cells through the same mechanism as tx5~1 since

fibronectin is present in developing tectum. However, a transgenic knockout of Bcl-2 did
not show any obvious developmental abnormality of the nervous system, even though
Bcl-2 is apparently absolutely required for the survival of some neurons (Michaelidis et al.,
1996). This may make this mechanism less plausible. We think that tx8~ 1 may inhibit
apoptosis of optic tectum cells by upregulating Bcl-2 and/or other Bcl-2-like molecules or
by downregulating apoptosis promoting factors such as Bax (Deckwerth et al., 1995)
changing the Bcl-2: Bax ratio in favor of cell death (Meredith ~nd Schwartz, 1997).
It is well accepted that cells in the central nervous system migrate along radial glial
fibers during development Our reduction of tx8~ 1 expression may have caused the loss of
anchorage of OT cells to this migratory guide, thus triggering apoptosis. Prevention of
apoptosis by the ECM is dependent upon the expression and function of particular integrin
heterodimers (LaRamme and Auer, 1996) which in tum interact with particular ECM
substrates. Currently, it is not known which particular ECM substrates for tx8~ 1 may be
involved in the suppression of apoptosis in the optic tectum. Candidate substrate molecules
that we have found include fibronectin and tenascin. Fibronectin is already thought to be
involved in radial migration of neurons in the developing mammalian cortex (Sheppard et
al., 1991; Pearlman and Sheppard, 1996). Tenascin has been found on radial glia in
developing mammalian cerebellum (Yuasa, 1996; Yuasa et al., 1996), and could similarly
be involved in neuronal migration. We think that either or both of these molecules may be
interacting with

tx8~ 1 integrins

on developing tecta! cells to facilitate cell survival and/or

migration.
Homologous deletion of the tx8 integrin gene apparently did not show obvious
effects on mouse nervous system development (MUller et al., 1997). This is different
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from our antisense results. This may be due to either species differences or other factors
such as the timing of perturbation of the gene. For example, o;6 integrin knockouts also
did not show obvious abnormalities of the central nervous system (Georges-Labouesse et
al., 1996). lntegrin a6 expression, however, was required for early nervous system
development in Xenopus laevis in vivo when attenuated by antisense o;6 mRNA
expression (Lallier et al., 1996). Knock out mice for the integrin o;1 subunit did not show
any corresponding phenotype (Gardner, eta!, 1996), however, experiments using
injection of o;1 antisense oligonucleotides into chick embryos did result in neural crest and
neural tube abnormalities (Kil eta!., 1996). These examples demonstrate that in vivo
results obtained from deletion or attenuation of a particular integrin subunit may depend
upon the stage at which the molecule is attenuated. Early attenuation, as in knockout mice,
may result in compensation for the deletion by the early embryo. Compensatory
mechanisms may be inactivated, however, at some later point in time during development
Mechanisms of compensation both at the molecular level and at the cellular level have been
postulated to explain results obtained from integrin knockout mice (see Gull berg and
Ekblom, 1997 for discussion).
Our o;6 integrin antisense results add more evidence to the notion that integrins
control cell migration in the developing central nervous system. At E9, o;6 antisense
expressing clones had a differential distribution of fewer cells in the tecta! plate and more
cells in the ventricular zone, but the total cell number was unchanged. This suggests that
o;6~1

integrin is necessary for the migration of a subpopulation of cells which end up in the

tecta! plate. Whether or not this subpopulation can eventually migrate out of the ventricular
zone, can differentiate in its new location without migration, or simply dies later is
currently unknown. The potential substrate molecules for o;6 integrins in tectum are also
not known. We could not detect staining for laminin (B1 chain) within the neural tissue of
the optic tectum by triple-layer immunofluorescence (data not shown). However, other
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forms of laminin, other known substrates, or unknown substrates for o;6 integrins may be
present in optic tectum and on radial glia. A specific chain of Iaminin (82) has been
reported on radial glia in mammals (Liesi, 1992).
Transgenic knockout mice of the o;6 integrin gene did not show obvious nervous
system abnormalities (Georges-Labouesse eta!., 1996). This is consistent with our limited
o;6 antisense results. The redistribution of cells within our clones was not obvious by
visual inspection of handcut sections before quantitation (Figure 11). It may be that the
loss of this subpopulation of cells does not cause any dramatic abnormalities, regardless of
whether they die, survive and differentiate into another cell type, or survive and
differentiate into ectopic cells of their normal· phenotype.
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IV. Significance of Work and Future Directions
There are several significant findings from my work. First, the most significant
finding is that different integrin subunits perform different roles during development of the
vertebrate brain. This is significant because 10 years ago integrins were thought to play
minor if any, roles in the development of vertebrate brain. My findings add more evidence
to the importance of integrins for normal development of CNS.
Second, specifically o.S integrin appears to be required for the survival of all
developing tecta! cells. This is significant because this is the first evidence which indicates
o.S integrin regulates cell survival. This finding also indicates that o.S integrin may play
different roles in different species or else that the timing of the perturbation is critical.
Third, specifically o.6 integrin appears to be required for the migration of only a
small subset of cells (2-4) out of the ventricular zone and into the tecta! plate. This is
significant because it suggests that some developing cells need a specific integrin for their
migration.
Fourth, widespread programmed cell death in the proliferative and postmitotic
regions of developing brain must be a general phenomenon among vertebrates. It was first
shown by Blaschke et al. in mouse cortex (forebrain), and then by me in developing
chicken tectum (midbrain), using two different DNA-end labeling techniques.
Fifth, I developed two new techniques that should prove of general usefulness.
DISEL and FISEL+ provide two useful tools for studying apoptosis in the central nervous
system (CNS) and other systems. DISEL is a very simple and reliable technique, and
FISEL+ is a very sensitive method suitable for detecting cell death in developing tissues.
From these studies, several important questions are raised. First, is cell death
caused by o.S integrin antisense due to the loss of anchorage to radial glia? To answer this
question, the o.S antisense sequence could be cloned into a green fluorescent protein
retroviral vector. This vector would allow visualization of living cells in tissue slices. The
interaction pattern between antisense infected cells and radial glial cells could be directly
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observed. Alternatively, the high resolution of electron microscopy could be used to look
at the structural relationships between a.8 antisense bearing cells and radial glia Antibodies
against focal contacts and IacZ could also be used to look at the contact points between
infected cells and radial glial.
Second, what is the fate of the a.6 integrin antisense infected cells which did not
migrate? There are several possibilities. The migration of these cells may be only delayed.
Observation at later stages should answer this. Alternatively, the cells may die in the new
ectopic location (ventricular zone). Observation of later stages could also answer this. If
they survive, what type of cell do they differentiate into (i.e. their normal phenotype in the
ectopic location, or a new phenotype because of the ectopic location)? Specific antibody
staining may make this clear.
Third, are the results collected from my study obtainable using other approaches?
To answer this question, blocking antibodies against a.8 and a.6 integrins and their ECM
substrates could be injected into chicken optic tectum to see if a similar phenomenon to that
caused by a.8 and a.6 retroviral antisense expressing vectors can be observed. Also, tissue
slices of OT could be exposed to antibodies and oligonucleotides against a.8 and a.6
integrins and their substrates.
Fourth, is a.8 integrin also required for cell migration and survival of other cell
types? To answer this question, the same a.8 antisense vectors can be injected into neural
crest and other parts of chicken brain or embryo.
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