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Summary. The nuclear envelope functions as a selective barrier 
between nucleus and cytoplasm. During cycles of cell division 
the nuclear envelope repeatedly disassembles and re-associates. 
Presumably, each cycle re-establishes the functional and struc- 
tural integrity of the nuclear envelope. After repeated rounds 
of cell division, as occurs during differentiation, the selectivity 
and configuration of the envelope may change. We compare 
the ionic conductance and the nuclear pore density in four 
types of murine nuclei: germinal vesicles in oocytes, pronuclei 
in zygotes, nuclei from two-cell blastomeres, and somatic cell 
nuclei from the liver. A large-conductance ion channel is present 
in all nuclear envelopes. Liver cell nuclei have a greater number 
of these channels than those from earlier developmental stages, 
and they also have a higher density of nuclear pores. In this 
article we hypothesize an association between the ion channels 
and the nuclear pores. 
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Introduction 

Nuclear envelopes are composed of inner and outer 
membranes. Large pores span both of these mem- 
branes, and a fibrillar network, the nuclear lamina, 
underlies the inner membrane. During the normal 
cell cycle the nuclear envelope disassembles and re- 
associates, and its components regain both func- 
tional and structural integrity in each successive di- 
vision. During interphase, for example, the nuclear 
envelope passes ions, proteins, nucleotides, and 
RNA from one side to the other (Dingwall & Laskey, 
1986; Newport & Forbes, 1987; Gerace, 1988). The 
selectivity of the proteins and the RNA is attributed 
to the nuclear pores. 

* P r e s e n t  addres s :  Fisiologia e Biochemica Generale, Uni- 
versitS_ di Milano, via Celoria 26, 20133 Milan, Italy. 

Because nuclear pores contain a large central 
canal approximately 90 .~ in diameter (Unwin & 
Milligan, 1982; Akey, 1989), they are generally as- 
sumed to be freely permeable to water and ions. In 
some cells, however, an electrical potential exists 
between the nucleoplasm and the cytoplasm 
(Loewenstein & Kanno, 1963; Ito & Loewenstein, 
1965; Mazzanti et al., 1990), indicating an unequal 
distribution of ions across the envelope. Although 
electrogenic pumps or ion-discriminating, nucleo- 
plasmic absorption could maintain electrical poten- 
tials in the presence of large, nonselective pores, the 
presence of nuclear resting potentials is essentially 
counter to the free diffusion of ions across the en- 
velope. 

In a previous report we attributed the nuclear 
resting potential in the mouse pronucleus partly to 
the presence of 200-pS, K-selective channel in 
the nuclear membrane (Mazzanti et al., 1990). 
Although the chance of finding these channels in 
the 200-pS state was low (10%), we concluded 
that since it was the largest conductance, 200 pS 
corresponds to a fully open channel. We used a 
zygote enucleation procedure to obtain nuclei for 
these experiments because pronuclei recuperate 
from micromanipulation and the preparation is 
therefore functional. In the present article we com- 
pare the electrical properties of the pronucleus 
with three other nuclei: germinal vesicles from 
mouse oocytes, nuclei from two-cell embryos (both 
preparations by enucleation), and somatic cell nu- 
clei from adult liver (by homogenization and cen- 
trifugation). The latter procedure is more conve- 
nient than enucleation, and it provides a larger 
number of nuclei. We investigate the ultrastructure 
of the nuclear envelope for each preparation. Our 
data suggest a correlation between the number of 
ion channels and the number of nuclear pores in 
the envelope. 
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Materials and Methods 

PREPARATION 

We superovulated female B6D2 F~ mice with 5 IU of PMSG 
(McGrath & Solter, 1983), which was followed in 48 hr by 5 
IU HCG (Sigma). To obtain pronuclei or two-cell embryo stage 
nuclei, we mated females with B6D2 F I males. Eggs or zygotes 
w e r e  harvested approximately 12 hr after the injection or mating. 
Incubation in a 1% hyaluronidase solution for several minutes 
facilitated removal of cumulus cells from the eggs or the zygotes. 
After transferring the cells to the bath solution which contained 
(in mM): 120 KCI, 2 MgCI 2, 1.1 EGTA, 0.1 CaCI2.5 glucose, and 
10 HEPES, pH 7.4, we extracted the nucleus using the microman- 
ipulation technique of McGrath and Solter (1983). 

Using the same breed of mice, we isolated liver nuclei by 
shearing fresh liver tissue in a homogenizer with a Teflon pestle 
of 0.025 /~m clearance, and centrifuging the homogenate on a 
sucrose pad which contained (in raM): 50 Tris HCI, 25 KCI, 5 
MgCI2, and 250 sucrose at 30,000 rev/min in a Beckman SW41 
rotor at 0-4~ (Blobel & Potter, 1966). This procedure results in 
a pellet of pure nuclei, which we resuspend in the standard bath 
solution before use. 

Micromaniputation may leave plasma membrane or endo- 
plasmic reticulum (ER) attached to the nucleus. In that case 
we could be patching these membranes rather than the nuclear 
envelope (see Discussion). The McGrath and Solter (1983) micro- 
manipulation technique and the Nobel and Potter (1966) extrac- 
tion procedure result in rather similar patches except for channel 
number (see Results), We therefore suppose that the patches are 
formed on the outer membrane of the nuclear envelope, free 
of extranuclear material; however, we cannot entirely eliminate 
other possibilities. 

SINGLE-CHANNEL RECORDING 

Patch electrodes were pulled from hard borosilicate glass (Corn- 
ing 7052) on a Sachs-Flaming P-84 puller (Sutter Instruments). 
The pipettes were coated with Sylgard | (Dow Corning) and fire- 
polished to an external tip diameter of about 1 /zm. These elec- 
trodes had resistances of 4-10 MD,. The estimated surface area 

of the patch formed with these electrodes is 5-7 bcm 2 (Mazzanti & 
DeFelice, 1987). We applied standard cell-attached patch-clamp 
techniques to obtain nucleus-attached patches and single-channel 
recordings from the four kinds of nuclei. In the single-channel 
experiments the preparations were bathed in the standard bath 
solution (see text). The patch pipette contained this same solu- 
tion. Single-channel currents were recorded with a List EPC-7 
patch-clamp amplifier and were digitized and stored on a VCR. 
All data were filtered (1000 Hz) and analyzed off-line on an IBM- 
AT computer. 

Seal resistances from 1 to 20 GD, could be obtained in all 
preparations, but with varying success rates. In the liver cell 
nuclei about 50% of the attempts to patch were successful, com- 
pared to 20% for the other preparations. Because the oocyte, 
zygote, and embryonic nuclei were extracted by micromanipula- 
tion, their surfaces may be less clean than liver nuclei, accounting 
for the lower success rate of seals. 

For germinal vesicles, pronuclei, and two-cell embryo nu- 
clei, we embedded whole cells for electron microscopy (EM) 
because of the technical difficulties associated with isolating a 
large number of nuclei. For liver we embedded cell-free nuclei. 

All samples were prepared identically for EM as follows: cells 
or nuclei were sedimented and the pellets were fixed with Ic/; 
glutaraldehyde and 1% tannic acid in the bath solution (see 
above). Specimens were post-fixed in osmium tetroxide, dehy- 
drated in a graded series of ethanol, and embedded in Medcast- 
Araldite resin (Ted Pella. Tustin, CA). Uniform silver-gray sec- 
tions, 40-50 nm thick, were mounted on formvar-coated, carbon- 
stabilized copper grids, stained with uranyl acetate and Reynolds 
lead citrate, and examined at 80 kV in a JEOL CX electron 
microscope. 

Results 

ION CHANNELS IN NUCLEAR ENVELOPES ARE 

WIDESPREAD 

The zygote serves as a useful model because the 
cell-free nuclei are viable. Figure I shows examples 
of the dominate states of the pronuclear channel. 
These data are from different patches clamped to the 
same pipette potentials (Vp). The high-conductance, 
nonrectifying channel (left) changes into the low- 
conductance, rectifying channel (right) in virtually 
every patch, supporting the assertion that the two 
conductances are different states of the same 
channel. 

In the present study we compare the nuclei of 
four different cell types in a developmental se- 
quence: (a) the unfertilized oocyte, (b) the zygote, 
(c) the two-cell embryo, and (d) the adult liver cell. 
Figure 2 shows light micrographs of these prepara- 
tions. The nuclei of these cells, which are visible in 
each micrograph, were removed by micromanipula- 
tion in a - c  and by homogenization and centrifuga- 
tion in d. 

Figure 3 presents sample data from the four nu- 
clear preparations. Examples of single-channel re- 
cordings are on the left, and the corresponding am- 
plitude histograms are on the right. Each of the 
samples and the matching histograms result from a 
step potential, Vp = 0 to -25  mV, applied to the 
patch electrode. We only analyzed patches that con- 
tained clear openings and closings, and for which 
the current flowed equally well in both the inward 
and the outward direction, as in the example in Fig. 
1 (left). Thus we excluded the partially open, rectify- 
ing channels shown in Fig. 1 (right). The figure illus- 
trates several discrete current levels at the same 
voltage. Because some of the levels are difficult to 
distinguish, we calculate the current-voltage rela- 
tions using the peak values of the histograms to 
define the current levels. Thus, in the germinal vesi- 
cle and in the two-cell embryo nucleus, we can easily 
identify two levels of outward current. In the pronu- 
cleus, however, it is nearly impossible to recognize 
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Fig. 1. States of  the pronuclear  channel  at V~, - -+ l0 and +20 mV. The patches represented on the left (about 10% of the cases)  conduct  
almost  equally well in the outward (up) and inward directions. The patches represented on the right (80%. of the cases)  conduct  outward 
current  through a partially open channel  and conduct  less inward current. In the remaining 10% of  the patches on pronuclei,  no channels  
are present  

distinct levels because of the extensive flickering 
(rapid opening and closing) of the channel. The histo- 
gram of the pronucleus current data does reveal a 
second peak, which we use in the current-voltage 
plots. In the liver nucleus, four well-resolved current 
levels appear in both the raw data and in the his- 
togram. 

Figure 3 shows the general pattern: patches 
formed on the surface of nuclei from undifferentiated 
cells (germinal vesicles, pronuclei, and two-cell em- 
bryo nuclei) consistently express only one or two 
peaks in the current  amplitude histograms (eight ex- 
periments). In contrast,  the same size patches on 
adult liver cell nuclei contain no less than two levels 
of current  (11 experiments),  and one patch included 
seven levels. 

The current-voltage relationships in Fig. 4 are 
constructed from the histograms. Preparations a, b, 
and c have a nuclear membrane potential, V~u, close 
to - 10 mV (nucleoplasm with respect to cytoplasm; 
Mazzanti et al., 1990), whereas liver cell nuclei have 

a membrane potential close to zero. This difference 
may be due to the harsh treatment of  the liver nuclei 
during isolation, which may influence the membrane 
potential. In addition the measurements  of resting 
potential from nuclei obtained by micromanipulation 
were made immediately after enucleation; however ,  
these potentials eventually run down. The measure- 
ments on liver cell nuclei are performed approxi- 
mately 1 hr after isolation. To compare the conduc- 
tance of channels in diverse nuclei prepared with 
different techniques, it is therefore convenient  to 
plot current versus pipette potential, Vp, rather  than 
current versus absolute potential V = (Vou - Vp). 
Assuming a nominal value of Vnu = - 1 0  mV for 
(a-c)  and Vnu = 0 mV for (d), the i(V) curves would 
have positive slopes, and they would all reverse near 
- 1 0  inV. The convention we use results in i(V~) 
curves with negative slopes that contain the required 
information about the patch conductance.  We ob- 
serve a repeating unitary conductance in the range 
200-240 pS in all but the blastomere. The peak at 
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Fig. 2. Four murine preparations 
used in our experiments: (a) 
unfertilized oocyte, (b) zygote, (c) 
two-cell embryo, and (d) adult liver 
cells. The bar on the lower right is 
50/xm 

300 pS in the two-cell embryo nucleus is probably a 
mixture of the unitary conductance and substates of 
unitary conductances. Liver cell nuclei contain the 
highest number of repeating unitary conductances. 

DENSITY OF PORES IN THE NUCLEAR ENVELOPE 

To compare the morphology of the nuclear envelope 
in the four different preparations, we examined each 
by electron microscopy. Figure 5 contains samples 
of representative thin-section images of nuclear en- 
velopes from: (a) a germinal vesicle, (b) a pronu- 
cleus, (c) a two-cell embryo nucleus, and (d) an adult 
liver nucleus. The nuclear pore complexes have di- 
ameters in the range 75 to 100 nm, in agreement 
with other studies and consistent with the expected 
variation in thin-section planes (Unwin & Milligan, 
1982; Akey, 1989). We found no correlation between 
pore diameter and developmental stage of the nu- 
cleus. However, we did find a correlation between 
pore density and developmental stage. To estimate 
the pore density, we used images like the one shown 
in Fig. 5. In 5 germinal vesicle envelopes, we mea- 
sured on average of 3.1 +- 0.4 pores//xm; 7 pronuclei 

gave 2.9 -+ 0.6 pores//xm; 4 two-cell embryo stage 
nuclei gave 5.0 +- 1.6 pores//xm; and 10 liver nuclei 
gave 9.1 -+ 2.0 pores//zm. Squaring these values 
gives a rough estimate of density. Shrinkage during 
fixation would cause a systematic error in these num- 
bers. Freeze etching is the most quantitative method 
to measure density (Maul, 1977), and Kartenbeck et 
al. (1971) compared the values they obtained in rat 
hepatocytes using both transmission EM and freeze 
etching. They found that the density of pores in thin 
section is larger than the density of pore in freeze 
etch. Thus our technique probably overestimates 
the density of nuclear pores by at least a factor of 
eight. We may conclude from our measurements 
that the relative number of nuclear pores per unit 
area increases approximately ninefold from oocytes 
to adult liver cells, but we make no assertions about 
the absolute number of these pores. 

SUBSTATES 

A comparison of the electrophysiological and the 
morphological results suggests a connection be- 
tween the number of conductance levels and the 
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Fig, 3, Presence of a large conductance 
channel in (a) germinal vesicles from 
oocyte, (b) pronuclei from zygotes, (c) 
nuclei from two-cell embryos, and (d) liver 
cell nuclei. On the left are single-channel 
currents elicited by 25-mV voltage steps 
applied to the patch pipette. On the right 
are amplitude histograms obtained from 
the experiments on the left 

number of pores in a patch. In general different con- 
ductance levels may result from separate ionic path- 
ways or substates of the same pathway. Examina- 
tion of the raw data indicates that substates 
obviously exist to a greater degree than indicated by 
histogram analysis. To illustrate, Fig. 6 is a sample 
of raw data from experiments on pronuclei, dis- 
played on an expanded time scale. The three traces 
on the left were selected to show possible sublevels 
of the prominent 200-pS state that dominated this 
particular patch (cf. Fig. 1, left). The top line, defined 
by the largest peak in the amplitude histogram (Fig. 
3b), corresponds to the 200-pS conductance. The 
line below it, though it lies on an obvious subconduc- 
tance level, is close to but does not exactly coincide 
with the 55-pS conductance. This illustrates that 

peaks in the histogram and levels in the raw data 
are not necessarily identical, since the histograms 
tabulate not only amplitude but kinetics. Conspicu- 
ous levels that appear infrequently are lost, and 
closely adjacent levels merge. To emphasize this 
point, consider the data in the right-hand column in 
Fig. 6. These experiments are from three different 
pronuclei, and they are typical of the partially closed 
conductance state illustrated in Fig. 1 (right). The 
two closely apposed dotted lines indicate a conduc- 
tance substate with approximately one-eighth the 
value of the 200-pS state. This small state and others 
like it are not resolved in the amplitude histograms. 

Figures 7 and 8 analyze possible substates in 
liver cell nuclei. Figure 7 shows currents at 10 differ- 
ent voltages and plots the matching current-voltage 
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Fig. 4. Current-voltage relations 
obtained by plotting the peaks of 
amplitude histograms at 10 different 
patch potentials from the experiments 
of Fig. 3. In each panel, the voltage 
axis is Vt,, the potential applied to the 
patch pipette. The current axis 
indicates the major peaks in the 
histograms. The conductance inferred 
in each graph is from a straight line 
drawn freehand through the 
experimental points 

Fig. 5. Electron microscopy of the nuclear membrane of (a) a germinal vesicle, (b) a pronucleus, (c) a two-day embryo nucleus, and 
(d) a Iiver cell nucleus. The cytoplasmic side is on the top of each micrograph. The arrows indicate nuclear pores whose amplitudes 
range from 75 to 100 nm. The bar in the lower right is 500 nm 
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Fig. 7. Presence of sublevels in liver 
cell nuclei channels. We obtained the 
data on the left by applying voltage 
steps to the patch pipette (patch 
voltage next to the traces). An 
amplitude histogram analysis of 8 sec 
of data at each potential gave two 
major current peaks, which we used to 
plot the current-voltage relations on the 
right, The voltage axis is the pipette 
potential. The two lines represent the 
conductances indicated in the graphs 
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Fig. 8. Two current traces (left) at 
three different Vps from the 
experiment of Fig. 7, plotted on a 
faster time scale. On the right are 
amplitude histograms with two clear 
peaks. The peaks are skewed, 
indicating the presence of 
unresolved subconductance levels 

relationships, which were derived from histograms. 
This experiment  contains only two separate lines of  
conductance,  as defined by histogram peaks,  which 
is the minimum number  for liver cell nuclei. These 
conductances  (200 and 440 pS) closely parallel those 
in the exper iment  in Fig. 5d. Figure 8 shows the 
histograms at Vp = - 1 5 ,  - 2 0 ,  and - 2 5  mV. The 
sample data on the left show a complex pattern of 
levels that emerge as two peaks in the histogram 
analysis. Thus we conclude that the histogram peaks 
are obviously composi tes  of  a more intricate struc- 
ture that is not resolved by the present  methods.  

One complicating feature of  the nuclear channel 
is the relationship between the levels of  current that 
are evident in the raw data and the peaks that appear  
in the amplitude histograms. From a visual analysis 
of the traces numerous  sublevels are obvious (Fig. 
6), but only two peaks appear  in the histograms 
(Fig. 4b). The larger peak that defines the 200-pS 
conductance agrees with the maximum current level 
in the unprocessed data, but the lower peak at 55 pS 

is obviously a composi te  of  many smaller states. 
Indeed, we should expect  that even the 200-pS con- 
ductance is not a pure state, for closely adjacent 
levels will always appear  as one. Nonetheless  we 
designate the peaks in the histograms as the defining 
feature of the patch conductance.  When the levels 
are well resolved, as in Fig. 3d, the peaks match the 
single-channel records. When they are not, as in Fig. 
8, the peaks provide us with an object ive m e a s m e  
of comparison,  but they are not easily identified with 
elementary conductance levels. 

Discussion 

THE LOCATION OF THE NUCLEAR CHANNEL 

In the cell two phospholipid bilayers envelop the 
nucleus, the inner membrane ,  which confines the 
nuclear material,  and the outer  membrane ,  which 
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extends into the cytoplasm as the rough endoplasmic 
reticulum (ER). The space between the inner and 
outer membranes is continuous with the ER lumen. 
The double-bilayer structure surrounding the nu- 
cleus, along with the interruptions in this structure 
formed by the nuclear pores, are cumulatively re- 
ferred to as the nuclear envelope. Extranuclear 
membranes of the intact cell are most likely lost 
during our isolation procedures (see Materials and 
Methods). Under this assumption the electrode we 
press to the visible surface of the nucleus forms a 
patch on the outer membrane of the nuclear en- 
velope. 

Nuclear pores are the only structures that span 
the double bilayer, and they establish a direct con- 
nection between the nucleoplasm and the cyto- 
plasm. Because nuclear pore density is high, the 
patch we form on the outer membrane is likely to 
contain them. Since these patches also contain K- 
selective channels, we are led to ask whether the 
channels and the pores are the same entity. 

This question challenges the traditional view of 
nuclear pores; however, the elaborate structure of 
pores (Akey et al., 1989; Reichelt et al., 1990) may 
be compatible with the idea that at least part of the 
complex can discriminate between ions. if nuclear 
pores are K selective, then it is the pores themselves 
that maintain the steady potential of the nucleo- 
plasm. If they are not ion selective, the pores must 
be closed: open pores would act as a shunt, and ion- 
selective channels would be impossible to measure, 
and open pores could not maintain a potential differ- 
ence. Thus if the nuclear pore complex--or  any part 
of it--is a large, patent canal for the transport of 
macromolecules, either none occur in our patches 
(which is unlikely) or they are occluded under our 
conditions. Another possibility is that the K-selec- 
tive channels exist as separate integral membrane 
proteins in the outer membrane. If the K-selective 
channels are in the outer membrane, and if the inner 
membrane also contains ionic pathways, the circuit 
to the nucleoplasm would be complete. But this 
model, too, would require that the pores in the patch 
are closed. Other situations may explain the ob- 
served electrical connection between the patch solu- 
tion, the nucleoplasm, and the bath. In the following 
discussion we refer to the investigated conductance 
states as nuclear channels, leaving open the question 
of their exact location. 

THE UNITARY CONDUCTANCE 
OF THE NUCLEAR CHANNEL 

The measurement of 200 pS for the unitary conduc- 
tance of a fully open channel in the pronucleus is an 
approximation. Because of substates, patches that 

contain more than one of these units may show val- 
ues that are near but are not exact multiples of 200 
pS. Thus we interpret 440 pS as the sum of two units 
(Fig. 4). The higher values of conductance found in 
liver nuclei, 530 and 720 pS, may be multiples of the 
basic unit shifted downward by the contributions of 
underlying conductances. 

In all but the pronucleus, the transitions be- 
tween major conductance levels are infrequent. This 
visual observation is reflected in the valleys of the 
histograms, which never reach zero in Fig. 3b but 
nearly do in a - c .  However, Figs. 7 and 8 from liver 
nuclei indicate that here, too, assorted modes of 
conductance substates and flickering may exist. 

Our interpretation is that essentially the same 
channel exists in all preparations, with relative devi- 
ations in channel substates and kinetics accounting 
for the variability in total conductance. 

This view leads to the hypothesis that the uni- 
tary channel we first observed in the pronucleus is 
repeated in the other preparations. In the pronucleus 
the 200-pS state is rare, and when the state is present 
it is unstable. In the other preparations the 200-pS 
state is common, and it is therefore the basic unit of 
the total conductance. However, the total conduc- 
tance is not an independent sum of identical ele- 
ments, and the distribution of amplitudes suggests 
an interdependence between the underlying units. 

NUCLEAR CHANNELS AND NUCLEAR PORES 
ARE CORRELATED 

According to Maul (1977) and Gros, Sauvignon and 
Challice (1980), nuclei from more active cells have 
the greatest density of pores. This also seems to 
be the case in our experiments. Hepatocytes have 
approximately nine times the density of nuclear 
pores compared to oocytes. Coincidently, hepato- 
cytes also have the greatest number of unitary con- 
ductance states per patch. If each of these elemen- 
tary states represents a pore, it would seem that the 
patch-clamp method greatly underestimates their 
density. Taking into account the uncertainties delin- 
eated in the Results, EM predicts roughly 10 pores 
per/xm 2 in hepatocytes, or as many as 70 pores per 
patch. The EM may not, however, represent the 
number of functional pores in a patch, and disruption 
may also occur during the patch procedure itself. 
The methods used for EM and for electrophysiotogy 
were the same for all preparations. Thus we con- 
clude only that nuclei with more pores per unit area 
generally have more channels per patch, without 
regard to absolute numbers. We also provide evi- 
dence for the commonalty of the channel we first 
reported in the pronucleus. 

Similarity to other intracellular membrane chan- 
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nels exists. The channel in the nuclear envelope is 
parallel in some respects to a channel in the sarco- 
plasmic reticulum (SR), first studied in reconstitu- 
tion experiments (Coronado, Rosenberg & Miller, 
1980). Using the patch-clamp technique on a skinned 
muscle fiber preparation, Tang, Wang and Eisenberg 
(1989) report that the SR channel is present in about 
25% of the patches. The SR channel has a mean open 
time of several seconds, at least two conductance 
states, and its maximum conductance is 200 pS with 
480 mM K in the patch pipette and in the bath solu- 
tion. The SR channel in neutral bilayers has a con- 
ductance of about 100 pS in symmetric solutions of 
120 mM K. The conditions of the experiments are 
different, and we may not conclude that the nuclear 
channel and the SR channel are related. Neverthe- 
less, the outer membrane of the nucleus is continu- 
ous with the sarcoplasmic reticulum, and it is tempt- 
ing to postulate some relationship between the two 
channels. A patch-clamp study of mitochondrial 
membranes (Sorgato, Keller & Stuhmer, 1987) re- 
vealed a slightly anion-selective channel on the inner 
membrane with a conductance near 100 pS in sym- 
metric 120 mM K. The outer membrane contains 
350-pS channels in symmetric 150 mM K. 

ROLE OF THE NUCLEAR CHANNELS 

What could be the function of ion channels in the 
nuclear membrane? In smooth muscle cells and in 
rat liver nuclei (Williams et al., 1985; Nicotera et al., 
1989) the nuclear membrane appears to be involved 
in the regulation of calcium. In pronuclei (Mazzanti 
et al., 1990), we have shown previously that the 
nuclear resting potential is influenced by external 
(cytoplasmic) potassium. These results imply the 
existence of an ion-selective pathway across the nu- 
clear envelope. One function of the pronuclear chan- 
nel, which appears to have K selectivity, could be 
to help maintain the nuclear resting potential. As we 
argued above, if the channels we observed are not 
the pores, the existence of relatively low conduc- 
tance, ion-selective channels in parallel with free- 
diffusion nuclear pores is paradoxical. If the chan- 
nels we describe are the pores, the conductance of 
200 pS is smaller than would be expected from the 
structure of the pore. Regardless of their identity, 
the number of channels and the number of pores 
seem to parallel one another in the four preparations 
we studied. Since one function of nuclear pores is 
to transport macromolecules, pores may incorporate 
ion-selective channels in their infrastructure to bal- 
ance the charge carried by macromolecules as they 
move across the nuclear envelope. 
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