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Abstract

The permeability of the plasma membrane plays a crucial role in the successful cryopreservation of oocytes/embryos,
To identily a stage feasible for the cryopreservation of teleost oocytes, we investigated the permeability to water and var-
ious cryoprotectants of medaka (Orvzias laripes) oocytes at the germinal vesicle (GV) and metaphase II (MII) stages, In
sucrose solutions, the volume changes were greater in GV oocytes than MII oocytes. Estimated values for osmotically
inactive volume were 0.41 for GV oocytes and 0.74 for MII cocytes. Water-permeability ( pm/minfatm) at 25 °C was
higher in GV oocytes (0.13 £ 0.01) than MII oocytes {0.06 = 0.01). The permeability of MII ococytes to various cryopro-
tectants (glycerol, propylene glycol, ethylene glycol, and DMSO) was quite low because the oocytes remained shrunken
during 2 h of exposure in the eryoprotectant solutions at 25 °C. When the chorion of MII oocytes was removed, the vol-
ume change was not affected, except in DMSO solution, where dechorionated oocytes shrunk and then regained their
volume slowly; the Ppyso value was estimated to be (.14 = 0.01 x 1072 em/min. On the other hand, the permeability
of GV oocytes to cryoprotectants were markedly high, the P; values (x10~* ¢em/min) for propylene glycol, ethylene gly-
col, and DMSO being 2.21 £ 0.29, 1.36 + 0.18, and 1.19 + 0.01, respectively. However, the permeability to glycerol was
too low to be estimated, because GV oocytes remained shrunken after 2 h of exposure in glycerol solution. These results
suggest that, during maturation, medaka oocytes become less permeable to water and to small neutral solutes, probably
by acquiring resistance to hypotonic conditions before being spawned in fresh water. Since such changes would make it
difficult to cryopreserve mature oocytes, immature oocyles would be more suitable for the cryopreservation of teleosts.
© 2004 Elsevier Inc. All rights reserved.
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fish embryos has not succeeded because several
factors are suspected to complicate the process
[21] Fish embryos have a large volume, a large
amount of egg-yolk, and a thick chorion, form a
complex structure during development, and are
susceptible to chilling. Furthermore, fish embryos
have several compartments with differing osmotic
propertics [7]. For instance, it is known in zebra-
fish embryos that, soon after the 50-70% epiboly
stage, the yolk is surrounded by the multinucleated
yolk syncytial layer, which is a permeability barrier
to cryoprotectants [4,7]. For successful cryopreser-
vation, the rapid movement of water and cryopro-
tectants through the membrane is essential.

The medaka (Oryzias latipes) is an important
experimental fish for developmental biology,
genetics, and physiology [2] Strilssmann et al.
[23] reported the successful cryopreservation of
blastomeres of medaka embryos, but as with
embryos of other teleosts, it is not possible to cryo-
preserve the whole embryo. Fortunately, however,
medaka sperm can be easily cryopreserved [I].
Therefore, the long-term preservation of various
stocks of medaka could be realized if the ococytes
could be cryopreserved.

Unfortunately, fish cocytes have similar fea-
tures to embryos that complicate cryopreserva-
tion, ie., a large size and the presence of a yolk
and chorion. However, oocytes are constituted
from only a single compartment and do not have
permeability barriers like the multinucleated yolk
syncytial layer found in embryos. These features
would be advantages for cryopreservation. The
permeability of matured fish oocytes has becn
estimated in salmon [17.20], trout [9], and meda-
ka [22]. In medaka, it has been shown that the
cryoprotectant-permeability of the oocyte is lower
than that of embryos [22]. Moreover, it is known
that, in early stages of medaka embryos, the cryo-
protectant-permeability of the plasma membrane
increases as development proceeds [22). There-
fore, it seems that fish oocytes have the disadvan-
tage of a lower cryoprotectant-permeability.
However, the oocytes used in the studies men-
tioned above were ovulated, and were in the
stage where they were just about to be exposed
to non-isotonic conditions, that is, fresh water
(hypotonic). Therefore, it would be reasonable

to assume that such matured oocytes have al-
ready acquired the ability to tolerate non-isotonic
conditions. On the other hand, fish oocytes
at earlier stages might not have acquired this
tolerance and might have different permeability
properties from matured ones. However, no
information is available on the permeability of
immature oocytes in fish.

In this study, we examined the water- and cryo-
protectant-permeability of medaka oocytes at the
germinal vesicle (GV) stage and the metaphase II
(MII) stage in order to identify a stage feasible
for oocyte cryopreservation,

Materials and methods
Collection of vocytes

About 20-100 matured orange-red type meda-
ka, purchased from a local fish dealer, were main-
tained in 60-liter aquariums under 14-h light and
10-h dark periods at 25 °C. Newly ovulated MII
oocytes were obtained from ovarian cavities of ac-
tively spawning females humanely killed 1h be-
fore the start of the light period and kept in
saline formulated for medaka oocytes (SMO
medium) [13] at room temperature prior to use.
The composition of the solution is as follows;
NaCl, 6.50 g; KCI, 0.40 g; CaCl,-2H,0, 0.15 ¢
MgSO, - TH;0, 0.15 g; NaHCO;, 1.00 g; phenol
red, 0.015g; in 1 L of distilled water with 5 mM
Hepes-HCI, pH 7.0 [13]. The oocytes were used
for experiments within 2h of collection. Fully
grown GV oocytes were obtained from ovaries
of actively spawning females humanely killed 1-
3 h before the start of the dark period, and cul-
tured in 90% tissue culture medium {TCM)-199
with Earle’s salts (Cat. No. 31100-035, Gibco
Invitrogen, Carlsbad, CA, USA) [12] at 25°C
for 2-4 h prior to use.

In some experiments, the chorion of MII co-
cyles was removed uvsing microsurgical scissors
(6 mm) and tweezers (0.1 x0.06 mm tip, 11 cm
length) [13). After being kept in SMO medium at
room temperature for 30 min, dechorionated co-
cytes were examined and the non-activated ones
(with small oil droplets dispersed in the cytoplasm)
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selected and used for experiments within 1.5 h. We
did not measure volume changes of dechorionated
GV oocytes in sucrose or cryoprotectant solutions
because we could not surgically or enzymatically
remove the chorion of GV oocytes without causing
damages.

Osmotically inactive fractions

Intact MII oocytes were placed in SMO med-
jum containing 0.26 and 1.26 Osm/kg sucrose
{0.24 and 0.91 M, respectively), excluding the
0.24 Osm/kg contributed by the SMO medium,
or in SMO medium diluted with distilled water
{x0.50 or x0.63, 0.12 or 0.15 Osm/kg, respectively)
at 252 1°C until the oocytes were equilibrated
with the solutions {for 3 h). GV oocytes were
placed in 90% (v/v) TCM-199 containing 0.23
and 1.23 Osm/kg sucrose (0.21 and 0.89 M, respee-
tively), excluding the 0.27 Qsm/kg contributed by
the 90% TCM-199 medium, or in 90% TCM-199
diluted with distilled water (x0.44 or x0.56, 0.12

Table 1
The osmelality of solutions used

or 0.15 Osm/kg, respectively), at 25°C for 2h.
The osmolality of sucrose was calculated from
published data on the colligative properties of su-
crose in aqueous solutions [27]. The osmolality of
the basic media and diluted basic media was mea-
sured with an osmometer (OMS801; Vogel, Giessen,
Germany). Total osmolality of the solutions is
shown in Table |. We assumed that the osmolality
of oocyte cytoplasm was equilibrated with that of
basic media (GV oocytes, 0.27 Osm/kg; MII
oocytes, 0.24 Osm/kg) because, unti! use for
experiments, GV oocytes were incubated in 90%
TCM-199 medium for 2-3 h and MII oocytes were
incubated in SMO medium for 1-2 h; those peri-
ods were sufficient for the oocytes to be equili-
brated with the basic media. The microscopic
images of the oocytes were recorded using a
time-lapse video recorder (ETV-820, Sony, Tokyo,
Japan) for 2-3h during exposure. The cross-sce-
tional area of the cocyle was measured using an
image analyzer (VM-50, Olympus, Tokyo, Japan).
Relative cross-sectional area, S, is expressed by

Diluent Solute Total osmolality {Osm/kg)

Basic medium Tonicity  Osmolality® (Osm/kg)  Name Osmolality (Osm/kg)

SMO x0.50 0.12 — — 0.12
x0.63 0.15 — — 0.15
x1.00 0.24 —_ — 0.24
x1.00 0.24 0.24 M sucrose 0.26" 0.50
x1.00 0.24 0.91 M sucrose 1.26° 1.50
x1.00 0.24 8% cthylene glyeol 161° 1.85
x1.00 0.24 10% glycerol 1.59° 1.83
x1.00 0.24 10% propylene glycol  1.56" 1.80
x1.00 0.24 9.5% DMSO 1.55° 1.79

90% TCM-199 x0.44 .12 — — 0.12
%0.56 0.15 - — 0.15
x1.00 0.27 — — 0.27
x1.00 0.27 0.21 M sucrose 0.23° .50
x1.00 0.27 0.89 M sucrose 1.230 1.50
x1.00 0.27 8% ethylene glycol 1.6t% 1.88
x1.00 0.27 10% glycerol 1.59" 1.86
%x1.00 0.27 10% propylene glveol  1.56° 1.83
x[.00 027 9.5% DMSO 1.58¢ 1.82

* Osmolality measured with a freezing point depression osmometer,
® Osmotality calculated from published data on the cofligative propertics of the solutes in aqueous solutions {271
¢ Osmolality measured with a vapor pressure osmometer.
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dividing it by the initial area of the same oocyte.
The relative volume was obtained from V= $*2.
Osmotically inactive fractions (w,} were obtained
from Boyle-van’t Hoff plots.

Water- and crvoprotectant-permeability of cocvtes

Oocytes placed in isotonic basic medium (SMO
medivm or 90% TCM-199 medium] were intro-
duced into basic media containing sucrose or cryo-
protectants (200 pl) covered with mineral oil in a
Petri dish (35x 10mm) at 25+ 1°C for 1 h (GV
oocytes) or 2h (MII oocytes), with a minimal
amount of isotonic solution using a pipette. The
microscopic images of the oocytes were recorded
using a time-lapse video recorder for | or 2 h dur-
ing exposure. The cross-sectional area of the oo-
cyte was measured and the relative volume at
various time points of exposure was obtained as
described above. Hydraulic conductivity (Lp) and
cryoprotectant-permeability (P;) were determined
by fitting water and solute movements using a
two-parameter formalism as described elsewhere
(3] In principle, the use of the Kedem-Katchalsky
formalism [14], which incorporates a solvent—sol-
ute interaction parameter (sigma) for calculating
water- and cryoprotectant-permeability, would be
appropriate. However, determination of a reliable
sigma value is quite difficult {15] Since we require
only a phenomenological description of the cocyte
behavior, we used the two-parameter formalism
for the calculation of water- and cryoprotectant-
permeability, Lp values of intact and dechorion-
ated MII oocytes were calculated from volumetric
changes in SMO medium containing 1.26 Osm/kg

sucrose, excluding the 0.24 Osm/kg contributed by
the SMO medium, and that of GV cocytes was cal-
culated from volumetric changes in 90% TCM-199
medium containing 1.23 Osm/kg sucrose, exclud-
ing the 027 Osm/kg contributed by the 90%
TCM-199 medivm. The P for each cryoprotectant
was calculated from volumetric changes in a med-
ium containing 10% (v/v) glycerol, 10% (v/v} pro-
pylene glycol, 8% (v/v) ethylene glycol, or 9.5% (v/
v) DMSO. The volume percentage was varied to
prepare cryoprotectant solutions with similar
osmolality (Table 1). The osmolality contributed
by glycerol, propylene glycol, ethylene glycol,
and DMSO was 1.59, 1.56, 1,61, and 1.55 Osm/
kg, respectively, excluding the osmolality contrib-
uted by the media (Table 1}. Total osmolality of
the solutions is shown in Table 1. The osmolality
of glycerol, propylene glycol, and ethylene glycol
was calculated from published data on the colliga-
tive properties of each cryoprotectant in aqueous
solutions [27] The osmolality of 9.5% DMSO in
an aqueous solution was measured with a vapor
pressure osmometer (Vapro 5520; Wescor, Logan,
UT, USA). Other various constants and parame-
ters are listed in Table 2.

Results

Osmotically inactive fractions of oocytes at the GV
and MIT stages

Fig. 1 shows the Boyle-van't Hofl plots of oo-
cytes at the GV and MII stages, Qocytes at both
stages shrunk in hypertonic solutions and swelled

Table 2

Constants and parameters used for fitting permeability parameters

Symbol Meaning Values

R Gas constant (liter atm K~' mol™") 8.206 x 1072
T Absolute temperature 298K

Ve Partial molar volume of water 0.018 L/mol
Fro Partial molar volume of ethylene glycol® 0.054 L/mol
FaLy Partial molar volume of glycerol® 0.071 L/mol
Vro Partial molar volume of propylene glycol® 0.070 L/mol
Foumso Partial molar volume of DMSO" 0.069 L/mol

® Partial molar volumes of cryoprotectants from Wolf et al. [27]

® Partial molar volume of DMSO from Mazur [19).
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Fig. 1. Boyle-van't Hoff plots of the relative volume of intact
medaka oocytes at the germinal vesicle (closed triangles} and
metaphase I stages (closed circles). Oocytes at the germinal
vesicle stage were equilibrated in 90% TCM-199 medium
containing different concentrations of sucrose or in 90%
TCM-199 diluted with distilled water at 25 °C for 2 h. Intact
oocytes at the metaphase II stage were equilibrated in SMO
medium containing different concentrations of sucrose or in
SMO medium diluted with distilled water at 25 °C for 3 h. Data
ar¢ indicated as means of relative volumes + SD. Numbers in
parentheses indicate the number of oocytes used.

in hypotonic solutions. However, changes in equil-
ibrated volume of MII oocytes in solutions of var-
ious osmolalities were much smaller than those of
GV oocytes, suggesting that the v, value of GV o0o-
cytes is smaller than that of MII oocytes. Actually,
the calculated value for v, of GV oocytes was 0.41
and the value of #* of the regression linc was 0.98,
whereas that of MII oocytes was 0,74 and the va-
lue of r* of the regression line was 0.90.

We used these w, values for calculation of the
water- and cryoprotectant-permeability of the
oocytes.

Permeability to water of oocytes at the GV and
MIT stages

Fig. 2 shows changes in the volume of oocytes
at the GV and MII stages in media containing su-
crose (the osmolality of both solutions was
1.50 Osm/kg). MII oocytes shrunk slowly and
the change in volume did not differ between intact

® intact MIl
120 O dechorionated MIt
A intact GV

100

]
{

Relative Volume (%)

¢ 10 20 30 40 50 €0
Time {min)

Fig. 2. Change in cell volume of intact (closed circles) and
dechorionated (open circles) medaka oocytes at the metaphase
IT stage and intact oocytes at the germinal vesicle stage (closed
triangles) in a hypertonic sucrose selution. Intact and dechor-
ionated MII oocytes incubated in SMO medium {0.24 Osm/kg)
at 25 °C were exposed to SMO medium containing .26 Osm/kg
sucrose at 25 °C for 1 h. Intact GV oocytes cultured in 90%
TCM-199 medium {0.27 Osm/kg) were exposed to 0% TCM-
199 medium containing 1.23 Osm/kg sucrose at 25°C for 1 k.
Data are indicated as means of relative volumes + SD. Data of
intact MII oocytes and GV oocytes were from 10 oocytes and
those of dechorionated MII oocytes were from six oocytes.

and dechorionated oocytes. This suggests that the
chorion does not affect the water-permeability of
MII oocytes. On the other hand, GV oocytes
shrunk more rapidly, perhaps due to differences
in the osmotically inactive volume and water-per-
meability, As described above, the value for v, of
MII cocytes was much higher than that of GV oo-
cytes (Fig. 1}). Lp values of intact and dechorion-
ated MII oocytes were the same (0,06 3 0.01 um/
min/atm). This value was much lower than the
value for GV oocytes (0.13 3 0.01 ym/min/atm)
(Table 3). These results show that water permeates
GV oocytes much faster than MII oocytes.

Permeability to cryoprotectants of oocytes at the
MIT stage

Fig. 3 shows volume changes of intact and
dechorionated oocytes at the MII stage in SMO
medium containing glycerol, propylene glycol,
ethylene glycol, or DMSO at 25°C. In glycerol
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Table 3
Water-permeability of medaka oocytes

Qocyles Lp (pm/min/atm)
Intact MII cocytes 0.06 + 0.01
Dechor MII oocytes® 0.06 +£0.01

GV oocytes 0.13+ 001"

* Dechorionated MII oocytes.
" Significantly different from intact and dechorionated MII
oocytes (Student’s ¢ test, P < 0.01).

solution, both types of oocytes shrunk slowly and
did not regain their volume during 2-h exposure,
suggesting that glycerol permeates both oocytes
quite slowly (Fig. 3A). Since we did not observe
a reswelling phase on permeation of the glycerol
during 2-h exposure, we could not calculate glycer-

ol-permeability for the two types of ococytes. MII
oocyles in propylene glycol and ethylene glycol
solutions also shrunk slowly and did not regain
their volume regardless of the presence or absence
of the chorion (Figs. 3B and C), suggesting that
propylene glycol and ethylene glycol also permeate
MIE oocytes quite slowly, Thus, we could not
calculate the cryoprotectant-permeability of MII
oocytes from these data. In DMSO solution, intact
oocytes also remained shrunken during 2-h
exposure whereas dechorionated oocytes shrunk
but regained their volume thereafter (Fig. 3D),
suggesting that DMSO permeated dechorionated
oocytes. The value for Ppyso of the dechorion-
ated oocytes was calculated to be 0.14 £ 0.01 x
107? em/min (Table 4).

A A Gly B .‘ PG
100 G

80 4 -

60 i

4U =

N NN
Eﬂli\ T T T T T T T l
C D
EG DMSO

Relative Volume (%)
=S

¥ T 1 T

o 30 €0 80

120
Time {min)

T T T T 1

0 30 60 90 120

Fig.'3. Change in cell volume of intact (closed circles) and dechorionated (open circles) medaka oocytes at the metaphase IT stage in
10% glycerol (A), 10% propylene glycol (B), 8% ethylene glycol (C), and 9.5% DMSO (D) solutions. Oocytes were exposed to SMO
medium containing various cryoprotectants at 25 °C for 2 h. Data are indicated as means of relative volumes £ SD. Data of intact MII
oocytes were from 10 oocytes and those of dechorionated MII oocytes were {rom six oocytes.
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Table 4

Permeability (x10~% cm/min) of medaka oocytes to cryoprotectants

Oocytes Pary” Py Prg’ Pomso”
Intact MII oocytes nd® nd nd nd

Dechor MII oocytes’ nd nd nd . 0.14%0.01
GV ococytes nd 2214029 1.36 £0.18 1.19+0.01

# Glycerol-permeability.

b Propylene glycol-permeability.
* Ethylene glycol-permeability.
4 DMSO-permeability.

® Not determined.

! Dechorionated MII cocytes.

* Significantly different from intact and dechorionated MII oocytes (Student's ¢ test. £ <0.01).

These results suggest that the polyol-permeabil-
ity of MII oocytes is very low whereas the DMSO-
permeability is relatively high but that the chorion
hinders the permeation of DMSO.

Permeability to cryoprotectants of oocytes at the
GV stage

Fig. 4 shows volume changes of GV oocytes in
90% TCM-199 containing glycerol, propylene gly-
col, ethylene glycol, or DMSO at 25 °C. In glycerol
solution, GV oocytes shrunk slowly and did not
regain their volume during 2-h exposure (Fig.
4A) similar to MII oocytes, suggesting that glye-
erol permeates GV oocytes quite slowly. On the
other hand, in propylene glycol (Fig. 4B), ethylene
glyeol (Fig. 4C), and DMSO (Fig. 4D) solutions,
GV oocytes shrunk and regained their volume,
suggesting that these cryoprotectants permeate
GV ococytes much faster than MII oocytes. Values
for propylene glycol-, ethylene glycol-, and
DMSO-permeability of GV oocytes were 2.21 +
0.29, 1.36 £ 0.18, and 1.19 £ 0.01 x 107 cm/min,
respectively (Table 4).

These results show that GV oocytes are perme-
able to various cryoprotectants.

Discussion

As an essential step for ebtaining Lp and Pg for
medaka oocytes, we first measured v, for GV oo-
cytes and MII oocytes. From the data shown in
Fig. 1, the v, value of GV oocytes was estimated
to be 0.41. This value would be reliable, because

the volumes of GV oocytes equilibrated in both
hypertonic and hypotonic solutions were linearly
arranged in the Boyle-van't Hoff plots (+* = 0.98).
On the other hand, the v, value for MII oocytes
was eslimated 1o be 0.74, which was remarkably
higher than the value for GV oocytes {0.41). This
value for MII oocytes was larger than that of ma-
tured zebrafish cocytes (0.64) [28]. Since it is unli-
kely that the amount of materials in medaka
oocytes actually increases that much during a short
period (10 h) of final maturation, it may show the
physiological changes of medaka oocytes just be-
fore spawning. Moreover, in the Boyle-van't Hofl
plots {Fig. 1), equilibrated volumes of MII cocytes
in hypotonic solutions were smaller than those ex-
pected from equilibrated volumes in hypertonic
solutions. This suggests that, during the final mat-
uration stage, medaka oocytes acquire the ability
to resist osmotic changes, especially in hypotonic
conditions. This seems rcasonable because medaka
oocytes are exposcd to fresh water at spawning,
and thus oocytes would be ruptured if they could
not acquire such tolerance. If so, such a change in
the membrane permeability in maturing oocytes is
expected to occur in other fresh water fish also.
In zebrafish, it has been shown that embryos do
not swell in hypotonic solutions whereas they
shrink in hypertonic solutions [8] However, the
mechanism by which oocytes and embryos resist
osmotic swelling in fresh water remains to be eluci-
dated. In any case, the observations and specula-
tion made here strongly suggest that the v, value
of medaka MII oocytes was actually overesti-
mated. In this case, the water- and cryoprotec-
tant-permeability of the MII oocytes would be
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Fig. 4. Changein cell volume of intact medaka oocytes at the perminal vesicle stage in 10% glycerol (A), 10% propylene glycol (B). 8%
ethylene glycol (C), and 9.5% DMSO (D) solutions. Qocytes were exposed to 90% TCM-199 medium containing various
cryoprotectants at 25 °C for 1 h. Data are indicated as means of relative volumes & SD. Data of GV oocytes in glycerol, propylene
glycol. and DMSO solutions were from 10 oocytes. and those in ethylene glycol solutions were from nine cocytes.

slightly overestimated. However, the permeability
values obtained for medaka MII cocytes were low.,

The Lp of medaka MII oocytes obtained in this
study was 0.06 +0.01 pm/min/atm, and the re-
moval of the chorion from the cocytes did not af-
fect the water-permeability (Fig. 2, Tablke 3). This
shows that the chorion does not hinder water
movement. Harvey and Chamberlain [10] also re-
ported that the chorion of zebrafish embryos was
freely permeable to water. The Lp value obtained
(0.06 £ 0.01 pm/min/atm) is comparable to that
for pacific salmon oocytes (0.08 pm/min/atm; a
value converted using an equation reported by Lei-
bo [16]; 1 um/min/atm = 22.4 pm/s) [20] or zcbra-

fish embryos from the 75% epiboly 1o threc-somite
stage (0.05 & 0.01 pm/minfatm) [6). On the other
hand, the Lp of medaka GV oocytes obtained in
this study (0.13 £+ 0.01 pm/min/atm) (Fig. 2 and
Table 3} was more than twice that of MII ococytes.
This higher water-permeability of medaka GV oo-
cytes would be an advantage over MII oocytes for
cryopreservation,

The cryoprotectant-permeability of MII oo-
cytes was quite low. Except for the DMSO-perme-
ability of dechorionated MII oocytes, we could not
calculate P, values because oocytes did not regain
their volumes during 2-h exposure in cryoprotec-
tant solutions. The shrinkage curves of intact
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and dechorionated MII oocytes in glycerol, pro-
pylene, glycol, and ethylene glycol solutions were
substantially the same. As an exception, dechor-
ionated MII oocytes in DMSO solution shrunk
and regained their volume although intact MII oo-
cytes remained shrunken. This shows that DMSO
permeates MII oocytes but the chorion hinders the
permeation. Similar results have already been re-

ported for zebrafish embryos [11]. However, the -

DMSO-permeability of dechorionated medaka
MII oocytes was not high (0.14+0.01x
1073 cm/min) (Table 4). Thus, it will be difficult
to infroduce an amount of cryoprotectant into me-
daka MII oocytes sufficient for cryopreservation
regardless of the absence of their chorion.
Compared with MII oocytes, GV oocytes, with
the chorion, had a much higher cryoprotectant-per-
meability; the P; values (x10~2 ¢m/min) for propyl-
ene glycol, ethylene glycol, and DMSO being
221 £0.29, 1.36 £ 0.18, and 1.19 £+ 0.01, respec-
tively (Fig. 4, Table 4). It has been reported that
the DMSO-permeability of medaka oocytes and
embryos increases as development proceeds {from
MII oocytes to eight-cell and eyed embryos) [22],
and the value for Ppyso at the eyed-embryo stage
was 0.82 x 10~? em/min [24]. Considering that the
P, values of GV oocytes are 1.19-2.21 x 102 ¢m/
min (Table 4), GV oocytes have an advantage in
cryopreservation at least in medaka. However,
glycerol is not suitable for cryopreservation because
the permeability of GV oocytes to glycerol was too
low to be calculated, as in the case of MII cocytes.
In MII oocytes, it was shown that the chorion
hinders the permeation of DMSQ. However, the
Ppmso of intact GV oocytes (1.19 £ 0.01 x
10+ cm/min) was much higher than that of dechor-
ionated MII oocytes (0.14 & 0.01 x 10~ cm/min)
(Table 4). This suggests that the permeability to
DMSO of the plasma membrane and the chorion
of GV oocytes is markedly higher than that of MII
oocytes and that the permeability decreases during
the final maturation period. Thus, not only the high-
er permeability of the plasma membrane but also
the higher permeability of the chorion is also an
advantage of GV oocytes for cryopreservation.
Zhang and Rawson showed much larger values
for water-permeability of zebrafish embryos at the
one-cell (0.34 & 0.16 pm/min/atm) and six-somite

0.35 £ 0.15 pm/min/atm) stages [28] compared
with those in other studies (0.04 0-0.100 pm/min/
atm) [5,6] and those of medaka MII oocytes
(0.06 & 0.01 pm/min/atm) in this study. This large
difference may be due to the presence or absence of
cryoprotectants in solutions for measuring perme-
ability to water, We, and Hagedorn et al. [6], calcu-
lated water-permeability of oocytes and embryos
in solutions containing cell non-permeating solutes.
Onthe other hand, Zhang and Rawson[28] obtained
the values of Lp in the presence of methanol. In the
presence of cryoprotectants, an increase in the mem-
brane permeability parameter has been noted [18]

In this study, we have demonstrated that
immature mecdaka oocytes have relatively high
water- and cryoprotectant-permeability. But the
permeability may not be sufficiently high for cryo-
preserving them because fish oocytes have a huge
volume compared with mammalian oocytes and
embryos. During the last decade, small intrinsic
membrane proteins that act as water channels have
been discovered and characterized [26]. These pro-
teins, called aquaporins, occur in two groups: one
subgroup is highly selective for water and the other
subgroup transports not only water but also neu-
tral solutes with a small molecular weight, such as
cell-permeating cryoprotectants. We have already
demonstrated that the artificial expression of aqu-
aporin-3, which acts as a water/cryoprotectant
channel, through injection of its cRNA, increases
the water- and cryoprotectant-permeability of
mouse oocytes [3]. We have also demonstrated that
the artificial expression improves the tolerance of
mouse oocytes for cryopreservation [3]. The artifi-
cial expression of aquaporin-1 also improves toler-
ance in yeast [25]. Aquaporin-3 can be artificially
expressed in zebrafish embryos and the expression
improves water- and cryoprotectant-permeability
[8]. Thus, the expression of such water channels
in immature fish oocytes might be effective for the
cryopreservation of fish oocytes.

In conclusion, we have shown that immature
oocytes are relatively permeable by water and
cryoprotectant, whereas matured ococytes have
quite low membranc permeability. These results
suggest that, with maturation, medaka oocytes be-
come less permeable to water and to small neutral
solutes, probably by acquiring resistance to hypo-
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tonic conditions before being spawned in fresh
water. Since such changes would make it difficult
to eryopreserve matured oocytes (and maybe em-
bryos), immature oocytes would be more suitable
for cryopreservation.
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Generation of Reelin-Positive Marginal Zone Cells from the
Caudomedial Wall of Telencephalic Vesicles
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An early and fundamental step of the laminar organization of developing neocortex is controlled by the developmental programs that
critically depend on the activities of reelin-positive cells in the marginal zone. However, the ontogeny of reelin-positive cells remained
elusive. To gain insights into the spatial and temporal regulation of reelin-positive marginal zone cell development, we used a transgenic
mouse line in which we defined the green fluorescent protein (GFP) transgene as a novel reliable molecular marker of reelin-positive
marginal zone cells from the early stages of their development. We further used exo utero electroporation-mediated gene transfer that
allows us to mark progenitor cells and monitor the descendants in the telencephalon in vivo. We show here the generation of reelin-
positive marginal zone cells from the caudomedial wall of telencephalic vesicles, including the cortical hem, where the prominent
expression of GFP is initially detected. These neurons tangentially migrate at the cortical marginal zone and are distributed throughout
the entire neocortex in a caudomedial-high to rostrolateral-low gradient during the dynamic developmental period of corticogenesis.
Therefore, our findings on reelin-positive marginal zone cells, in addition to the cortical interneurons, add to the emerging view that the
neocortex consists of neuronal subtypes that originate from a focal source extrinsic to the neocortex, migrate tangentially into the

neocortex, and thereby underlie neural organization of the neocortex.

Key words: Cajal-Retzius cells; neocortex; cerebral cortex; laminar organization; tangential cell migration; caudomedial-rostrolateral axis

Introduction

In the developing neocortex, the generation of distinct classes of
cortical neurons is controlled by the hierarchical series of cellular
interactions that culminate in the areal and laminar organization
of distinct cortical areas. After the final cell mitosis, postmitotic
cortical neurons migrate in a radial direction from the ventricular
zone (VZ), form a cortical plate (CP), and subdivide the preex-
isting preplate into the superficial marginal zone (MZ) and the
deeper subplate {Gupta et al,, 2002; Nadarajah and Parnavelas,
2002). reelin-positive cells (Meyer et al,, 1999) are one of the
major neuronal subtypes located in the MZ and are distributed
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evenly throughout the entire cerebral cortex in a wide variety of
mammalian species (Marin-Padilla, 1998; Supér etal., 1998). The
analyses of reeler mutant mice (Ogawa et al,, 1993; Meyer et al,,
1999; Rice and Curran, 2001; Tissir and Goffinet, 2003), together
with studies in human congenital lissencephaly (Gleeson and
Walsh, 2000), led to the suggestion that the neocortical neural
organization depends on the activities of reelin-positive cells that
govern the laminar arrangements of CP cells from the early stages
of development. Studies on how reelin-positive cell generation is
spatially and temporally controlled in the telencephalon might,
therefore, provide a solid cellular framework for understanding
neural organization during development of the neocortex.
Despite many advances in the characterization of the way CP
neurons are generated and organized into distinct layers (Gupta
et al., 2002; Nadarajah and Parnavelas, 2002), the ontogeny of
reclin-positive cells has remained elusive. The concept of a dual
origin of the cerebral cortex, together with the classical concept
from the time of Ramén y Cajal, provided a prevailing view that
both reelin-positive cells and subplate are generated as preplate
from the underlying VZ before the formation of CP (Marin-
Padilla, 1978, 1998). Consistent with these ideas, several studies
suggest the local generation of reelin-positive cells within the
neocortical area (Meyer et al., 2000; Hevner et al., 2003). In con-
trast, several lines of evidence suggest that neocortical reelin-
positive cells may originate from locations extrinsic to the neo-
cortex (Meyer et al., 1998, 2002; Lavdas et al., 1999; Shinozaki et
al., 2002). Together, these studies raised the possibility that neo-
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cortical reelin-positive cells consist of heterogeneous cell groups
that are generated at varied locations in the telencephalon, both
extrinsic and intrinsic to the neocortex (Meyer et al., 2002). How-
ever, there is no direct evidence for those celis that have been
generated at the putative sources to comprise reelin-positive cells
located in the MZ of the neocortex. Moreover, the extent to
which prospective reelin-positive cells from distinct sources con-
tribute within the entire population of reelin-positive cells re-
mains cbscure. In addition, the way in which prospective reelin-
positive cells from distinct sources are distributed throughout the
entire cerebral cortical MZ remains to be defined in vivo. We
show here prospective reelin-positive cells are generated from the
caudomedial wall of telencephalic vesicles (CMWT) and exhibit
the extensive tangential migration throughout the neocortical
MZ in a caudomedial-rostrolateral cellular gradient.

Materials and Methods

Mice. C57BL/6 Tg mice (Watanabe et al., 1998) and ICR Jcl mice (CLEA
Japan, Inc., Tokyo, Japan) were used for the experiments. Each strain was
mated to obtain offsprings in house in an environmentally controlled
room under the Guidelines for Use of Laboratory Animals (Japan Neu-
roscience Society) and the Animal Care and Use Committee (Mitsubishi
Kagaku Institute of Life Sciences), Noon of the date on which the vaginal
plug was detected in the moming was designated as embryonic day (E) 0.5.

Immunohistochemistry and in situ hybridization. Embryos were fixed
by cardiac perfusion with 4% paraformaldehyde (PFA}, 7% picric acid in
0.1 M sodium phosphate buffer, pH 7.4, for immunohistochemistry (IH),
and with 4% PFA in 0.1 M sodium phosphate buffer, pH 7.4, for in situ
hybridization (ISH). The brain was postfixed in the fixative for 2 hr for
IH and for overnight for ISH. Samples were then equilibrated in 25% of
sucrose in PBS and embedded in OCT compound (Sakura, Tekyo, Ja-
pan). Frozen sections were cut with a cryostat (MICROM HM50G0M;
Carl Zeiss, Oberkochen, Germany) at 10 um and mounted onto MAS-
coated glass slides (Matsunami, Osaka, Japan).

Immunohistochemical staining was performed as described
(Takiguchi-Hayashi et al., 1998). Primary antibodies (Abs) used were:
polyclonal rabbit anti-Bgalactosidase Ab (Cappel, Worthington, PA) in
1:1000; monoclonal rat anti-GFP (JFP-K2, kindly provided by Dr. S. C.
Fujita) supernatant, polyclonal rabbit anti-calbindin Ab (spot 35, kindly
provided by Dr. T. Yamakuni) in 1:1000, polyclonal rabbit anti-

_calretinin Ab (Chemicon, Temecula, CA) in 1:1000, polyclonal rabbit
anti-Pax6é Ab (kindly provided by Dr. N. Osumi} in 1:1000. Secondary
Abs used were FITC-conjugated goat anti-rat IgG (AP183F; Chemicon}
in 1:100, and cyanine3 {Cy3)-conjugated anti rabbit IgG (Jackson Immu-
noResearch, West Grove, PA) in 1:400,

RNA probes prepared were EGFP (kindly provided by Dr. Watanabe),

reelin {EcoRI/Xhol 1100bp fragment), p73 (XM 131858; GenBank,
1503-2232 nucleotides), and Lkx6 (AJ000337; GenBank, 6651 nucleo-
tides), Thri (U49251; GenBank, 2951-3780 nucleotides), and Emx2
{AY117415; GenBank, 1385~1904 nucleotides). ISH was performed as
described (Schaeren-Wiemers and Gerfin-Moser, 1993; Ishibashi et al.,
1995) with minor modifications. For double-ISH, digoxygenin-UTP,
and fluorescein-UTP (Roche Products, Hertforshire, UK) were used for
labeling of the probes, and hybridization was performed simultaneously
according to the procedures described in the manufacturer’s protocol
(TSA Biotin system; PerkinElmer Life Sciences, Emeryville, CA).
" Axiovert 200M (Carl Zeiss, Jena, Germany), Olympus BX61 with a
CCD camera DP50 (Olympus, Tokyo, Japan), and LSM5 PASCAL con-
focal microscope (Carl Zeiss) were used to obtain fluorescent images.
The images were processed using Photoshop software (Adobe Systems,
San Jose, CA).

X-gal staining. Embryos were fixed by cardiac perfusion with PBS con-
taining 1% of formaldehyde, 0.2% of glutaraldehyde, and 0.02% of
NP-40 for 2 hr. X-gal staining procedures for whole-mount brain or
frozen sections were performed as described (Motoyama et al,, 1997).

BrdU labeling study. For birth date studies, timed-pregnant Tgmice to
which in vitro fertilized eggs were transferred in utero were injected in-
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traperitoneally three times in 3 hr intervals with BrdU (Roche; 5 mg/ml
in sterile saline) at 50 mg/kg body weight on several stages of pregnancy.
The date of injections was set at ages of E10.5 (n = 3), E11.5 (n = 3},
E12.5 (n = 2),and E13.5 (1 = 3). The pregnant mice were maintained for
several days afterwards to cbtain the embryos aged at E18.5, when the
embryos were processed for IH. Sections were first autoclaved at 110°C
for 10 min in 0.1 M sodium citrate buffer, pH 6.0, as described (Imam et
al, 1995). BrdU and GFP were detected using anti-BrdU Ab (Dako,
Carpinteria, CA) and anti-GFP Ab as described (Arimatsu et al., 1999).
All the nuclei of BrdU-labeled cells, including both heavily and lightly
labeled cells, were counted for the analysis.

Exo utero electroporation. cDNA fragments of NLS-LacZ (kindly pro-
vided by Dr. S. Arber) were subcloned into the pCAGGs vector (kindly
provided by Dr. ]. Miyazaki), pCAGGS-EGFP (kindly provided by Dr. Y.
Hatanaka) and pCAGGS-LacZ (kindly provided by Dr. I. Saitou) were
also used, Exo utero surgery was followed as described (Muneoka et al.,
1986a,b; Ngo-Muller and Muneoka, 2000) with modifications.

We prepared embryos in exo utero condition to transfer genes more
reliably to the focal region by electroporation. Timed pregnant mice at
E1L.5 were deeply anesthetized with sodium pentobarbital (Nembutal;
Abbott, North Chicago, IL) at 50 mgfkg body weight. A midline abdom-
inal incision was made on the pregnant mouse, and then both horns of
uterus were exposed. The number of embryos in each horn was recorded,
and then three embryos in each horn were selected, and the rest of the
embryos were removed from the horns of the uterus to obtain enough
space for the subsequent electroporation procedures. The selected three
embryos were released from the constraints of myometrium by making a
longitudinal incision in the uterine myometrium at a position opposite
to the side of the placenta. The myometrium contracted to the base of the
placenta, and the embryos covered with their thin extraembryonic mem-
branes were exposed. DNA solutions (5 mg/ml in 10 mum Tris-HClL pH
8.0, with 0.016% Trypan Blue to permit visualization of injected solution
in the embryos) were injected into the left side of the lateral ventricle of
E11.5 telencephalon with a glass micropipette. After the injection, the
embryos covered with the extraembryonic membranes were held with
the tweezer-type electrode with discs of 3 mm in diameter at the tip
(CUY650P3; Nepa Gene Company, Chiba, Japan). Electronic pulses of
25 V were charged five times at 950 msec intervals using a square-pulse
electroporator {CUY21EDIT; Nepa Gene Company). For the electropo-
ration aiming for the CMWT-directed gene transfer, the anode was po-
sitioned caudomedially so that the DNA isincorporated into the VZ cells
of the CMWT. Likewise, the anode was always positioned on the direc-
tion to which the electroporation was conducted (see supplemental Figs.
2—4, available at www.jneurosci.org). After the procedures, embryos
were placed back into the abdominal cavity of the pregnant mouse with-
out sewing the uterine wall. The abdominal cavity was filled with pre-
warmed HBSS (Invitrogen, Gaithersburg, MD). Then, the abdominal
wall was sewed with surgical sutures, and the skin was sewed with Auoto-
clip applier (MikRon, Sparks, MD) to allow the embryos to develop. The
pregnant mice were maintained for several days, and the embryos at
E12.5-E18.5 were subjected to the analyses.

The focal restriction of electroporation-mediated gene transfer and its
reproducibility was confirmed by the series of experiments shown in
supplemental Figures 2—4 (available at www.jneurosci.org). For exam-
ple, LacZ electroporation at E11.5 aimed for the CMWT was conducted
in 12 embryos in total, among which eight embryos survived until E12.5,
and all the eight embryos exhibited the focal restriction of gene transfer at
the CMWT. In addition, when we analyzed 11 anterior-pole electropo-
rated samples, 3 lateral wall electroporated samples, and 9 CMWT elec-
troporated samples of E14.5 embryos, all the electroporated samples
exhibited the focal LacZ expression in the ventricular zone adjacent to the
electroporated region (see Fig. 4).

Slice cultures. Brains were embedded in 4% low-melting agarose gel,
and 300-um-thick parasagittal or oblique sections were cut on a vi-
bratome, as shown in Figure 71. Slices were then transferred to collagen-
coated culture membranes (Millicell-CM; 30 mm in diameter, 0.4 wm
pore size; Millipore, Bedford, MA) in organ tissue culture dishes contain-
ing 1.3 ml of medium (Invitrogen; MEM-F-12 with glutamine, 5%
PNCS, 5% horse serum, penicillin, and streptomycin) as described (Ari-
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matsu et al., 1992). They were subsequently cultured for several hours in
sterile condition in an incubator (5% CO,, at 37°C), after which the
medium was changed to Neurobasal/B-27 (Invitrogen). During the cul-
ture period, images of GFP fluorescent were captured by AxioCam MRm
CCD camera with Zeiss Stemi SVII microscope (Carl Zeiss) at appropri-
ate time Intervals.

Results

Embryonic reelin-positive cells at the neocortical marginal
zone are marked by GFP expression

Qur study in IG17 transgenic mice (Tg mice) (Watanabe et al,,
1998) revealed that the membrane-anchored GEP transgene is
specifically expressed by reelin-positive cells in the MZ during the
early postnatal period (Soda et al, 2003). This observation
prompted us to examine whether the GFP transgene can be used
as a novel marker for the embryonic reelin-positive cells and to
analyze the ontogeny of reelin-positive marginal zone cells in the
early embryonic stages of neocortical development. We first ex-
amined whether embryonic GFP expression is restricted to the
reelin-positive cells in Tg mouse telencephalon. Murine embry-
onic reelin-positive cells can be characterized by the uniform
location of cell bodies in the MZ, neurite extensions in a tangen-
tial direction, and the early onset of generation compared with
the CP neurons (Supér et al., 1998). We analyzed the telenceph-
alon of Tg mouse embryos from E14.5 onward, by which time the
neocortical MZ has emerged, and reelin-positive cells have ac-
quired their characteristic identities (Wood et al., 1992; Polleux et
al., 1997).

We first defined the pattern of GFP expression in Tg mouse
telencephalon. At E14.5, GEP expression was detected in the MZ
of all the rostrocaudal levels of the cerebral cortex (Fig. 1a—c).
Intensive GFP expression in the MZ encompassed nearly the en-
tire cerebral cortex, including the neocortex, the piriform, the
cingulate cortex {Fig. 1a—c), and the dorsal and ventral regions
adjacent to the choroid plexus (Fig. 1,¢). From E16.5 onward,
although the MZ itself was expanded, the pattern of GFP expres-
sion remained essentially similar and persisted until the latest age
examined (E18.5) (Fig.le,f) {data not shown). GFP-expressing
cell bodies were embedded in tangentially oriented intricate
nerve fibers in the MZ (Fig. 1d—f).

We next analyzed the pattern of GFP expression within the
neocortical MZ in relation to the molecular markers that have
been used to define the major types of MZ cells, including the
reelin-positive cells. Reelin and p73 serve as reliable markers of
reelin-positive cells from the early stages of their development
(Schiffinann et al, 1997; Alcantara et al,, 1998; Meyer et al,,
2002). Lhx6 marks other neuronal subtypes in the murine neo-
cortical MZ (Lavdas et al., 1999). Double in situ analyses of GEP
with reelin at E14.5-18.5 revealed that virtually all the GFP-
positive cells located at the neocortex coexpressed reelin, and vice
versa (Fig. 1g-i) (data not shown). Similarly, virtually all the
GFP-positive cells were colabeled by p73 in the neocortical MZ at
E14.5-18.5 (Fig. 1j-!} (data not shown). On the contrary, the
double in situ analyses of GFP in relation to Lhx6 revealed that, at
E14.5, the expression of GFP and Lhx6 was mutually exclusive in
the neocortical MZ (Fig. 1m- o). Double in situ hybridization of
Emx2 and Tbr1 in relation to GFP revealed that the expression of
Emx2 and Thr] was evident in virtually all of the GFP-positive
cellsin the marginal zone of the neocortex at E14.5 (supplemental
Fig. 1, available at www.jneurosci.org). Confocal microscopic
analyses of double immunostaining of Pax6 in relation to GFP
revealed that Pax6 expression was evident in some of the GFP-
positive cells in the marginal zone of E14.5 neocortex. Previous
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Figure 1.  Expression of GFP by reelin-positive cells at the neocortex of Tg mouse embryos.

-, Coronal sections at the anterior (), intermediate (b}, and posterior (¢) levels of E14.5

cerebral cortex showing therestricted expression of GFP in the entire MZ. d—F, Restriction of GFP
inthe neocortical MZ at E14.5 (o), E16.5 (e), and E18.5 {#). g— 0, Double ISH analyses of 6FPin

green( g, i/, m, o) with reelinin red (A, /), p73 inred (k, 1}, and Lhx6 inred (n, o) of the E14.5

neocortical MZ. S¢ale bars, 20 pem.

studies show that most of the reelin-positive marginal zone cells
at E14.5 express Emx2, and Tbr1, and some of them express Pax6
(Stoykova et al., 2003). Confocal microscopy studies of calretinin
inrelation to GFP revealed that calretinin expression was evident
at E14.5 in most of the GFP-expressing cells in the marginal zone
of the neocortex, but a few GFP expressing cells were negative for
the calretinin expression (supplemental Fig. 1, available at ww-
w.jneurosci.org). From E16.5 onward, however, there was a
nearly complete overlap of GFP and calretinin expression in the
marginal zone of neocortex {data not shown). These temporal
expression profiles of GFP in relation to calretinin are consistent
with the idea that the onset of GFP expression is before that of
calretinin. Taking into account of fact that the onset of reelin
expression also precedes that of calretinin in reelin-positive mar-
ginal zone cells, these data further support the notion that the
expression pattern of GFP coincides with that of reelin in the Tg
neocortex. Calbindin defines mostly non-reelin-positive cells at
E14.5 cercbral cortical marginal zone. Consistent with this, nearly
alt of the calbindin staining was not detected in GFP-expressing
cells in the neocortical marginal zone of E14.5 Tg mouse embryos
{supplemental Fig. 1, available at www.jneurosci.org).

Together, these findings provide evidence that, at the neocor-
tex, GFP is expressed exclusively by reelin-positive cells in the
embryonic Ty telencephalon from EI4.5 onward. These data
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demonstrate that GFP, in addition to reelin and p73, serves as
another reliable molecular marker of reelin-positive cell identity
in the embryonic Tg neocortical MZ.

Birth date analyses of GFP-expressing cells at the

neocortical MZ

To substantiate the notion that GFP transgene at the neocortex
marks reelin-positive cells exclusively, we examined the birth
date of GFP-positive cells in the MZ by 5'-bromo-2’ deoxyuri-
dine (BrdU) labeling studies. Progenitor cells at S-phase of the
cell cycle were labeled in vive by injecting BrdU into pregnant
mice from E10.5 onward, and the BrdU-labeled GFP-positive
cells were subjected to the immunocytochemical analyses at
E18.5 (Fig. 2a—c). More than 90% of GFP-positive cells in the
neocortical MZ were colabeled with BrdU that was injected at
E10.5, indicating nearly all of the GFP-positive cells are generated
from E10.5 oenward (Fig. 2a, supplemental Table I, available at
www.jneurosci.org). The proportion declined as the date of in-
jection was set at later embryonic ages and became <4% at injec-
tion date of E13.5. These data indicate that ~53% of GFP-
positive neocortical MZ cells were generated at E10.5-11.5, ~
29%at E11.5-12.5, ~ 8% at E12.5-13.5, and the rest before E1 0.5
and/or after E13.5 (Fig. 2b; see also supplemental Table 1, avail-
able at www.jneurosci.org). It appears there was no regional dif-
ference in the neocortex along the dorsolateral axis for the tem-
poral pattern of generation of GFP-positive cells (Fig. 2a).
Previous studies dealing with the issue of timing of reelin-positive
cell generation were able to show that most of the reelin-positive
cells were generated at approximately E10.5-E12.5 in the murine
telencephalon {(Wood et al., 1992; Hevner et al., 2003). Thus, our
BrdU labeling studies are consistent with the idea that, in the
neocortex, GFP transgene is expressed exclusively by reelin-
positive cells. Importantly, the fact that 40.3% of reelin-positive
cells on average were generated from E11.5 onward (supplemen-
tal Table 1, available at www.jneurosci.org) allowed us to exam-
ine the origins of reelin-positive cells by using electroporation-
mediated gene transfer method at E11.5 (see below),

Onset of GFP expression in relation to reelin and p73

To begin to address the issue of ontogeny of reelin-positive cells,
we examined the onset of expression of GFPin relation to those of
reelin and p73 in Tg mouse telencephalon (Fig. 3). Based on our
BrdU labeling studies, we focused our analysis on E10.5-E11.5
when most of the reelin-positive cells were generated. We asked if
the expression of GFP transgene could be detected before that of
reelin or p73, and the GFP transgene might serve as a tool to
monitor the onset of reelin-positive cell generation.

At E10.5, prominent expression of GFP was first detected at
the ventral region of CMWT at the rostrocaudal level where the
telencephalon—diencephalon junction (TD]) exists, merging ap-
parently with the GFP expression at the diencephalon (Fig. 3b,f).
GFP expression was detected in continuity at the subpial layer of
ventral subpallium (Fig. 36), including the GE primordium (Fig,
3d,e). Some GFP-positive cells were scattered in the VZ at these
locations, suggesting their local generation (Fig. 3b,d—f, arrows).
In addition, a few GFP-positive cells were detected at the subpial
layer of the prospective neocortex (Fig. 3b.d, arrowhead). In con-
trast, p73 expression was detected at the dorsal region of CMWT
and extended into the prospective neocortical areas (Fig. 3a, ar-
rowheads). Some p73-expressing cells were detected even in the
VZ of the CMWT (Fig. 3a, arrows) (Meyer et al., 2002). A few, if
any, p73, GEP, and reelin-positive cells were also scattered in the
VZ of the neocortical primordium {Fig. 3a, data not shown).
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Figure 2.  Birth date analyses of GFP-positive cells in the cerebral cortical MZ by the Brdl)

labeling study. o, Quantitative analyses of the proportion of the number of Brd¥ and GFP coex-
pressing cells in the total number of GFP-expressing cells in £18.5 cerebral contical MZ. Data
points represent mean values = SE from >>160 cells. Neocortical M2 was divided into three
areas along the dorsolateral axis. There was no significant regional difference in the generation
of GFP-positive cells among the three regions. The temporal pattern of generation of GFP-
positive cells at the cingulate cortex was similar to that of neccortex. Alf the BrdU-labeled cells,
inctuding both the heavily labeled and weakly labeled cells, were counted for the analyses. b,
Summary of quantitative analyses of birth date of GFP-positive cells in the entire neccortical MZ.
Data represent the propostion of the number of GFP-positive cells that are generated at each of the
time windows. See supplemental Table 1 {available at www Jneurosc.org) for the detailed results of
quantitative analyses. The percentage of GFP-positive cells generated in the three distinet regions of
neocortex from E10.5 onward was 93.3% on average; the petcentage of GFP-positive cells generated
from E11.5 onward was 40.3% on average; the percentage of GFP-positive cellsgenerated from E12.5
onward was 11.3% on average, the percentage of GFP-pasitive ¢ells generated from E13.5 onward
was 3.2% on average. By subtracting these numbers, we obtain, for example, $3% for the percentage
of GFP-positive cells that are generated between E10.5 and E11.5intervals. ¢, A representative coronal
section showing the staining pattems of GFP and BrdU. A few number of GFP-, BrdU-double positive
cells are shown, Scale bar, 20 om. :

AtE11.5, the area of prominent GFP expression in the CMWT
adjacent to the TDJ expanded in a bifurcated stream of cells (Fig.
3h,k). It extended in both dorsal and ventral directions at the
subpial layer of telencephalic vesicles: dorsally along the dorsal
medial wall of telencephalon (Fig. 3h,k, arrowheads), and ven-
trally along the ventral subpallium (Fig. 3h,k, arrows). The ex-
pression of GFP at the ventral subpallium appeared to be fol-
lowed by reelin expression, and accordingly, the area of reelin
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Figure3. Onsetsofp73, GFF, and reefin expression in the telencephalon. ISH analyses of p73

{8, g. ), GFP b, d—1 b, k), and reefin (¢, j, ) at E10.5 (a—f) and at E11.5 { g—/). Coronal sections
oftelencephalon at the rostrocaudal level where the TDJ exists {a— ¢, i), coranal sections at the
rostrocaudal level where the GE primordium exists (d, e), and parasagittal sections through the
CMWT ( j—/) are shown. e, f, High-power views of d and b, respectively, Rostral is to the left in
Jj-I. Amowsina, b, d, e, and fshowthe VZ staining. Amowheads in g, b, and d' show staining at the
subpial layer of prospective neocortex. Arrowheadsin g, f, j, and k show gene expression at the
dorsal part, whereas arrows in b, §, £, and / show gene expression at the ventral part of cerebral
tortex. Scale bars: g~ 100 pom; g1, 200 pm,

expression appeared to be contained within a broader area of GFP
expression {Fig. 3h,i,k,!, arrows). Moreover, there was a graded
distribution of GFP and reelin expression from ventral to lateral
at the subpial layer of cerebral cortex {Fig. 3h,1, arrows). Con-
versely, the expression of p73 at the dorsal region of CMWT
appeared to be followed by that of GFP (Fig. 3gh,j.k, arrow-
heads). In contrast to the GFP and reelin expression pattern, p73
expression was distributed in a dorsal to lateral gradient at the
subpial layer and appeared to emanate from the dorsal regton of
CMWT (Fig. 3g,j, arrows). p73, GFP, and reelin expressions were
detected on the ventral cortical surface near the olfactory primor-
dium (Fig. 3j-1, asterisks) (Meyer et al., 1998). By E12.5, all three
genes were detected uniformly in the MZ of the cerebral cortex
(data not shown).

Together, these results show the CMWT adjacent to TD] is the
region where most prominent expression of GFP is detected (Fig.
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3b,fhk). Importantly, the expression of GFP at this locus was
temporally overlapped with that of p73 (Fig. 3a,g./) and reelin
{Fig. 3¢,i,I). At the ventral region of CMWT, the onset of expres-
sion of GFP appeared to precede those of reelin and p73, whereas,
at the dorsal region of CMWT, the onset of expression of p73
appeared to precede those of GFP and reelin (Fig, 3a—c, g-1}. In
contrast, the expression of reelin-positive cell markers in other
telencephalic regions was relatively weak compared with the
CMWT (Fig. 3a—d, g-1). In summary, over the major period of
reelin-positive cell generation, the prominent expressions of
GFP, reelin, and p73 appeared to emanate from the CMWT into
the neocortex. Therefore, these observations raised the possibility
that the CMWT is a site where prospective CR cells are generated.

Generation of prospective reelin-positive cells at the CMWT
To establish a direct link between the cells generated at the
CMWT and reelin-positive marginal zone cells at the neocortex
in vivo, we used exo utero electroporation-mediated gene transfer
to mark VZ cells at the CMWT by LacZ and to follow the LacZ-
labeled descendants. We focused our analysis on reelin-positive
cells generated at E11.5, because the electroporation-mediated
gene transfer can be carried out reliably and reproducibly onto
the focal region under a microscope from E11.5 onward {supple-
mental Figs. 2—4, available at www.jneurosci.org). Plasmid DNA
injection into the E10.5 embryonic telencephalic vesicles exo
utero was hampered by the presence of deciduas surrounding the
embryos, and the survival rate of embryos severely decreased by
removing deciduas.

We first electroporated LacZ into cells located at the anterior-
pole (Fig. 4a,¢,h) or the lateral wall (Fig. 4c,£7) of telencephalic
vesicles at E11.5, permitted embryos to develop until E14.5, and
analyzed the LacZ expression pattern, Most of the LacZ-positive
descendants essentially remained at the neighboring regions
where the electroporation-mediated gene transfer was conducted
{Fig. 4a,¢). The LacZ expression was confined, mostly to the VZ
{Fig. 4e.f, arrows) and the CP, but barely, if any, to the MZ of the
neocortex (Fig. 4efihi). In contrast, when we electroporated
LacZ into cells located at the CMWT at E11.5, a population of
LacZ-positive descendants was detected on nearly the entire cor-
tical surface in 2 caudomedial-high to rostrolateral-low gradient
at E14.5 (Fig. 4b,d). Coronal sections revealed intensive LacZ
staining in the MZ throughout the entire dorsoventral axis of the
cerebral cortex (Fig. 4¢,7). The VZ staining of LacZ was confined
to the CMWT, which is consistent with the procedures of caudo-
medially directed electroporation of gene transfer (Fig. 4g, ar-
rows). No staining was detected in the CP, the subventricular or
the VZ of any other regions of the telencephalon (Fig. 4g,).

We then examined the identity of CMWT-derived LacZ-
positive descendants located in the MZ of the neocortex. We
analyzed LacZ-positive cells with anti-GFP antibody at E14.5 af-
ter the electroporation of LacZ at E11.5 mouse (Fig. 4k-m). All
the LacZ-positive cells detected in the MZ of the neocortex coex-
pressed GFP, indicating LacZ derivatives in the neocortex from
the CMWT were solely reelin-positive cells. Moreover, these LacZ-
positive cells appeared to form a substantial population of reelin-
positive cells, especially at the posterior neocortex (Fig. 4b,d).

Together, these findings indicate that virtually all of descen-
dants derived from the CMWT at E11.5 comprise reelin-positive
cells that were distributed widely in a caudomedial-rostrolateral
gradient in the cerebral cortex at E14.5. Moreover, the other re-
gions of telencephalon, including the neocortical primordium,
where the electroporation was conducted appeared to give rise to
a few, if any, reelin-positive cells at E11.5.
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Figure4. Generation and distribution of prospective reelin-positive cells derived from the (MWT,
a-d, LadZ staining of E14.5 brains in whole-mount views. Electroporation was doneinto cefls located
at the anterior-pole { a), the lateral wall { c}, or the catidomedial wall {&, ) of telencephalic vesicles.
Inset {a— ), A ventral view. &, A lateral view shown in b..e—f Coronal sections of E14.5 brain showing
the pattem of LaZ staining. Images shown in e and & are obtained from the brain shown in g; fand /
from ¢; g and  from b. Arrows (e~ g) show the LacZ staining in the VZ. h—f High-power views of ¢, £
and ¢, respectively, showing the neacorticat areas. Electroporaticn into the anterior-pole sometimes
restsfted in the LacZ distribution in the ventral cortical MZ (g, e). Electroporation toward the CMWT
exhibited onfy a faint, but significant, expression of La at the invaginated medial wall {amowsin g),
because of the LacZ staining has been performed in whole-mount preparation. Images are represen-
tative of 11 electroporated samples in , e, and A, three electroperated samplesin ¢, £ and i, and 9
electroporated samples in &, d g, and j. Analyses of reproducibility of foral restriction of
electroporation-mediated gene transfer at E14.5 revealed that all the electroporated samples exhib-
ited the focal LacZ expression in the ventricular zone adjacent to the electroporated region, k-m,
Double immunohistochemical anatyses of GFP staining in green (. m) and LaZ staining in red { m).
Scale bars: e, 100 pum; k—m, 50 pam.
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Figure5. Originsand migratory routes of LacZ descendants at the (MWT. a- ¢, LacZ staining
of coronal sections of E12.5 telencephalen at the level where (P, reside {a—¢). Amows point the
(P,..Imagesarerepresentative of eight electroporated samples ¢4, NLS-Lac staining of serial coronat
sections of E14.5 telencephalon from rostral to caudal levels (4—). Images are representative of five
electroporated samptes. Arrowheads in d-i show the VZ staining. Scale bars, 200 pom,

Origins and migratory pathways of prospective reelin-
positive cells at the CMWT
The persistence of LacZ staining in the VZ where the electropo-
ration was conducted led us to examine the origins at the CMWT.
The LacZ staining was performed on coronal sections of the tel-
encephalon at E12.5 after the electroporation of LacZ into the
CMWT at E11.5 (Fig. 5a—c). In all sections examined, the NLS-
LacZ staining in the MZ of the cerebral cortex was always corre-
lated with the NLS-LacZ staining in the VZ of the CMWT region
that most likely corresponded to the cortical hem. The cortical
hem is characterized by its unique positions relative to the cho-
roid plexus primordium (CPp} (Grove et al., 1998). At the more
rostral level of cerebral cortex, the LacZ expression in the MZ of
the dorsal cerebral cortex was always detected together with the
ventricular LacZ expression dorsal to the CPy, corresponding to
the dorsal cortical hem (n = 8 independent electroporated em-
bryos) (Fig. 5a—c) (Grove et al., 1998). In contrast, at the more
caudal level of cerebral cortex where the cortical hem can be
detected both dorsal and ventral to the CPy, LacZ expression in
the MZ of the ventral cerebral cortex was always detected together
with the ventricular LacZ expression ventral to the CPp, corre-
sponding to the ventral cortical hem (n = 8 independent electro-
porated embryos) (Fig. 5a—c). When either of these ventricular
regions was negative for the LacZ staining, no staining was de-
tected in the neighboring MZ (Fig. 5a,c).

Thus, the detailed analyses of the CMWT for the LacZ expres-
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sion pattern after 24 hr of electroporation suggest that the cortical
hem contributes to the generation of reelin-positive cells. Fur-
thermore, these results obtained from the short time point after
electroporation revealed the correlation between the origins and
the direction of the initial pathways taken by the descendants. It
appears that distinct pathways are taken initially by the prospec-
tive reelin-positive cells depending on the originated regions of
the cortical hem. The prospective reelin-positive cells appear to
take a dorsal route from the dorsal cortical hem, whereas a ventral
route from the ventral cortical hem. We do not rule out the
possibility, however, that CMWT regions outside of the cortical
hem may also contribute to the generation of prospective reelin-
positive cells.

This type of analysis also provided information on the extent
of tangential migration of descendants that were derived from the
cortical hem. To monitor the extent of tangential migration of
descendants in the MZ of the cerebral cortex more precisely, we
electroporated nuclear-localizing signals containing LacZ (NLS-
LacZ) at E11.5 to detect gene-incorporated cells and monitored
NLS-LacZ expression pattern at E14.5. NLS-LacZ-positive de-
scendants detected at E14.5 cerebral cortex covered most of the
cerebral cortical MZ, including the cingulate cortex, the neocor-
tex, the piriform, and the amygdala, with caudomedial-high to
rostrolateral-low graded distribution (n = 5 independent elec-
troporated embryos) (Fig. 5d—i). The NLS-LacZ staining in the
VZ of the cerebral cortex was again detected at a region of the
CMWT, which corresponded to the dorsal and posterior end of
cortical hem (Fig. 5d-). In addition, NLS-LacZ expression in the
VZ was not detected in any other regions of the cerebral cortex,
Thus, these results provide additional supportive evidence that
the telencephalic neuroepithelium adjacent to the choroid plexus
at the CMWT, cortical hem, have contributed to the generation
of prospective reelin-positive cells. Moreaver, these studies suggest
that reelin-positive cells that are derived from the dorsal and poste-
rior end of cortical hem at E11.5 are distributed throughout nearly
the entire cerebral cortical MZ along its dorsoventral axis by E14.5.

Tangential migratory behavior and localization of reelin-
positive cells in the MZ of the cerebral cortex

To further characterize the spatial and temporal patterns of in
vivo migratory behavior of CMWT-derived LacZ-positive de-
scendants in the MZ, we monitored the sequential appearance of
LacZ expression at the cerebral cortex in whole-mount prepara-
tion of the brain, after the electroporation of LacZ at E11.5 (Fig.
6). Focal restriction and reproducibility of electroporation-
mediate gene transfer was confirmed beforehand (see supple-
mental Figs. 2—4, available at www.jneurosci.org). At E12.5, most
of the cells that had incorporated LacZ remained at the CMWT
where electroporation was conducted (Fig. 6a). Only a few, if any,
cells traversed the edge of CMWT circumferentially from dorsal,
ventral, and posterior directions, and emerged at the Jateral wall
of the cerebral hemisphere (Fig. 64, inset). At E13.5, many LacZ-
positive cells were located on the cortical surface along the entire
dorsoventral axis of the posterior half of the cerebral cortex (Fig.
6b). By E16.5, the entire cortical surface was covered by intensive
LacZ staining, especially at the posterior cerebral cortex (Fig. 6¢c).
The LacZ staining was also detected on the ventral cortical surface
(Fig. 6¢, inset), which was consistent with the observations of the
migratory behavior of the LacZ descendants on E12.5 sections
(Fig. 5h,I) (see also Fig. 4b, inset). There was a caudomedial-high
to rostrolateral-low gradient in the distribution of LacZ-positive
cell populations, as it was observed at E14.5 (Fig. 4b.d). The ex-
tent of anterior limit of LacZ-positive cells on the cortical surface
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Figure 6. I vivo tangential migratory behavior of the CMWT-derived LacZ descendants.
Whole-mount images showing the tangentiat migratory behavior of LacZ descendants on the
cortical surface of E12.5 ( a) {n = 8: electroporated samples), E13.5( b} (n = 4}, E16.5[c) (n =
5}, and E18.5 {df) (7 = 2) brains. Insetin a, A dorsal view. Insetin ¢, A ventral view.

remained essentially similar from E14.5 onward, suggesting that
CMWT-derived reelin-positive cells at E11.5 may have reached at
their final destination at around E14.5 (Figs. 4b,d, 6c). From
E16.5 onward, LacZ-positive cells harbored extensive tangen-
tially oriented neurites, a characteristic morphology of many of
the matured reelin-positive cells (Fig. 6c). At E18.5, intensive
LacZ staining covered the entire cerebral cortex in a gradient
apparently similar to that observed from E14.5 onward (Fig. 6d).

Together, these results obtained from the i vive studies pro-
vide evidence that a substantial population of prospective reelin-
positive cells is generated at the CMWT, including the cortical
hem at E11.5, and tangentially migrate to the MZ of the cerebral
cortex. They traverse the edge of the CMWT circumferentially
and appear at the lateral wall of the cerebral hemisphere to set up
an overall posterior-anterior stream of cells. Subsequently, they
are widely distributed throughout the entire neocortex in a
caudomedial-high to rostrolateral-low gradient and, conse-
quently, comprise a substantial population of reelin-positive cells
located at the posterior neocortex.

In vitro slice culture analyses of origins and migratory
behavior of reclin-positive cells

The in vive analyses presented above, however, is retrospective
in nature and do not rule out the possibility that LacZ-positive cells
located in the neocortical MZ originated from locations where no
LacZ staining remained after the iz vivo culture period.

To rule out this possibility and to further examine the tangen-
tial migratory pathways taken by the CMWT-derived reelin-
positive cells, we set up an in vitro slice culture experiment that
allowed us to analyze the origins and migratory behavior of
reelin-positive cells prospectively on time during the culture pe-
riod (Fig. 7). We electroporated GFP into the CMWT of ICR mice
at E11.5 and permitted embryos to develop in vive until 24 hr
after the electroporation, when the level of gene expression is
expected to be reached nearly at the peak. We isolated embryos
and selected for the telencephalon in which GFP expression was
detected only at the CMWT. Then, slices were prepared from the
selected telencephalon (Fig. 7!}, cultured in vitro, and were moni-
tored on time for the migratory behavior of GEP-positive cells using
GFP fluorescent. We prepared slices along the dorsolateral, pos-
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Figure 7.

terior-anterior, or caudomedial-rostrolateral axis of the cerebral cortex
through the CMWT where the electroporation-mediated gene transfer
was conducted, and asked which slices were preferred by the CMWT-
derived GFP-positive descendants to tangentially migrate in the
MZ in vitro.

In slice cultures prepared from the sections along the dorso-
lateral axis, GFP-positive descendants did not migrate along the
cortical surface over the 24 hr of the culture period {data not
shown). In contrast, in slice cultures from sections along either
the caudomedial—rostrolateral or posterior-anterior axis, many
tangentially migrating descendants from the CMWT were de-
tected along the cortical surface of the prospective neocortex over
the 20 hr of the culture period {Fig. 7a—i). At the time of isolation
only a few GFP-expressing descendants were detected at the pro-
spective neocortex (Fig. 7a,d,g). The number of descendants in-
creased markedly after 10 hr (Fig. 7b,¢,h}, and the population ex-
tended from medial to lateral along the cortical surface over 20 hr of
culture period (Fig. 7c,f1). Dorsal and ventral migratory routes inan
overall posterior-anterior direction were recognizable, which was
consistent with the results obtained from the in vive studies (Fig.

i vitro slice culture analyses on the origins and migratory pathway of (MWT-derived descendants. a— Images
obtained after 0 hr (g, d, ), 10 hr (b, ¢, k), and 20 br {c, £ 1) of in vitro slice cuttures prepared from caudomedial—rostrolateral
sections (a-¢) and posterior—anteriar sections {d—i}. Insets {o—f) show the merged images of fluorescent and bright field. g—i,
High-power views of d—f f, k, Tangentially migrating GFP-positive descendants on dorsal { g}, and ventral { #) routes. £ A diagram
showing the way slices were prepared through the electroporated regions at the (MWT. Arrows (a—f) show the extent of
tangential migration. Images are representative of 19 slices obtained from eight electroporated samples.

). Keurosci., March 3, 2004 « 24(9):2286-2295 » 2293

7a~i). Forwardly extended tangentially ori-
ented neurites tailed by the following cell
bodies, a characteristic feature of migrating
cells, were detected in both dorsal (Fig. 77)
and ventral (Fig. 7k) route of migration.
Thus, these in vitro slice culture exper-
iments provide prospective and direct ev-
idence that progenitor cells located at the
CMWT at E11.5 generate descendants that
tangentially migrate on the neocortical
surface. Moreover, these studies suggest
that the CMWT-derived descendants take
an overall posterior—-anterior directed path-
way on the neocortical surface along the cau-
domedial-rostrolateral axis and posterior—
anterior axis, but not preferentially along the
dorsolateral axis of the cerebral cortex.

Discussion

Present studies address three major points
on the issues dealing with the ontogeny of
reelin-positive MZ cells: (1) The CMWT,
including the cortical hem, appearstobea
source for the generation of prospective
reelin-positive cells. (2) The CMWT-
derived reelin-positive cells tangentially
migrate at the cortical MZ in an overall
posterior—anterior direction. (3) These
| migrating neurons distribute in a
caudomedial-high to rostrolateral-low
cellular gradient throughout the entire
neocortex during the peak period of
corticogenesis.

Our results define neocortical reelin-
positive marginal zone cells, in addition to
neocortical interneurons (Anderson et al,,
1997), as a neuronal subtype that tangen-
tially migrates from locations extrinsic to
the neocortex and participates in the neo-
cortical organization. Unlike the migra-
tion of interneurons, it appears there is a
strict preference in the migration of
CMWT-derived reelin-positive cells in
that these neurons migrate exclusively in
the MZ. Furthermore, our findings define a2 population of neo-
cortical reelin-positive cells as a subclass of reelin-positive cells
derived commonly from the CMWT and distributed throughout
the entire cerebral cortical MZ.

Differential reelin-positive cell marker expression and the
heterogeneity of reelin-positive cells

We first consider the relationship between the GFP expression
and reelin-positive cells in Tg mouse embryos. Previous studies
on the analyses of early expression patterns of reelin-positive cell
markers raised the possibility that reelin-positive cells are gener-
ated from several putative sources in the telencephalon (Schiff-
mann et al.,, 1997; Alcantara et al,, 1998). Qur results presented
above indicate that GFP transgene, in addition to reelin and p73,
serves as another reliable marker for the identification of reelin-
positive cells that are located in Tg embryonic neocortical MZ,
The spatial and temporal correlations between the expressions of
GFP with those of reelin and p73 from the early onset of reelin-
positive cell development suggest that GEP expression and reelin-
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