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ABSTRACT

Maternal exposure to the environmental toxicant 2,3,7,8-
tetrachlorodibenzo-p-dioxin (TCDD) induces a variety of defects
in compaction-stage embryos, including monopolar spindle
formation, errors in chromosome segregation, and fragmenta-
tion resulting from aberrant cytokinesis. In this study, we
investigated the possibility that a failure in centrosome
duplication, separation, or positioning within blastomeres might
underlie the observed effects of TCDD on early embryos. The
subcellular localization of the centrosomal marker TUBG1 was
analyzed in preimplantation embryos collected from female rats
exposed to either chronic (50 ng kg™ wk™" for 3 wk) or acute
(50 ng/kg or 1 pg/kg at proestrus) doses of TCDD. In treated
embryos, interphase TUBG1 foci were more abundant and
cortically displaced when compared to those in controls. At
prophase, some blastomeres exhibited a single large perinuclear
TUBG1 aggregate, suggesting a failure in centrosome duplica-
tion or separation. Furthermore, the presence of monopolar
spindles at metaphase was confirmed by the localization of
TUBGT to the single spindle pole. Therefore, the misregulation
of centrosome number and localization, as indicated by TUBG1
staining, may contribute to errors in chromosome segregation
and cytokinesis in embryos following maternal TCDD exposure.

cell cycle, centrosome, dioxin, early development, embryo,
spindle, toxicology, tubulin

INTRODUCTION

Centrosomes are the organelles responsible for nucleating
microtubules. In most cells, centrosomes are comprised of a
pair of centrioles surrounded by pericentriolar material.
However, the centrosomes of the oocyte and early embryo do
not contain centrioles [1, 2]. In these cells, aggregates of
pericentriolar material provide functional microtubule organiz-
ing centers capable of assembling interphase microtubule
networks as well as bipolar spindles. A conserved member of
the tubulin superfamily, TUBGI1 (y-tubulin) is a key
component of the pericentriolar material. Most TUBG1 is
found as the vy-tubulin ring complex, which nucleates
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microtubule assembly and acts as a minus end capping protein
[3, 4]. Additionally, roles have been established for TUBG1 in
the maintenance of interphase microtubule dynamics [5],
spindle assembly and function [5, 6], cell-cycle checkpoint
regulation [7], and chromosome-to-pole movement during
anaphase [8—11]. Recent evidence also shows that centrosomes
provide a scaffold for accumulation of numerous regulatory
proteins, especially those that are exchanged between the
cytoplasm and nucleus [12].

Centrosome number, position, and function are cell-cycle
dependent. Cells in the G, phase of the cell cycle have a single
small centrosome [13]. At the G,/S transition, Cdk2/cyclin E or
cyclin A activity induces centrosomes duplication [14, 15]. By
the M phase, each centrosome has acquired the maximal
amount of pericentriolar material, and the two centrosomes
separate in early mitosis to participate in spindle pole formation
[16-18]. To ensure appropriate bipolar spindle assembly,
cytokinesis, and chromosome segregation, it is essential that
centrosomes duplicate only once during each cell cycle.
Defects in centrosome duplication and function are associated
with human diseases, including cancer.

The aryl hydrocarbon receptor (AHR) is a transcription
factor that mediates the effects of environmental pollutants
belonging to the halogenated aromatic hydrocarbon family,
such as 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD). TCDD is
an extremely potent toxicant that contaminates the environment
as a consequence of waste incineration, industrial processes,
and past herbicide use. Numerous studies have shown that
TCDD causes adverse effects on both animal and human health
by disrupting endocrine homeostasis, cellular proliferation, and
tissue differentiation and is associated with birth defects,
infertility, and cancer [19-21]. Ligand-bound AHR translo-
cates to the nucleus and binds with ARNT to form an active
transcription complex that interacts with the dioxin-responsive
element present in the promoter region of AHR-regulated
genes to control their transcription [22]. In addition to its
activity as a transcriptional regulator, AHR influences diverse
cellular processes by modifying protein phosphorylation
signaling events [23].

Recently, we showed in rats that maternal exposure to
environmentally relevant doses of TCDD disrupts compaction-
stage embryonic development but does not prevent survival to
the blastocyst stage [24]. In particular, TCDD was found to
induce the formation of monopolar spindles. In the present
study, we aimed to further understand the mechanism by which
TCDD disrupts mitotic spindle formation in cleavage-stage
embryos. For this purpose, we used high-resolution confocal
microscopy to characterize the effects of chronic and acute
maternal TCDD exposure on the following: 1) subcellular
TUBGI1 foci number and position, 2) mitotic spindle integrity,
3) nuclear position, and 4) f-actin organization from the time of
compaction through the early blastocyst stage.
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MATERIALS AND METHODS

Animals

Female Sprague-Dawley rats (Charles River Laboratories) were housed
under a 12L:12D photoperiod at an ambient temperature of 23 = 2°C with food
and water ad libitum. All procedures were approved by the University of
Kansas Medical Center Institutional Animal Care and Use Committee. The
estrous cycle of rats was monitored by vaginal cytology. The normal estrous
cycle of the rat has a duration of 4-5 days and exhibits a characteristic cyclic
sequence of vaginal cytologic changes.

In experiment 1 (chronic exposure), female Sprague-Dawley rats were
exposed chronically to TCDD beginning in utero. Given that TCDD has a long
half-life in the rat (3 wk), a weekly dosing regime was employed. Initially,
pregnant dams (n = 3 for each experimental group) received an oral dosing of
TCDD (50 ng/kg) or corn oil vehicle (4 ml/kg) on Gestational Days 14 and 21
and then on Postpartum Days 7 and 14 to provide in utero and postnatal
lactational exposure, respectively. On Postnatal Day 21, female offspring (n=3
per experimental group) were weaned and orally dosed with TCDD (50 ng/kg)
or corn oil vehicle (4 ml/kg), and dosing was continued at weekly intervals
thereafter. This dose mimics the repeated exposures of people in high-risk
occupations or contaminated environments. At 3 mo of age, proven males were
introduced on the evening of proestrus, and breeding was confirmed by the
presence of sperm on vaginal cytology the following morning. Embryos were
collected in FHM medium (Chemicon) prewarmed to 37°C by flushing
oviducts and uteri on Day 4.5 after coitus.

In experiment 2 (acute periconceptional exposure), female Sprague-Dawley
rats (n =3-6 for each experimental group) received a single oral dose (50 ng/kg
or 1 pg/kg) of TCDD (Chemical Abstracts Service no. AS 1746-01-6;
molecular weight, 321.9; purity, >99%) or corn oil vehicle (4 ml/kg) on the
evening of proestrus and were housed with a male of proven fertility. At the
time of dosing, rats were 50 days of age. The low dose mimics exposure of
high-risk human populations, whereas the high dose is greater than the level in
the majority of exposures. Breeding was confirmed by the presence of sperm on
vaginal cytology the following morning. Embryos were collected in FHM
medium prewarmed to 37°C by flushing oviducts and uteri on Day 4.5 or 5.5
after coitus.

Immunofluorescence

Embryos were processed for TUBG1, DNA, and f-actin immunofluores-
cence as previously described [25]. Immediately following their collection,
embryos were fixed for 30 min in 4% paraformaldehyde at 37°C and stored at
4°C in wash solution (PBS supplemented with 2% bovine serum albumin, 2%
skim milk powder, 2% normal goat serum, 100 mM glycine, 0.01% Triton-X-
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FIG. 1. Localization of TUBGT in rat pre-
implantation embryos. Eight- to 16-cell
embryos (A—G) and blastocysts (H-]) were
stained for visualization of TUBGT1 (green),
f-actin (red), and DNA (white). At the 8- to
16-cell stage, interphase blastomeres ex-
hibited one or two TUBG1 foci with
perinuclear or cortical positioning (A-D,
arrows). TUBG1 was also localized to
spindle poles and midbodies of mitotic
blastomeres (E-G). In blastocysts, aggre-
gates of TUBG1 were observed in TE (H)
and ICM ()) cells and at the spindle at
metaphase (K) and chromosomes at ana-
phase (L). Bar = 10 pm.

100, and 0.2% sodium azide) until processing for immunofluorescence.
Embryos were extracted for 30 min at room temperature in 0.1% Triton-X-100
and incubated overnight at 4°C in wash solution. For immunostaining of
microtubules, embryos were first incubated with mouse monoclonal anti-
TUBGI (Sigma) diluted 1:100 in wash solution for 1 h at 37°C, followed by
Alexa 488-labeled goat anti-mouse IgG (Molecular Probes) diluted 1:1000 in
wash solution for 1 h at 37°C. DNA was stained with Hoechst 33258 (1 pg/ml
in wash solution) for 30 min, and cytoskeletal integrity was analyzed by
staining f-actin with rhodamine-labeled phalloidin (1 pg/ml in wash solution;
Molecular Probes) for 30 min. Embryos were mounted under cover slips
without compression in medium containing 50% glycerol and 25 mg/ml of
sodium azide.

Embryos were analyzed using a Zeiss LSM Pascal confocal imaging system
mounted on a Zeiss Axioscope II with ultraviolet (405 nm), HeNe (543 nm),
and argon (488 nm) laser excitation of probes. For every embryo, a complete z-
axis data set was collected at 0.8-pm intervals (~50 sections/embryo) using a
63X oil objective (NA = 1.4). Laser power, gain, and offset settings were not
changed between samples. All measurements, spatial restoration, and three-
dimensional projections for each z-series data set were computed and analyzed
using Zeiss LSM 5 Image Browser.

Analysis of TUBG1 Foci Location

Eight- to 16-cell embryos were collected from control and exposed (50 ng
kg™' wk', 50 ng/kg, or 1 pg/kg of TCDD) female rats, and interphase
blastomeres were assessed for the position of TUBGI foci in relation to the
nucleus. Blastomeres were classified as having foci at the nucleus only, at the
cortex only, or at both the nucleus and cortex. Embryos were collected from at
least three dams for each treatment group. The number of embryos in each
treatment group was as follows: chronic control, n = 10; 50 ng kg~' wk™' of
TCDD, n = 12; acute control, n = 12; 50 ng/kg of TCDD, n=12; and 1 pg/kg
of TCDD, n= 10. The number of blastomeres assessed was as follows: chronic
control, n=106; 50 ng kg’1 wk ! of TCDD, n = 62; acute control, n=128; 50
ng/kg of TCDD, n=151; and 1 pg/kg of TCDD, n = 156. Fisher exact test was
used to compare the number of blastomeres with TUBGI foci at the nucleus or
at the cortex between control and treated embryos. A value of P < 0.05 was
considered to be a statistically significant difference.

Analysis of Nuclear Location

Eight-cell embryos were collected from control and exposed (50 ng kg
wk ', 50 ng/kg, or 1 pg/kg of TCDD) female rats and blastomeres (n = 48
blastomeres for each group, n = 6-8 blastomeres/embryo [only interphase
blastomeres were assessed]; embryos were collected from at least three dams
for each treatment group) were assessed for nuclear location. For this analysis,
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TABLE 1. Location of TUBG1 foci in interphase blastomeres following
chronic TCDD exposure.

Percentage of blastomeres (number)

Control 50 ng/kg/wk
Location of y-tubulin foci (n = 106) TCDD (n = 62)
Nucleus 52 (55) 34 n*
Cortex 36 (38) 55 (34)*
Nucleus and cortex 12 (13) 11 (7)

* P < 0.05, Fisher exact test comparing the number of blastomeres in
control and treated embryos with TUBG1 foci at the nucleus or at the
cortex.

the shortest distance between the edge of the nucleus and the basal domain of
the cell was measured using Zeiss Pascal software. Data were subjected to ¢-
tests or one-way ANOVA by Tukey post hoc test. Mean, SEM, and minimum
and maximum values are presented as box-and-whisker plots. A value of P <
0.05 was considered to be a statistically significant difference.

Statistical Analysis

All statistical analysis was performed as described using Prism 4.08
(GraphPad Software, Inc.). For details of statistics, see the relevant section
above.

RESULTS

Subcellular Localization of TUBG1 in 8- to 16-Cell
Rat Pre-Embryos

Much of what is known about TUBG1 localization during
early embryogenesis has come from studies of embryos derived
from hormonally stimulated animals and/or in vitro embryo
culture, which may not be representative of the true in vivo
state. Therefore, we first examined TUBG]1 localization within
polarized blastomeres of compacted 8- to 16-cell embryos
collected from naturally cycling and mated rats (Fig. 1, A-G).
During interphase, TUBG1 was present as one or more discrete
foci of varying sizes located immediately adjacent to the
nucleus, at the cortex, or at both subcellular locations (Fig. 1,
A-D). Foci were always oriented toward the apical free domain
of each blastomere and were usually embedded within the
polarized cytoplasmic f-actin-rich domain that extended from
the nucleus to the apical surface. At prophase, two enlarged
TUBG1 foci were detected in close proximity to the
condensing chromosomes (Fig. 1E). When the chromosomes
became aligned on a metaphase plate, TUBG1 was detected as
intense staining at both poles of the pointed spindle and also on

FIG. 2. Localization of TUBG1 in rat
preimplantation embryos following chronic
maternal TCDD exposure. Eight- to 16-cell
embryos (A-H) were collected from female
rats chronically exposed to TCDD and
stained for visualization of TUBGT (green),
f-actin (red), and DNA (white). Interphase
blastomeres exhibited multiple TUBG1 foci
(A-D, arrows). Some prophase blastomeres
only had one foci (E). TUBG1 was also
localized to a single spindle pole at
metaphase, with foci detected in the cyto-
plasm but not contributing to the spindle (F,
arrow). In some mitotic blastomeres, ap-
propriate chromosome alignment (G) and
segregation failed (H). Bar = 10 pum.

the spindle microtubules (Fig. 1F). At early anaphase, TUBG1
was localized to the spindle adjacent to the chromosomes.
However, during late anaphase/telophase, TUBGI1 appeared
within the interzone of the elongating spindle and was
prominently localized to the midbody following cytokinesis
(Fig. 1G). TUBGI staining was not detected in approximately
20% of the interphase blastomeres analyzed.

Subcellular Localization of TUBGT in Rat Early Blastocysts

In trophectoderm (TE) cells of the rat early blastocyst (32
cells), one or two discrete TUBGI1 foci were typically located
adjacent to interphase nuclei (Fig. 1H). The foci were
frequently located within an invagination of the nuclear
envelope and were oriented toward the outer surface of the
blastocyst. TUBG1 foci were not detected in approximately
20% of the TE cells analyzed. One or two large and slightly
diffuse TUBGI aggregates were detected within all cells of the
inner cell mass ICM) (Fig. 1, I and J). In these cells with little
cytoplasm, the TUBGI1 aggregates tended to be attached to the
nucleus and also tethered to the membrane on either side of the
nucleus, embedded within f-actin meshworks (Fig. 1J). As
described above for the earlier-stage embryos, mitotic spindles
at metaphase and anaphase, as well as midbodies of both TE
and ICM, routinely stained for TUBG1 (Fig. 1, K and L).

Chronic TCDD Exposure Modifies the Subcellular
Localization of TUBGT1 in 8- to 16-Cell Rat Pre-Embryos

We analyzed the subcellular location of TUBGI in 8- to 16-
cell rat pre-embryos following chronic maternal exposure to
environmentally relevant doses of TCDD (50 ng kg ' wk™ ).
Similar to controls, TUBG1 foci were detected at the nucleus,
at the cortex, or at a combination of both positions in interphase
blastomeres from TCDD-treated, 8- to 16-cell pre-embryos
(Table 1). However, TUBG1 foci were more frequently
detached from the nucleus and displaced toward the apical
and/or outer regions of the blastomere cortex in treated pre-
embryos when compared to controls (P < 0.05) (Table 1 and
Fig. 2A, which shows one foci detached from the nucleus).

Whereas control blastomeres usually had one or two
discrete foci, treated blastomeres often exhibited multiple foci
distributed throughout the cytoplasm, indicative of fragmenta-
tion or deregulated replication (Fig. 2, A-D). Moreover, some
prophase blastomeres exhibited a solitary large perinuclear
TUBGI aggregate (Fig. 2E), suggesting a possible failure in
centrosome duplication or separation. In a number of
metaphase-stage blastomeres, TUBG1 was only localized to a
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TABLE 2.

917

Location of TUBGT foci in interphase blastomeres following acute TCDD exposure.

Percentage of blastomeres (number)

Control 50 ng/kg TCDD 1 pg/kg TCDD
Location of TUBG1 foci (n = 83) (n=127) (n=114)
Nucleus 78 (65) 48 (61)* 54 (61)*
Cortex 13 (11 33 (42)* 31 (36)*
Nucleus and cortex 19 (7) 19 (24) 15 (17)

* P < 0.05; Fisher exact test comparing the number of blastomeres in control and treated (50 ng/kg or 1png/kg TCDD)

embryos with TUBG1 foci at the nucleus or at the cortex.

single spindle pole, which was oriented toward the apical
domain of the cell cortex (Fig. 2, F and G). In dividing
blastomeres, multiple TUBG1 foci were detected at the cortex
spatially distinct from the mitotic spindle (Fig. 2F, arrow). In
affected blastomeres, chromosomes were misaligned at the
presumptive spindle equator, and monopolar spindles were
basally displaced (Fig. 2G). This metaphase configuration was
consistent with our previous result of monopolar spindle
formation following TCDD exposure. Monopolar spindles
were never observed in control embryos and were strictly a
feature of the treated embryos in these experiments. Finally,
chromosomes were detected within strands of TUBG1 between
separating chromosomes at telophase (Fig. 2H). It was also
noted that chromatin within telophase blastomeres frequently
appeared to resemble a decondensation state typically found
only following cytokinesis (9/10 treated telophase blastomeres
vs. 0/7 control telophase blastomeres exhibited this phenom-
enon), suggesting that TCDD induced premature chromatin
decondensation and cell-cycle asynchrony (Fig. 2H).

Acute Periconceptional TCDD Exposure Modifies
the Subcellular Localization of TUBGCT in 8- to 16-Cell
Rat Pre-Embryos

We next analyzed the subcellular localization of TUBG1 in
8- to 16-cell and blastocyst-stage rat pre-embryos following a
single periconceptional dose (50 ng/kg and 1 pg/kg) of TCDD.
Similar to the results obtained following chronic TCDD
exposure, acute TCDD administration caused a displacement
of TUBGI foci from the nucleus to the blastomere cortex
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FIG. 3. Chronic maternal TCDD exposure modifies nuclear position in
interphase blastomeres. Eight-cell embryos were collected from control
and exposed (50 ng kg™' wk™' of TCDD) female rats, and interphase
blastomeres (n = 48 blastomeres for each group) were assessed for the
position of nuclei in relation to the basal domain of the cell. Asterisk (*)
indicates a significant difference compared to controls (P < 0.05).

(Table 2). In controls, approximately 80% of blastomeres
demonstrated perinuclear TUBGI foci, whereas only 50% of
blastomeres from treated animals (50 ng/kg and 1 pg/kg)
exhibited foci that approximated the nucleus. These displaced
TUBGTI foci were sometimes detected outside of the f-actin-
rich domain in which they typically reside within control
embryos (not shown). Additionally, mitotic spindles from pre-
embryos at both TCDD doses frequently exhibited TUBG1
staining at only one pole (for an example of a monopolar
spindle, see Fig. 2F).

Interestingly, acute periconceptional TCDD exposure did
not affect the subcellular localization of TUBG1 within TE or
ICM from rat early blastocysts (not shown). However, TE of
treated blastocysts frequently exhibited more than two TUBG1
foci (not shown).

Chronic and Acute TCDD Exposure Modifies Nuclear
Position in 8- to 16-Cell Rat Pre-Embryos

During the present study, it became apparent that TCDD
exposure not only modified the position of TUBG1 foci within
blastomeres but also affected nuclear position. In control pre-
embryos, nuclei were basally positioned and, on average, were
located approximately 1.7 um from the basal domain of the cell
(Fig. 3). However, chronic exposure to TCDD caused nuclei to
assume a more central location within blastomeres. In treated
pre-embryos, nuclei were positioned an average of 3.5 um from
the basal domain of the cell (Fig. 3). The effect on nuclear
displacement was recapitulated upon acute periconceptional
exposure to TCDD, with nuclei located an average of 2.5, 4,
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FIG. 4. Acute maternal TCDD exposure modifies nuclear position in
interphase blastomeres. Eight-cell embryos were collected from control
and exposed (50 ng/kg of 1 pg/kg of TCDD) female rats, and interphase
blastomeres (n = 48 blastomeres for each group) were assessed for the
position of nuclei in relation to the basal domain of the cell. Asterisks (*)
indicate a significant difference compared to controls (P < 0.05).
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FIG.5. Maternal TCDD exposure modifies
f-actin organization in preimplantation em-
bryos. Eight- to 16-cell embryos (A, B, and
D-G) and blastocysts (C and H) were
collected from control female rats (A-D)
and rats exposed chronically (E-G) or
acutely (H) to TCDD and stained for
visualization f-actin. TCDD treatment re-
sulted in cytoplasmic vesicles and f-actin
aggregates (E and F), vacuoles (H), and
disruption of adherence properties between
blastomeres (G, arrows). These features
were not apparent in control embryos (A—
H). Bar = 20 um (A, C, E, and H) or 10 um
(B, D, F, and G).

and 4.2 pm from the basal domain of the cell for control, 50
ng/kg of TCDD, and 1 pg/kg of TCDD groups, respectively
(P < 0.05) (Fig. 4).

Acute and Chronic TCDD Exposure Modifies the f-actin
Organization in 8- to 16-Cell and Blastocyst-Stage
Rat Pre-Embryos

Given the role of microfilaments in maintaining cytoplasmic
organization, we next evaluated the organization of f-actin in
control and TCDD-treated pre-embryos. In interphase blasto-
meres of control 8- to 16-cell pre-embryos, f-actin was
localized as a perinuclear ring with a prominent band of
staining that extended from the nuclear surface toward the
apical plasma membrane (Fig. 5, A and B). This internal
manifestation of polarity was accompanied by prominent
subcortical f-actin, consistent with the appearance of intercel-
lular junctions during the process of compaction (Fig. 5, A and
B). In control blastocysts, TE cells retained submembranous
f-actin localization at the blastomere outer surface (Fig. 5C). In
ICM, f-actin labeling was evenly distributed around the
nucleus as well as at cell boundaries (Fig. 5C). Interestingly,
f-actin was found as a sheath-like structure that surrounded
mitotic spindles during the M phase in 8- to 16-cell embryos
and in the early blastocyst (Fig. 5D).

Polarization of cytoplasmic f-actin was still observed in
8- to 16-cell embryos exposed both chronically and acutely to
TCDD. However, whereas effects at the acute low dose were
infrequently observed, all embryos from the acute high-dose
and chronic treatment groups exhibited evidence of f-actin
disruption: Blastomeres exhibited cytoplasmic vesicles and
f-actin aggregates (Fig. 5, E and F). In addition, chronic
exposure to TCDD resulted in disruption of f-actin at cell
boundaries, indicated by an irregular f-actin profile and the
presence of gaps between blastomeres in compacted pre-
embryos (Fig. 5G, arrows). Untreated control embryos did not
exhibit either of these characteristics. Acutely exposed early
blastocysts also exhibited disrupted f-actin localization, and
although discrete and tightly apposed f-actin boundaries were
observed between TE cells of treated blastocysts, f-actin
staining within the ICM appeared to be diffuse and
disorganized (Fig. 5H). Additionally, vacuoles were observed
in TE and ICM (Fig. 5H). These findings indicate that embryos
retrieved from TCDD-exposed animals, when compared to
controls, exhibit varying degrees of disorganization in the
f-actin cytoskeleton that may underlie the disruptions in
nuclear position and centrosome organization noted earlier.

DISCUSSION

Between the time of ovulation and implantation, mamma-
lian oocytes and embryos, respectively, undergo key modifi-
cations in both cell-cycle control and chromatin structure. This
critical window of mammalian development is sensitive to
perturbations in metabolism, diet, and exposure to environ-
mental toxicants, and effects realized during this period impact
the gestational and postgestational health of offspring [26-28].
One of the major defects thought to originate either during
oocyte meiotic maturation or mitotic cleavages of the early
embryo is the failure to properly align and segregate
chromosomes (karyokinesis) coincident with the partitioning
of cytoplasm during cytokinesis [29]. Errors in chromosome
segregation and cytokinesis are often attributed to cytoskeletal
defects, because these processes are especially dependent on
tubulin-based microtubules and actin-based microfilaments or
their associated motor molecules. We have previously shown
that maternal exposure to the environmental toxicant TCDD
induces monopolar spindle formation and defects in chromo-
some segregation and karyokinesis in preimplantation embryos
[24]. In the present study, we investigated the hypothesis that
alterations in the number and position of interphase TUBG1
foci are also associated with the monopolar spindle formation
and cytoskeletal defects observed in embryos following
maternal TCDD exposure.

We first analyzed TUBG1 localization in control embryos to
determine the normal pattern of expression in rats. An early
study in mouse embryos reported that TUBGI1 aggregates first
appear in interphase cells at the 32-cell stage and that centrioles
do not appear until the 64-cell stage [2]. However, more recent
studies have demonstrated the presence of perinuclear TUBG1
foci in interphase blastomeres as early as the 2-cell stage in
mouse embryos [30]. Our data are consistent with this latter
finding in that discrete perinuclear TUBG1 foci were detected
in interphase blastomeres of 8- to 16-cell rat embryos. Meiotic
and early embryonic mitotic spindles have traditionally been
described as being barrel-shaped and nonastral, with the
spindle becoming progressively more pointed with each
subsequent cell cycle [31]. Whereas the functional significance
of the switch from barrel-shaped to pointed spindles is not
clear, it may reflect the transition from TUBGI-based
microtubule organizing center nucleation of microtubules to
nucleation driven by centrioles. In the current study, the
analysis of mitotic blastomeres shows that spindles in 8- to 16-
cell rat pre-embryos and blastocysts are pointed, which is
typical of centriolar microtubule nucleation. However, further
work using centriole-specific antibodies and electron micros-
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copy is necessary to confirm this. We also found TUBGI to be
distributed along the spindle microtubules. In this regard,
TUBGT1 has been localized along the spindle microtubules at
metaphase I in pig oocytes [32] and along mitotic spindle
microtubules in cleavage-stage mouse embryos [2]. It is
possible that spindle-associated TUBG1 plays an important
role in spindle function by acting as a scaffold for the
recruitment of signaling proteins [33].

The localization of TUBG1 during early embryogenesis in
rats was essentially the same as that reported previously for
other species, but both chronic and acute maternal exposure to
TCDD resulted in the displacement of TUBG1 foci from the
nucleus to the cortex. The relative position of the nucleus and
centrosome define the axis of division and establish cytoplas-
mic polarity, which is essential for the generation of ICM and
TE lineages [34]. Moreover, localization of two TUBGI foci to
opposite sides of the nucleus is a prerequisite for bipolar
spindle assembly, which in turn is required for chromosome
segregation and maintenance of genome integrity. Consequent-
ly, disturbances in the localization and functionality of TUBG1
of the kind described here could have severe developmental
outcomes if they persist. Studies of mice deficient in TUBG1
have very clearly illustrated the importance of this protein
during development [35]. Tubg'~ mice die before implanta-
tion, but careful analysis of early embryogenesis revealed that
mitotic arrest frequently occurred at the morula stage, with
most cells at the blastocyst stage showing disorganized mitotic
spindle-like structures. Moreover, mitotic blastomeres often
exhibited a single pericentrin focus and poorly aligned
chromosomes [35]. These findings demonstrate an essential
role for TUBGI in microtubule nucleation and/or organization
during early embryogenesis. The present study also indicates
that normal mitosis is achieved during the first few cleavage
divisions by utilizing the maternally inherited supply of
TUBGI. Interestingly, both in the current study and in our
previous report [24], the negative effects of TCDD on spindle
morphology and cytoskeletal architecture were considerably
less pronounced at the blastocyst stage when compared to the
morula stage. However, it is not known if the earlier defects
had a long-lasting impact on embryonic development that
could not be measured by the morphological parameters used
in the present study. The apparent restoration of normal spindle
morphology may result from the utilization of newly expressed
embryonic TUBG1, as opposed to maternally derived TUBGI.
Alternatively, it may be caused by the de novo synthesis of
centrioles upon activation of the embryonic genome. Distin-
guishing between these possibilities would not be straightfor-
ward, because parthenogenetic embryos are capable of
generating centrioles de novo and because differentiating
between maternal or zygotic TUBGI1 would require selective
depletion of the latter. Nonetheless, these results reinforce the
importance of studying lesions in early development affecting
maternally inherited proteins that are rectified by the blastocyst
stage of development.

In addition to fragmentation of TUBGI1 foci, TCDD
exposure resulted in nuclear displacement and monopolar
spindles. The specific mechanisms by which TCDD exerts
these effects, either via the AHR or independently, are
unknown. However, recent evidence suggests that TCDD
may alter the function of cytoskeletal proteins by changing
posttranslational modifications [36]. In particular, B-actin was
differently glycosylated, and the microtubule-associated pro-
tein 1S (MAP1S) and actin-related protein 1 (ARP1) homolog
A showed enhanced tyrosine phosphorylation when cells were
exposed to TCDD. MAPI1S colocalizes with centrosomes, and
its depletion causes centrosome fragmentation. Consequently,
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MAPIS is critically important to the formation of spindle
bipoles during mitosis [37-39]. Dallol et al. [40] showed that
depletion of MAPIS results in unstable metaphase plate,
premature sister chromatid separation, lagging chromosomes,
and multipolar spindles. ARP1 is a component of dynactin, a
complex that binds microtubules and dynein [41, 42]. Dynactin
is involved in endoplasmic reticulum to Golgi transport, the
centripetal movement of lysosomes and endosomes, spindle
formation, chromosome movement, and nuclear positioning
[42]. The expression levels of proteins in cytoskeletal
organization and biogenesis, actin filament-based processes,
protein transport, and folding have also been shown to be
altered by TCDD exposure during osteoblast differentiation
from mesenchymal stem cells [43]. Thus, the cytoplasmic
disorganization and mitotic defects observed in compaction-
stage embryos following maternal exposure to TCDD may be
the result of disrupted expression or posttranslational modifi-
cation to cytoskeleton-related proteins. Further work is
required to determine if this is the case.

The mechanisms by which maternal exposures cause
nonlethal changes during compaction remain unexplained,
but the long-term impact of such perturbations in cell-cycle
control and cell polarity on offspring health reveals a serious
gap in our understanding of the link between quality of the
oocyte and that of the embryo. Not surprisingly, defects in y-
tubulin organization underscore the prevalence of mitotic errors
described in human embryos produced by in vitro fertilization
[44]. Abnormal microtubule organizing center distribution has
been linked to aberrant spindle formation and malsegregation
of chromosomes in slow-growing and arrested human
cleavage-stage embryos [45, 46]. Additionally, abnormalities
that occur early but that do not result in growth arrest have the
potential to impact a large proportion of the developing
embryo, because the embryo does not appear to be able to
eliminate defective blastomeres by apoptosis until the blasto-
cyst stage [47]. The present results clearly indicate that the
maturation and function of centrosomes in the early rat embryo
is at risk following exposure and likely accounts for overt
defects in the processes of cytokinesis and karyokinesis.
Moreover only a single, periconceptional exposure was
necessary for the effect to be observed. How oocytes respond
to agents like TCDD or other toxins to effect disruption of the
nuclear-cytoplasmic dialogue in early development represents
an important course of future investigation.

In sum, we have shown that TUBG1 foci number and
localization are modified in compaction-stage embryos after
maternal exposure to the environmental toxicant TCDD. The
misregulation of TUBG1 may underpin the defects observed in
karyokinesis and cytokinesis that are commonly observed in
treated rat blastomeres. Moreover, the extent to which the
centrosome nuclear interaction observed here impacts key
epigenetic alterations in chromatin structure and function is
deserving of further study.
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