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Abstract. Nuclear magnetic resonance (NMR) micro- toplasm, and (iv) the existence of a large (about 75 mV
imaging and proton relaxation times were used to monipositive) electropotential difference between the nuclear
tor differences between the hydration state of the nucleuand cytoplasmic compartments.

and cytoplasm in thdRana pipiensoocyte. Individual

isolated ovarian oocytes were imaged in a drop of Ringkey words: MRl — Nucleus — Cell water — Proges-

er's SO-lution Wlth an in-plane resolution of &0“ Pro- terone — Relaxation times — Membrane potentia] —
ton spin echo images of oocytes arrested in prophase dhocyte Rana pipieny

indicated a marked difference in contrast between nu-
cleoplasm and cytoplasm with additional intensity gra-
dations between the yolk platelet-rich region of the cy-Introduction
toplasm and regions with little yolk. Neither shortening
Te (Spin echo time) to 9 msec (from 18 msec) nor length-The cell nucleus is generally considered to be freely
ening 7, (spin recovery time) to 2 sec (from 0.5 sec) permeable to water and ions as well as macromolecules
reduced the observed contrast between nucleus and cguch as mRNAreviewed inHinshaw, Carragher & Mil-
toplasm. Water proton ;T(spin-lattice) relaxation times ligan, 1992]. However, studies on such diverse tissues as
of oocyte suspensions indicated three water compartiver, kidney and ovarian oocytes have demonstrated the
ments that corresponded to extracellular medium«T  existence of large Naand/or K concentration differ-
3.0 sec), cytoplasm (T= 0.8 sec) and nucleoplasmy(T ences between nucleus and cytoplasmviewed in
= 1.6 sec). The 1.6 sec compartment disappeared at th®loore & Morrill, 1976; Paine et al., 1981; Morrill &
time of nuclear breakdown. Measurements of plasm&ostellow, 1991)]. More recently, Aguayo et al. (1986)
and nuclear membrane potentials with KCl-filled glassused nuclear magnetic resonance imagingXemopus
microelectrodes demonstrated that the prophase | oocytsocytes, and demonstrated variations in image intensity
nucleus was about 25 mV inside positive relative to theboth within the cytoplasm and between cytoplasm and
extracellular medium. A model for the prophase-nucleus. In the latter study, the water signal of the oo-
arrested oocyte is proposed in which a high concentraeyte cytoplasm was distinct from the extracellular water
tion of large impermeant ions together with small whereas that of the nucleus was indistinguishable from
counter ions set up a Donnan-type equilibrium that rethat of the free water surrounding the oocyte. The dif-
sults in an increased distribution of water within the ferences in image contrast were proposed to result from
nucleus in comparison with the cytosol. This study in-proton density variations and/or differences in relaxation
dicates: (i) a slow exchange between two or more intratimes, and implies that nucleus and cytoplasm have dif-
cellular water compartments on the NMR time-scale, (ii)ferent hydration states. We have examifkaha pipiens
an increased rotational correlation time for water mol-oocytes with NMR microimaging during various stages
ecules in both the cytoplasmic and nuclear compartmentsf development and measured Telaxation times for
compared to bulk water, and (iii) a higher water contentintracellular water to examine the basis of image contrast
(per unit dry mass) of the nucleus compared to the cybetween the nucleoplasm and cytoplasm. Electropoten-
tial differences between nucleus and cytoplasm were
measured as an index of charge separatiofi,(K§ CI7)
— between the two compartments.
Correspondence taG.A. Morrill Fully grown Rana pipiensoocytes are giant cells
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(about 1.8 mm in diameter) with a large nucleus (>0.5or were stripped of their follicular envelopes and freed from all theca
mm in diameter). The ovarian oocyte is arrested in pro_cells <denuded oocytes) by a modification (Ziegler & MorriI‘I, 1977) of
phase I, and can be induced to resume the first meioti%:asu"§ method. Progesterone (Sigma Chemical, St. Louis, MO) was
division by addition of progesterone to the external me_t e meiotic stimulus. It was Q|ssol,ved in QSA) t‘ethanol,‘where indicated
. ’ . . 1.0 ul was added per ml of Ringer’s solution with shaking followed by
dium [reviewed in(Morrill & Kostellow, 1986)]. Iso- 4 1:10 dilution with Ringer's solution (Ziegler & Morrill, 1977). All
lated amphibian ovarian oocytes can be superfused in agkperiments were carried out at 20-22°C.
NMR tube and maintain normal ATP and phosphocre-
atine levels for several hours (Morrill et al., 1984). Fol-
lowing stimulation with progesterone, the oocyte re-INDUCTION OF MEIOSIS
sumes the first meiotic division, the nucleus rises to the
surface of the animal hemisphere and the nuclear merﬁx_luclear memb_ralje pr(_ea_lkdown was our criteriqn for_successful ir_1duc-
brane ragmens. In this study. nuclear-cytoplasmic hy 27 o 1 et dvsrs, detened by dssecon of et et
dr_atlon dlfferences. In prophase arrest were Compa_r_eﬁmcubating samples of 20 denuded oocytes in Ringer’s solution with
with oocyte hydration after the nuclear contents equili-5q without 1.0um progesterone at 20°C for 24 hr. The oocytes used
brated with that of the cytoplasm during the first meiotic to obtain data for this report are from clutches in which 95% or more
division. of the test oocytes displayed nuclear membrane breakdown after pro-
Water relaxation measurements are generally comgesterone treatment. Spontaneous nuclear membrane breakdown wa
plicated by the presence of varying amounts of extrace|never seen in untreated _oocytes. Oocyte W_et weight was d_etermined by
lular water. which exhibits relaxation times different wicking away excess fluid. Extracellular fluid has been estimated both
from those of intracellular water. We have developed g0t fF ecd Dol e O Pose Tot Vel S0
method for measuring the intracellular water content of,e weight of individual oocytes was 2.80 + 0.39 mg (r},easmfor
paCked amphibian Oocytes USiﬁT@r NMR as an index groups of 10 oocytes from each of 6 females).
of extracellular volume angH NMR as a measure of the
total water volume so that the ratio of intra- and extra-
cellular water volumes can be calculated (Morrill et al., NUCLEAR MAGNETIC RESONANCEIMAGING
1987). Knowledge of extracellular water volume per-
mits one to correct partially relaxed inversion-recoveryA denuded oocyte was placed in p0of amphibian Ringer's solution
FT NMIR Specira of 0ocyle Suspensions for he presench 1" €ica o 1.l Eppedor icrfuge ube. The e s
of contamlnatlng extracellular fluid to obtain the trug T GE Omega-400 WB NMR Spectrometer equipped with a microimag-
values for intracellular water. Because of the Iarge SIZQng accessory. Oocyte images were obtained using a 1.0 mm slice
of the oocyte and slow diffusion, the exchange of intra-thickness and with in-plane resolution of gén.
cellular water with extracellular water is slow on the
NMR time scale.
KCl-filled glass microelectrodes were used to mea-NUCLEAR MAGNETIC RESONANCE MEASUREMENTS OF
sure differences in electropotential between cytoplasmi¢NTRACELLULAR AND EXTRACELLULAR WATER
and nuclear compartments and between these compart-
ments and the fluid surrounding the oocyte (Ziegler & Rana pipiendollicles were preincubated in Ringer’s solution contain-
Morrill, 1977)_ The Iarge nucleus was gently centrifuged ing 1% D,O for 30 min. Approximatel)_/ 50 follicl?s were transferred _to
for a few minutes to underlie the plasma membrane. Mi-2 5 mm NMR tut_)e and superfu3ssed W|th2R|ngers solution as described
. . reviously (Morrill et al., 1984).>>Cl and“H measurements were car-
croelectrodes were inserted into both nucleoplasm anaed out using a Varian XL-200 FT NMR instrument. The observe
cytoplasm and potential differences measured. frequency was 19.6 MHz for tH&ClI nucleus and 30.7 MHz for thig
The difference in hydration state between the oocytewucleus. The resonance of intracelluf8€! ions in most cells is so
nucleus and cytoplasm detected by microimaging musbroad as to become NMR invisible (Rayson & Gupta, 1985). There-
be the product of a Donnan type equilibrium which in fore, thg intensity of thé°Cl NMR signal of an oocyte _suspension_ i_s
turn would generate electropotential differences betweeﬁropomonal to the volume_ of ext_racellulgr watt_er within the sensitive
nucleoplasm, cytoplasm and extracellular environment/2Ume Of the NMR receiver coil. The intensity of tCI NMR

. . Signal of the cell-free medium in an identical sample geometry is pro-
A pre“m'nary report has been presented (MOI’I‘IlI etal, portional to the total sensitive volume of the NMR coil. The ratio of

1994)- the two intensitiesf(,) represents the extracellular water volume as a
fraction of the total sensitive volume. The ratio of the intensitfg} (
of the water’H-NMR signals of the cell suspension and the cell-free
Materials and Methods medium gives the oocyte water volume (extra- plus intracellular water)
as a fraction of the total sensitive volume. The intracellular water
content {,) i.e., the volume of the intracellular water as a fraction of
MATERIALS the total cell volume, is given by the equatidy; = (fp — fe)/(1 —fc)
(Hoffman & Gupta, 1986). Measurements were carried out without
Fully grown Rana pipiensoocytes, arrested in first meiotic prophase, changing the NMR probe configuration and they did not require per-
were either separated from the ovaries by fine forceps (entire follicles)urbation of the cell system by addition of membrane-impermeable
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reagents. This method is equally applicable to situations of slow andhe yo|k pIateIet—rich region of the cytosol (vegetal hemi-

fast water exchange. sphere). The mechanism underlying the observed con-
trast differences was investigated by varyingand ,.
SPIN-LATTICE RELAXATION MEASUREMENTS We found that neither shorteningto 9 msec nor length-

ening 7, to 2 sec reduced the observed contrast. The
Inversion-recovery pulse sequence was used to determine the watgmage contrast between the nucleus and the cytoplasm
spin-lattice (T,) relaxation times for groups of 50 follicles superfused may therefore arise from a difference between the water
with ngers soluuon_at 22°C (Farrar & Becker, 1971). At least 18 Qroton density in the nucleus and in the cytoplasm. The
data points were obtained over the range 10 msec to 10 sec and ana- .

oocyte can be manually enucleated by making a small

lyzed for the recovery of the magnetization via the sum of one or more™ .~ . . . .
exponentials. Multiexponential analysis was carried out using a comSlit in the animal hemisphere and pressing the sides of

puter program based on the Simplex algorithm: the oocyte with forceps. The intact nucleus is extruded
from the oocyte, the plasma membrane reseals, and the
(M., = M) = aexp(-at) + b exp(-Bt) + c exp(—yt) resting membrane potential reappears within minutes

(Ziegler & Morrill, 1977). A proton spin echo image of

where:a = cytoplasmic water equilibrium magnetization . .
manually enucleated oocytes indicates a loss of the in-

a = cytoplasmic water T,

b =nuclear water equilibrium magnitization tracellular bright field.

B = nuclear water T, Denuded oocytes were transferred to Ringer’s solu-
c = extracellular water equilibrium magnetization tion containing 1um progesterone. Within 4-5 hr the

y = extracellular water /T, nucleus begins to rise to the surface of the animal hemi-

M., = total water equilibrium magnetization

iy o _ sphere and by 8-10 hr the nuclear membrane breaks
M, = nonequilibrium magnetization at tinte

down and the nuclear contents equilibrate with the oo-
The computer program using the Simplex algorithm was tested bycyte cytoplasm. Figure 1 depicts proton spin echo im-
constructing a phantom containing three compartments using concerages of oocytes with nuclei at the surface of the animal
- - o . > - !
tric NMR tubes containing 0.01, 0.1 and 1.0unMn=" in water with hemlsphere (mlddle panel) and fO||0WIng nuclear bl’eak-

separately measured spin-latticg (Telaxation times of 2.94, 0.39 and . .
0.056 sec, respectively. In this phantom, the relaxation times anodc'wn (bOttom panel). The middle panel illustrates the

compartment volumes could be detected with an accuracy of 10%. th_Si0|09ica| state in Which the nUC!ei have risen to un-
derlie the cortex of the animal hemisphere. In contrast,

the bottom panel shows that no bright field is present
within the oocyte following nuclear breakdown. This

Membrane potential measurements were made using a W-P Instrugomclrms the assignment of the intracellular bright region

ments M-707 microprobe system (New Haven, CT) and standand 2.5 to the nuclear compartment.
KCl-filled glass micropipettes. Isolated oocytes were placed with the

animal hemisphere up in 2 mm depressions in a paraffin layer in the

bottom of a plastic centrifuge tube containing Ringer’s solution. The NMR MEASUREMENTS OFT,
oocytes were centrifuged at 600g<for 10 min. Under these condi-

tions, the large nucleus rises to underlie the plasma membrane of thFigure 2 (lower panel) illustrates the semilog plots of
animal hemisphere and the nuclear surface and nucleoplasm can be

visualized with a 30x stereomicroscope. Electrodes (0tlp) were |nver§|0n recovery Imeasureme_nt Qf follicular oqcyteg
inserted into both nucleoplasm and cytoplasm and steady-state poter$—howmg recovery of the magnetization, the nonlmea”ty
tials were measured for at least 60 sec. For comparison, plasma menidicating multiexponential relaxation. An analysis of
brane potentials were measured on uncentrifuged oocytes from ththe magnetization recovery curve indicates the presence
same female. of slow and rapid components, the slow component
yielding a relaxation time (2.9 sec) close to that of the
cell-free medium (3.0 sec) (Fig. 2, upper panel). After
subtraction of the contribution of the extracellular me-
dium using®*Cl and?H NMR to measure extracellular
NMR IMAGING volume fraction, a curve showing biexponential relax-
ation of the remaining magnetization was derived. The
A typical proton spin echo image showing the contrastraw magnetization-recovery data before the subtraction
between cytoplasmic and nucleoplasmic water of a deef the extracellular compartment also showed a better fit
nuded amphibian oocyte in prophase | arrest is shown io a sum of three exponentials (Fig. 2, lower panel) than
the upper panel of Fig. 1. A, (spin echo time) of 18 to two exponentials, indicating distinct contributions
msec andr, of 500 msec (spin recovery time) were usedfrom nuclear and cytoplasmic compartments. Table 1
to obtain this image. The bright field surrounding the presents the jTvalues for the extracellular, nuclear and
oocyte represents the external drop of Ringer’s solutiorcytoplasmic compartments in the prophase follicle and
and the intracellular bright sphere corresponds to thehe relative sizes of the three compartments (coefficients
oocyte nucleus. A much darker region is also apparent imf exponential terms in Eq. 1). It can be seen that the

ELECTROPHYSIOLOGICAL MEASUREMENTS

Results



48

G.A. Morrill et al.: Differences in Hydration State of Nucleus and Cytoplasm

500 1 1 1 1 1 1
S
5100 - -
=
g
50 -
<
10 T T T T T T
0.0 0.2 0.4 0.6 0.8 1.0
103 1 | | 1
T4 FOLLICLES
100 - -
[
O
3
£ 10 A B
Q.
E 2.90 sec
<
1.0 L
\ 0.850 sec
0.1 - 1.54 sec |
T T T T
0.01 1.0 3.0 6.0
T, secC

Fig. 2. Semilog plots of inversion-recovery, Tdata showing single
exponential recovery of Ringer’s solution (upper panel) and a multi-
exponential recovery for packd®ianafollicles (lower panel).

larger intracellular compartment has the shortgr T
(0.85 sec) whereas the smaller intracellular compartment
has a much longer relaxation time (1.54 sec). The
smaller (9.4%) compartment disappeared 8-10 hr after
the addition of progesterone to the medium. This corre-
sponds to the time of nuclear breakdoveeégFig. 1) and
indicates that this compartment is the nucleus. It is es-
sential to obtain many data points (18 in our study) in the
10-msec to 10-sec region to detect a nuclear compart-

Fig. 1. Water proton images dRana pipienocytes at three
stagesof the first meiotic division. Upper Panel: Oocyte in prophase
| arrest, Middle Panel: Oocytes following progesterone stimulation
with nuclei underlying the animal cortex, and Lower Panel: oocytes
following nuclear breakdown.
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Table 1. T, and compartmentation of water in the prophaseaha Table 2. Electropotential difference between the oocyte nucleoplasm,

pipiensoocyte cytoplasm and extracellular medium

Compartment % Total 5O Volume T, (Sec)* Compartment Env®

Cytoplasm 29.0 0.85 Cytoplasm (nucleated, centrifug&d) -48.7+1.4

Nucleus 9.4 1.54 Nucleoplasm (centrifuged) +25.7+1.8

Extracellular 61.6 2.90 Nucleusvs. Cytoplasm ca.+ 75
Cytoplasm (nucleated, not centrifuged) -49.3+15

* |solated ovarian follicles were superfused with Ringer’s solution and Cytoplasm (Enucleated, centrifuged) -59.5+2.0

the Carr-Purcell-Meiboom-Gill Tdata were analyzed for the sum of

three exponentials as described in Materials and Methods. #Mean =sp for 4-6 sibling oocytes. Each measurement was made on

a fresh oocyte.
b|solated oocytes were centrifuged as described in Materials and Meth-
ment. Cameron et al. (1983) previously estimated the Tods.
values of intactXenopus laevifollicles in prophase ar- ¢ Estimated from the sum of the plasma membrane and nuclear mem-
. - l:aane potentials.
rest to be about 0.4 sec. These investigators remove
most of the extracellular fluid by blotting with filter pa-

er to eliminate the extracellular water signal but did not S
Eonsider a distinct nuclear compartmentg cytoplasm produced an apparent 65—75 mV potential dif-

. . ference between nucleus and cytoplasm (nucleoplasr
The estimated volumes of the intracellular and ex- = .. g : ) )
ositive). This is consistent with the difference between
tracellular water compartments measured from exponen- A
' - e separately measured electropotential differences betweel
tial data analysis via Eq. 1 were very similar when the T :
. X d extracellular medium and both nucleoplasm and cyto-

was measured in follicles from different females. In

. . + .
three experiments the putative nuclear compartment Corglasm (about +75 mV). The oocyte plasma membrane

responded to 9.4 + 0.8% of the total sample water. Subgepolanzes about the time of nuclear breakdown in pro-

tracting the contribution of the extracellular compart- gesterone-treated oocytes and by second metaphase a

ment, the smaller intracellular compartment corre-"eSt the oocyte cytoplasm becomes about 30 mV posi-

sponded to about 24% of the oocyte water. Correctingﬂ\é%z)relatlve to the external medium (Morill et al.,

for the oocyte water content (43%), this yields a nuclear . . .
K For comparison, the cytoplasmic potential was mea-
volume of about 13%, assuming nuclear contents to be

80% hydrated. This is compatible with the calculatedsurEd. bOth in oocytes that had not been subjected to
volume occupied by the oocyte nucleus of around 10o/ocentrlfugatlon as well as oocytes that had been manually

. . . enucleated (Ziegler & Morrill, 1977). The oocyte cyto-
as measured from the ratio of relative nuclear diameter tg : .
oocyte diameter seen in Fig. 1 (upper panel). plasm was abo_ut 50 mV negative, relative to _the extra-
cellular fluid, with no significant change following cen-
trifugation. As reported previously (Ziegler & Morrill,
PLASMA AND NUCLEAR MEMBRANE POTENTIALS 1977), the plasma membrane quickly resealed and repo:
larized following enucleation. However, the enucleated
Table 2 compares the electropotential difference betweefOCyte plasma membrane potentials averaged 10-12 m\
the fluid Surrounding the oocyte, the oocyte Cytop|agmm0|’e negative than that of their nucleated S|b|lngS
and the nucleoplasm. Nuclear potentials were measured
in oocytes following centrifugation to bring the nucleus )
to underlie the plasma membrane. The values showRiScussion
represent steady-state potentials and are meamsfar
six oocytes from the same female and are representativ@ur data demonstrate that the nucleus is much more
of data from four females. hydrated than the cytoplasm in the prophaBaha pipi-
When the tip of the recording electrode penetratedensoocyte. The spatial variation in cytoplasmic image
the cortex overlying the nucleus in centrifuged oocytes,ntensity indicates that there are graded variations in the
there was a 40-50 mV negative deflection followed byhydration state throughout the cytoplasmic compartment,
dimpling of the nuclear membrane. Further movementmost notably between the yolk platelet-rich region and
of the electrode tip was followed by disappearance of thehe rest of the cytoplasm (top panel, Fig. 1). These ob-
dimpling and a concomitant appearance of a steady-stateervations are consistent with earlier MRI studies of
potential of about 25 mV, inside positive. This potential Xenopusocytes (Aguayo et al., 1986) and with reported
difference was stable for 1-2 hr. A negative steady-statelifferences in water content of intracellular organelles in
potential reappeared upon visual penetration of the distdRanaoocytes (Naora et al., 1962). The MRI image in-
side of thein situ nucleus. Insertion of one recording tensity gradients reported here and elsewhere (Aguayo e
electrode into the nucleus and a second into adjacerdl., 1986) are also consistent with the low intracellular
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water content reported previously (Naora et al., 1962)yand has been isolated and characterized for amphibiar
and the relatively anhydrous nature of the yolk plateletsoocyte nuclear membraneseyiewed inHinshaw, Car-
[reviewed in(Morrill & Kostellow, 1991)]. We have ragher & Milligan, 1992). The supramolecular complex
made measurements of oocyte water content u$iBty  is built from many distinct, interconnected subunits and
NMR as a measure of extracellular volume &RdNMR the arrangement of subunits within the pore creates a
as a measure of the ratio of intra- and extracellular watetarge central channel, through which active nucleocyto-
volumes (Morrill et al., 1987). With this method, the plasmic transport of macromolecules is known to occur,
average water content of the ovarian oocyte was onlhand eight smaller peripheral channels that are thought to
42.6 + 0.8% (vol/vol). For comparison, Naora et al. be routes for passive diffusion of ions and small mol-
(1962) removed samples of cytoplasm and nucleoplasrecules.
from frozen oocytes by microdissection and reported that  The difference in hydration state between oocyte
the water content of the nucleus was about 80% (g@ H nucleoplasm and cytoplasm might be attributed to a Don-
per g wet wt), whereas that of the cytoplasm was onlynan-type effect in which large impermeant anions and
about 50%. Takenn toto, our results indicate that a their counter ions within the nucleus produce a nearly
difference in water density exists between nucleoplasniwofold increase in nuclear water content. As shown in
and cytoplasm in the prophase oocyte. Fig. 1, the difference in hydration state is maintained
A number of studies indicate that, in prophase Ifollowing resumption of the first meiotic division as the
oocytes from a wide variety of species; Kout not N&) nucleus swells and rises to underlie the cortex of the
is much higher in the nucleus than in the cytoplasmanimal hemisphere. As the nuclear membrane breaks
(reviewed inMorrill & Kostellow, 1991). Moore and down, the bright spot in the image representing the
Morrill (1976) proposed a model to explain the highér K nucleus disappears and is consistent with equilibration of
ion concentrations in the oocyte nucleus compared tauclear and cytoplasmic contents late in the first meiotic
that in the cytoplasm. This model suggested direct chandivision. After breakdown of the nuclear membrane, an
nels between the nucleoplasm and the extracellular fluidincrease in rotational correlation time for the water mol-
and is consistent with our finding that the nucleoplasm isecules in the nucleoplasmic environment might result in
essentially isopotential with respect to the extracellularshort T, and loss of image intensity. This change in the
fluid. microenvironment of the oocyte chromatin occurs during
Using cryomicrodissection, Frank and Horowitz the slow transition between the end of prophase and the
(1980) have compared the kinetics of nuclear and cytolining up of the chromosomes on the spindle apparatus,
plasmic*’K* exchange irRana pipienoocytes and re- and may alter both cation binding and macromolecular
port that whole oocyte Kexchange is multiphasic and structure.
reflects the presence of two intracellulai” Kractions.
Their results suggest that the nucleus behaves as an or-
dinary aqueous solution whosé Kontent is determined This research was supported by HP 104§3 and DK 32030. The authors
largely by the transport properties of the plasma memZNak Dr. S. Slaten for valuable discussions.
brane. In any case, the*kconcentration difference be-
tween nucleus and cytoplasm does not seem to be attrib-
utable to active transport by the nuclear envelope, as thiReferences
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