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ABSTRACT 

The nuclear envelope and associated structures from Xenopus laevis oocytes 
(stage VI) have been examined with the high resolution scanning electron 
microscope (SEM). The features of the inner and outer surfaces of the nuclear 
surface complex were revealed by manual isolation, whereas the membranes 
facing the perinuclear space (the space between the inner and outer nuclear 
membranes) were observed by fracturing the nuclear envelope in this plane and 
splaying the corresponding regions apart. Pore complexes were observed on all 
four membrane surfaces of this double-membraned structure. The densely packed 
pore complexes (55//xm 2) are often clustered into triplets with shared walls (outer 
diameter = 90 nm; inner diameter = 25 nm; wall thickness = - 3 0  nm), and 
project - 2 0  nm above each membrane except where they are flush with the 
innermost surface. The pore complex appears to be an aggregate of four 30-nm 
subunits. The nuclear cortex, a fibrous layer (300 nm thickness) associated with 
the inner surface of the nuclear envelope, has been revealed by rapid fixation. 
This cortical layer is interrupted by funnel-shaped intranuclear channels (120- 
640 nm diam) which narrow towards the pore complexes. Chains of particles, 
arranged in spirals, are inserted into these intranuclear channels. The fibers 
associated with the innermost face of the nuclear envelope can be extracted with 
0.6 M KI to reveal the pore complexes. A model of the nuclear surface complex, 
compiled from the visualization of all the membrane faces and the nuclear cortex, 
demonstrates relations between the intranuclear channels (3.2//zm 2) and the 
numerous pore complexes, and the possibility of their role in nucleocytoplasmic 
interactions. 
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The positioning of the nuclear envelope between 

the sites of transcription and translation, and the 
unusual pore complexes of the envelope, make 
this structure a likely candidate for a role in 
processing and controlling the release of gene 
products (17, 22). The possible involvement of 
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the pore complex in this activity is especially 
interesting since the density of pore complexes per 
nucleus can be correlated with genetic activities 
(34). However, in the absence of evidence regard- 
ing the function of the nuclear envelope, biochem- 
ical characterizations and morphological descrip- 
tions may provide some insights into its biological 
properties. 

The sources of knowledge concerning the nu- 
clear envelope can be grouped into the following 
basic categories: biochemical analyses after nu- 
clear envelope isolation (reviewed in reference 
28); transmission electron microscope (TEM) ob- 
servations of the nuclear envelope (reviewed in 
references 17, 20, and 47) and of the pore com- 
plex (reviewed in reference 33); biophysical and 
permeability investigations (reviewed in refer- 
ences 13 and 30); and transplantation studies 
(reviewed in reference 22). The TEM data have 
resulted in models of the nuclear envelope dem- 
onstrating a great complexity (1,9,  12, 13, 17, 47 
and 49). The scanning electron microscope (SEM) 
observations presented here confirm and extend 
the complexity of the nuclear envelope and of 
surface-associated structures. 

Recently developed techniques for the isolation 
of the nuclear envelope (28) and the nuclear pore 
complex-lamina (1) have provided detailed infor- 
mation concerning the chemical composition of 
the nuclear envelope and associated structures: 
the nuclear surface complex. Additionally, these 
isolation techniques have been exploited by elec- 
tron microscopists in conjunction with negative 
staining to complement descriptions of the nuclear 
envelope obtained by thin section (45) and infor- 
mation obtained by freeze-fracture and -etch tech- 
niques (26). High resolution SEM of the outer 
surface of isolated mouse liver nuclei has aug- 
mented the utility of this instrument in providing 
topographical information about the ultrastructure 
of the nuclear surface and the pore complex (29). 
In that work, comparisons of the SEM images 
with specimens processed for the TEM confirmed 
the parity of dimensions and structural relations in 
both microscopes. 

SEM techniques for examining the inner surface 
of the cell membrane and structures associated 
with it have been developed (6, 48), and recon- 
structions of the inner and outer faces of the cell 
surface have been compiled (42). In this report, 
the nuclear envelope was subjected to a similar 
scrutiny, i.e., the inner and outer faces were 
examined and a reconstruction was made. The 

giant germinal vesicle from Xenopus laevis oocytes 
was manually isolated to avoid the distortions of 
centrifugation and lengthy homogenization proce- 
dures required for isolation of nuclei from most 
other cells. The inner and outer features of the 
nuclear envelope were revealed by simply tearing 
the nucleus open. Visualization of the surfaces 
facing the region between the inner and outer 
nuclear membranes, i.e., facing the perinuclear 
space, was possible only after fixation of the whole 
oocyte in osmium tctroxide and critical point 
drying. The dry egg, when cracked, fractured in 
the plane between the two nuclear membranes, 
which then permitted observations of these mem- 
brane surfaces. The nuclear cortex, a fibrous layer 
associated with the inner face of the nuclear 
envelope, is quite labile and is best preserved by 
rapid glutaraldehyde fixation. The images of both 
faces of each nuclear membrane, and of this 
fibrous region, in conjunction with the known 
TEM data, have been compiled to produce a 
schematic model of the nuclear surface complex 
from the Xenopus germinal vesicle, and perhaps a 
model of the nuclear envelope generally. 

MATERIALS AND METHODS 

Xenopus Rearing 
Xenopus laevis, 150-200 g, were obtained from the 

South African Snake Farm (Fish Hoek, South Africa), 
and maintained in bathtubs of tap water at 18-22~ 
Animals were fed twice weekly on beef heart. Frogs 
were injected with 100 U of pregnant mare serum 
gonadotrophin (obtained from the Rat Pituitary Hor- 
mone Distribution Program, NIAMDD) 3-7 days before 
use. 

Ovarian tissue was removed through an incision in the 
dorsal body wall from frogs anesthetized for 45 rain in 
0.15 % tricaine (p-methyl benzene sulfonate sodium salt, 
Calbiochem, San Diego, Calif.), pH 6.8, in tap water. 
The ovary was washed in Modified Barth's Solution 
(MBS)J cut into pieces -1  cm 2, and transferred to fresh 
MBS. 

Oocytes (stage VI, 1.25-1.4 ram) were dissected from 
their ovarian follicles with watchmaker's forceps and 
stored at room temperature in MBS until use. 

Nuclear Isolation 
Oocytes were transferred from the MBS to a medium 

composed of 150 mM KCI, 5 mM Tris, 1 mM MgCI2, 
pH 7.8 (hereafter called isolation medium). The nuclei 
were isolated in this solution by splitting the oocyte at 

88 mM NaCI, 1 mM KC1, 0.82 mM MgSO4, 0.33 mM 
Ca(NO3)2, 0.41 mM CaCI2, 2.4 mM NaHCO.~, 1.5 mM 
Tris. HC1, pH 7.8. 
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the animal pole with fine-tip forceps, and subsequently 
applying pressure to the sides of the cell (5). The 
resultant pressure forced the germinal vesicle through 
the split surface at the animal pole. The isolated nuclei 
were washed free of adhering yolk by drawing them in 
and out of a wide-bore Pasteur pipette. 

Preparation of the Isolated Nuclear Envelope 
The clean nuclei in the isolation medium were allowed 

to settle onto a glass surface which had been previously 
coated with polylysine (36). After the nucleus affixed to 
this substrate, it was opened manually by tearing with 
forceps. This tearing resulted in the release of the 
nuclear sap and chromatin as an opalescent coagulum. 
Invariably the remaining nuclear envelope was folded at 
the periphery which permitted simultaneous observa- 
tions of both the inner and outer faces of the nuclear 

envelope, as in Fig. 1. The slide with the attached and 
opened nuclear envelope was placed in a fixative solution 
of 2.5% glutaraldehyde in the isolation medium at pH 
7.8, for 30 min. These samples permitted observations 
of the outer and the inner surfaces of the nuclear 
envelope. 

Splitting of the Nuclear Envelope to Expose 
the Surface of Each Nuclear Membrane 
Facing the Perinuclear Space 

Whole oocytes were fixed overnight at room temper- 
ature in 1% OSO4, and postfixed in 2.5% glutaraldehyde 
for 1 h. The oocytes were dehydrated in ethanol, 
infiltrated with Freon TC, and dried at the critical point 
in Freon 13. The dry oocytes were attached to double- 
sided tape and cracked in half with the tips of microfor- 

FmURE 1 (A) A manually isolated nuclear envelope which had been torn open with microforceps. In 
this preparation, which is attached to a polylysine-coated glass slide, the inner surface of the nuclear 
envelope (I) is apparent in the center of the image. The outer surface (O) is viewable in the folded 
regions at the periphery. Chromatin (C) remained attached in this preparation and can be observed to 
adhere to the plate. • 150. (B) A folded region of the nuclear envelope. The pore complexes (PC) can be 
seen projecting from the outer surface (O), whereas the inner surface (I) is covered by fibrous material. 
x 28,000. 
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ceps. This cracking procedure usually revealed the nu- 
cleus with a portion of the nuclear envelope split in the 
plane of the perinuclear space (see Fig. 4). The egg 
fragments were gently splayed open for proper orienta- 
tion in the SEM (Figs. 5 and 7). Examinations of the 
surfaces of both membranes of the nuclear envelope 
were performed in such samples. Subsequent experi- 
ments have demonstrated that 1% OsO4 alone without 
the glutaraidehyde postfLxation is sufficient for fracture 
in the perinuclear plane. 

Fixation of the Nuclear Cortex 
The nuclear cortex seems to be quite labile, as others 

have noted (12, 40), and is best preserved with a 
glutaraldehyde fixation. The most favorable results were 
obtained when live oocytes were rapidly torn open upon 
being immersed into 2.5% glutaraldehyde in the isola- 
tion medium. The tearing step is somewhat random, but 
often the nucleus is exposed as in Fig. 12, which permits 
studies of the substructure associated with the inner 
surface of the nuclear envelope. 

Processing Procedure 
After fixation, all specimens were dehydrated in 

ethanol, infiltrated in Freon TC, and dried at the critical 
point in Freon 13. The samples were coated with about 
80 A of platinum-carbon on a rotating stage and exam- 
ined in a field emission SEM with an accelerating voltage 
between 14.5 and 17 kV. 

RESULTS 

Outer Surface of Nuclear Envelope 
An isolated germinal vesicle manually torn open 

after attachment to a polylysine-coated glass slide 
is shown in Fig. 1 A. The outer surface of the 
nuclear envelope adheres tenaciously to the posi- 
tively charged substrate. The inner surface of the 
nuclear envelope is exposed in the center of this 
preparation, while the folded regions at the pe- 
riphery permit observations of the outer surface 
of the nuclear envelope. Infrequently, chromatin 
remains associated with the opened nucleus, and 
it is observed in this preparation at the upper right 
as a netting of fibrous material which also adheres 
to the polylysine coating. 

A folded region at higher magnification is de- 
pected in Fig. 1 B. In such preparations, both the 
inner and outer faces of this structure can be 
examined simultaneously. The inner surface of the 
isolated preparation will be described in a later 
section. The outer surface is characterized by the 
dense packing of the pore complexes, and there 
are - 5 8  pore complexes/p.m 2, which agrees well 
with other published data (16). These pore com- 

plexes project - 2 0  nm above the membrane 
surface and have indentations suggesting a hollow 
channel as observed in the TEM (33). In regions 
where the nuclear envelope is folded, the pore 
complexes follow the contour of the nuclear en- 
velope rather than appearing like stiff insertions 
in the membrane. Pore complexes often appear to 
share outer walls forming triplet clusters (arrows, 
Fig. 2). The outer diameter of the pore complexes 
measures 90 nm, the inner 25 nm, while the wall 
thickness is --30 nm. The pore complex often 
appears as an aggregate of four rectangularly 
arranged particles which circumscribe an opening 
(Fig. 3, arrow; see Table I). These particles are 
- 3 0  nm in diameter. Occasionally, there are holes 
in the membrane which might be a drying artifact 
in the preparation of this material. Treatments 
with detergents, or the absence of divalent cations 
in the isolation media, increase the number of 
these holes, resulting in pore complexes connected 
to one another by fibers as previously reported by 
Scheer et al. (44). Crescent-shaped mitochondria 
were, at times, found associated with the nuclear 
envelope, as has been previously reported (18). 
However, there was no evidence of the association 
between the nuclear envelope and other intracel- 
lular organelles such as the endoplasmic reticu- 
lum. 

The image of the outer surface of the nuclear 
envelope in this work does not differ much from 
that obtained using shadowed replicas of air-dried, 
isolated envelopes (15) or that described in other 
published reports on negative staining of isolated 
envelopes (5, 9, 38) or on thin-section and freeze- 
fracture studies of ceils or isolated material (see 
references 17 and 33). 

Membrane Surfaces Facing Perinuclear Space 
When whole oocytes are fixed, dried at the 

critical point, and cracked open in this dry state, 
the nuclear envelope almost invariably splits in 
the plane between the inner and outer nuclear 
membranes. Observations are then permitted of 
the surfaces which face the perinuclear space, 
allowing the study of corresponding regions on the 
inner and outer nuclear envelopes. Fig. 4 sche- 
matically indicates the fracture plane with these 
dried, cracked egg fragments. The lightly stippled 
outer nuclear membrane has remained attached to 
the right half (as in Figs. 7 and 8) while the 
corresponding region of the inner nuclear mem- 
brane (darkly stippled in Fig. 4) is observed in 
Figs. 5, 6, and 9 where this surface has been 
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FmuR~ 2 The outermost surface of the nuclear envelope is characterized by a dense packing of the 
projecting nuclear pore complexes. The pore complexes are often clustered to form triplets in which the 
common walls are shared (triple arrow), x 65,000. 

exposed. The terminology used here will refer to 
the face of  the respective nuclear membrane.  For  
instance, the lightly stippled region on the right is 
the inner face of  the outer  nuclear membrane,  
whereas the darkly stippled area on the left is the 
outer  face of the inner nuclear membrane.  

Figs. 5 and 7 are images of an oocyte split to 
reveal the membrane surfaces facing the perinu- 
clear space. These images have been positioned 
on opposing pages so that superimposition of  
corresponding areas is possible by closing the 
journal.  In Fig. 5, the nucleus can be observed as 
the spherical area in the yolk-filled cytoplasm. 
Near  the animal pole of  this nucleus, there is a 
patch of the nuclear envelope (arrow). This patch 
is the surface of the inner nuclear membrane that 
faces the perinuclear space. The chromatin can be 

FIGURE 3 The tetrameric nature of the pore complex 
is apparent in this high magnification of the outer surface 

of the nuclear envelope. This is best observed in the 
pore complexes at the top and bottom of the image. 
With the magnifying abilities of the SEM, it is demon- 
strated that the pore complex appears on the outer 
surface as an aggregate of four components, x 100,000. 
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T A B L E  I 

Frequency of Subunits in Nuclear Pore Complexes 

No. of subunits/pore complex 
% 

3 3.3 
4 91.8 
5 4.9 

FIGURE 4 This schematic diagram depicts the fracture 
plane resulting in the exposure of the membrane surfaces 
facing the perinuclear space. The fixed and dried oocyte 
was cracked by inserting microforceps (indentation at 
top). The left half is diagrammatic of Figs. 5, 6, and 9, 
whereas the right half, as framed in this schematic 
drawing, corresponds to Figs. 7 and 8. The lightly 
stippled outer nuclear membrane remained adhered to 
the right half, as in Fig. 8. The removal of the outer 
membrane from the right half resulted in the exposure 
of the inner nuclear membrane (darkly stippled), as in 
Fig. 6 in the left half. The terminology used throughout 
this report will refer to the darkly stippled region on the 
left as the outer face of the inner nuclear membrane, 
and the lightly stippled area on the fight as the inner 
face of the outer nuclear membrane. 

observed beneath this patch, filling the nucleus. 
The corresponding half of this cracked oocyte is 

visualized in Fig. 7. The indentation at the top of 
this cell resulted from the insertion of the micro- 
forceps used in the cracking procedure. Just be- 
neath this indentation, the patch of nuclear enve- 
lope corresponding to that observed in Fig. 5 can 
be seen (arrow). This is the surface of the outer 
nuclear membrane that faces the perinuclear 
space. 

Figs. 6 and 8 are higher magnifications of the 
nuclear membranes visualized in Figs. 5 and 7, 
respectively. In Fig. 6, there are four clearly 
apparent protrusions (mean diameter = 5.75 /~m) 

which are perhaps nucleoli protruding from within 
the nucleus. Chromatin can be observed to the 
left of this membrane patch, where the nuclear 
interior is exposed. Close examination of the 
surface will reveal hollow projecting pore com- 
plexes which have the same outer diameter as 
those observed on the outer surface (i.e. 90 nm; 
arrow). It is significant that there are, again, pore 
complexes with fused walls, commonly in groups 
of three (arrow). 

The surface of the outer nuclear membrane that 
faces the perinuclear space is shown in Fig. 8. The 
four depressions match the protrusions observed 
in Fig. 6; pore complexes ( -55 / / zm 2) and sets of 
fused pore complexes also correspond. That these 
two membrane faces are corresponding areas can 
be vividly demonstrated by superimposing the 
images upon one another.  As with Figs. 5 and 7, 
this can be done by closing the journal.  Unfortu- 
nately, it is not possible to obtain clear photo- 
graphs of these preparations at very high magnifi- 
cations, probably because of the vibration of the 
large egg fragment which has only limited areas of 
attachment to the double stick tape. Fig. 9 is a 
higher magnification image where the pore com- 
plexes can be observed. The relative density of 
the pore complexes over the protrusions, which 
might be nucleoli, and over the flat areas on the 
nuclear membrane are about the same, indicating 
that there does not seem to be any preferential 
placement of these structures. Interestingly, the 
membrane  surfaces facing the perinuclear space 
are covered with coarse particles - 2 0  nm, which 
do not seem to appear on the inner and outer 
faces of the nuclear envelope. 

Inner Surface of Nuclear Envelope 
The isolated nucleus, when torn open as in Fig. 

1, permits observations of the inner surface of the 
nuclear envelope. This surface appears as a fi- 
brous network (fiber diameter down to 15 nm) 
overlaid by particles of 50-60 nm (Fig. 10). 
Chromatin strands, which can be distinguished 
from the fibrous network by their characteristic 
beaded appearance, are occasionally found asso- 
ciated with the inner surface of the nuclear enve- 
lope. The fibrous matrix is interrupted by holes 
with diameters approaching 25 nm, i.e. the diam- 
eter of pore complexes. The density of these 
interrupting holes is - 5 5 / ~ m  2, a value that is 
consistent with the density of pore complexes 
observed on all other membrane faces. 

It is not possible to discern whether the holes 
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are pore complexes in this preparation, or whether 
they are merely spaces circumscribed by the fibers 
associated with the inner surface of the nuclear 
envelope. The fibers can be extracted by rinsing 
the isolated nuclear envelope in 0.6 M KI for 5 
min and then processing as usual. This treatment 
extracts all the fibers associated with the inner 
surface of the nuclear envelope, thereby permit- 
ting direct observation of the inner face of the 
inner nuclear membrane (Fig. 11). 

The pore complexes that can be observed in 
these preparations have the same size and density 
as those observed on the outer surface of the 
nuclear envelope (60//xme). The pore complexes 
do not project as much above the membrane face 
on this surface as they do on the outer surface of 
the nuclear envelope and on the membrane sur- 
faces facing the perinuclear space, where the pores 
protrude from the membrane surface by - 2 0  nm. 
It is also significant that there are fused pores, 
again three to a group (arrow). 

The Nuclear Cortex 

When oocytes are rapidly torn open after being 
plunged into the glutaraldehyde fixative, the nu- 
cleus is often exposed. Such a preparation is 
shown in Fig. 12. The nucleoplasm is generally 
lost after this treatment, implying only a tenuous 
connection between the chromatin and the nuclear 
envelope at this stage (44). Observations are then 
permitted of the substructure associated with the 
inner surface of the nuclear envelope. 

When chromatin remains attached to the nu- 
clear envelope, it is often associated with the 
vegetal pole of the nucleus (as determined by the 
size of the yolk platelets adjacent to the nucleus). 
The chromatin appears as beaded strands with a 
diameter of 40-100 nm. When stereo images are 
analyzed, the spiral arrangement of the beads is 
apparent. Chromatin fibers are depicted in Fig. 10 
(at C) and in Fig. 13. Interestingly, there is a 
modification at the site of chromatin attachment 
to the nuclear envelope (Fig. 13, arrow). This 
modification appears as an invagination of the 
nuclear envelope, with the chromatin strands ra- 
diating from this site. Unfortunately, the drying 
procedure required for scanning electron micros- 
copy cannot exclude the possibility of the collapse 
of these structures. 

The ultrastructure of the inner surface of the 
nuclear envelope in these rapidly fixed specimens 
is considerably different from that seen in the 
isolated nuclear envelopes or in those cracked 

open after fixation. The torn regions at the periph- 
ery permit measurements of the thickness of the 
nuclear envelope ( - 3 0 0  nm). Large, flattened 
circles 0.45 /~m in diameter, possibly collapsed 
nucleoli, are attached to the envelope (Fig. 14). 
Careful examination of the inner surface of the 
nuclear envelope prepared this way reveals that it 
is covered by a substructure that has not been 
reported previously. At  this magnification, there 
is the impression of a complete fibrous layer 
covering the inner surface, with a second, incom- 
plete layer covering the first layer. 

A higher magnification image of this structure 
(Fig. 15) demonstrates that the entire inner sur- 
face of the nuclear envelope is covered by fibers 
which overlap to circumscribe funnels, called in- 
tranuclear channels by Watson (49). The intranu- 
clear channels in this image are of varying inner 
diameters (120-640 nm) and often have chains of 
particles inserted within them (arrow). These par- 
ticles are - 5 0 - 6 0  nm in diameter and may be 
analogous to the spirals of ribonucleic acid-protein 
aggregates associated with the nuclear pore re- 
ported in other systems (41,50) .  

Fig. 16 demonstrates that the intranuclear chan- 
nels open at the nucleoplasmic surface and narrow 
towards the nuclear envelope. This narrowing is 
accomplished by the successive diminution of the 
diameter circumscribed by the fibers. The smallest 
diameters measured approach that of the 25-nm 
lumen of the pore complex. The chains of particles 
and individual particles are apparent in this image, 
and again are associated with the open end of the 
intranuclear channel. There are --3.2 intranuclear 
channels per ~m 2. considerably fewer than the 
number of pore complexes. The several ways of 
explaining the discrepancy between the number of 
intranuclear channels and the number of pore 
complexes are stated in the Discussion and in Fig. 
17. 

DISCUSSION 

Model of  the Nuclear Surface Complex 

The images of the faces of each membrane of 
the nuclear envelope, as well as the fibrous layer 
associated with the nuclear envelope which we 
shall call the nuclear cortex, have been compiled 
to reconstruct a three-dimensional model of the 
nuclear surface complex of the Xenopus oocyte. 
This schematic model does not differ greatly from 
other proposed models of the pore complexes and 
of the nuclear envelope (1 ,9 ,  12, 13, 17, 47 and 

SCrlAX'rEN AND THOMAr~ Scanning Electron Microscopy of the Nuclear Envelope 523 



FIGURE 5 An oocyte split to reveal the outer face of 
the inner nuclear membrane. Refer to Fig. 4 and com- 
pare this image with Fig. 7. The oocyte was f'Lxed with 
osmium tetroxide, dehydrated, dried at the critical point, 
and fractured with the tips of microforceps (indentation 
at top of oocyte). The fracture plane, after this drying 
procedure, is the perinuclear space, thereby exposing 
the inner face of the outer nuclear membrane (Figs. 7 
and 8) and the outer face of the inner nuclear membrane 
(Figs. 5, 6, and 9). The other half of this fractured 
oocyte is depicted in Fig. 7, and comparisons should be 
made by closing the journal to superimpose the areas of 
interest. The nucleus is observed in the center, and is 
filled with chromatin (C). The yolky cytoplasm (Y) is 
similarly apparent. At the top of the nucleus (arrow) is a 
patch of the split nuclear envelope, x 100. 

49), but provides additional information regarding 
the appearance of the membrane surfaces, the 
geometry of  the pore complexes and their associ- 
ations with adjacent pore complexes, and the 
relationship between the nuclear cortex and the 
nuclear envelope.  

The schematic model  (Fig. 18) shows all four 
membrane  faces of the nuclear envelope simulta- 
neously, and the associated nuclear cortex. On the 

outermost  face, the smooth membrane is studded 
with pore complexes which project from the level 
of the membrane.  The pore complexes appear to 
be composed of four units, and often the pore 
complexes are fused into triplets which share 
adjoining walls. The inner and outer  nuclear mem- 
branes are shown splayed apart in the diagram to 
reveal the surfaces facing the perinuclear space. 
The appearance of each of  these membrane faces 

FIGURE 6 A higher magnification of the outer face of the inner nuclear membrane. Refer to Fig. 4 and 
compare with Fig. 8 for the corresponding region of the inner face of the outer nuclear membrane. A 
triplet of pore complexes has been circled and can be seen to coincide with those circled in Fig. 8. x 
1,500. 
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is similar: a coarse, particle-covered membrane 
with pore complexes projecting from the surface. 
The pore complexes are fractured in the plane of 
the perinuclear space such that each membrane 
has half of the complex. This is demonstrated by 
superimposing images of the same region of the 
inner face of the outer nuclear membrane on 
images of the outer face of the inner nuclear 
membrane (as in Figs. 6 and 8). On the inner face 
of the inner nuclear membrane, the pore com- 
plexes do not seem to project much above the 
membrane surface. Furthermore, there are fibers 
covering this surface, which must be extracted 
before the pore complex can be observed. Asso- 
ciated with the inner surface of the nuclear enve- 
lope is a thick region of fibers that circumscribe 
funnels, the intranuclear channels. This substruc- 
ture can be best preserved by rapid fixation, and 
probably represents the layer which in vivo ac- 
counts for the active or passive transport abilities 
of the nuclear envelope, as well as for the shape 
of the nucleus. 

Geometry of the Pore Complex 

In this work, the pore complex is shown to be 
composed of an aggregate of particles projecting 

Ft6uIE 7 An oocyte split after drying revealing the 
inner face of the outer nuclear membrane (arrow). The 
complementary half of this oocyte is shown in Fig. 5. 
Refer to Fig. 4 for orientation. • 100. 

from all membrane faces, except for the innermost 
face. The density of the pore complexes on all 
membrane faces is about the same, indicating that 
there are no incomplete pores, and these results 
are consistent with the density (45) and sizes (33) 
observed in other work. Frequently, the pore 

FmURE 8 The inner face of the outer nuclear membrane. This magnified region of Fig. 7 corresponds to 
the area depicted in Fig. 6. Refer to Fig. 4 for orientation. The circled triplet of nuclear pore complexes 
will superimpose with that circled in Fig. 6. • 1,500. 
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FmUaE 9 The outer face of the inner nuclear mem- 
brane. This image demonstrates the pore complexes and 
coarse nature of the membranes facing the perinuclear 
space. A triplet of pore complexes has been circled. The 
inner face of the outer nuclear membrane has a similar 
appearance. The limited attachment of the fractured 
oocyte to the adhesive tape results in sample vibration 
which does not permit high magnification photography. 
• 3,500. 

complexes are fused, sharing adjoining walls to 
form triplets. These triplet structures have been 
observed on all membrane surfaces. 

Each pore complex appears as an aggregate of 
four subunits in this work (see Table I) as in the 
work of Kirschner et al. (29). Although the 
evidence for the octagonal nature of the pore 
complex is excellent (11, 21, 32), those results 
were obtained with TEM. However, the octagonal 
arrangement of the pore complex need not neces- 
sarily be within a single membrane plane. In 
negative staining or thin sectioning, the TEM 
condenses a rather thick nuclear envelope or 
section into the single plane of the photographic 
image. This might possibly result in the superim- 
position of structures that are slightly out of plane 
with respect to one another. If this is the case, 
then the pore complex may actually be composed 
of two sets of four particles that are staggered at 
90 ~ from one another. Faberg6 (10) arrived at the 
conclusion that the octagonal pore complex might 
well be composed of two sets of rectangularly 
arranged tetramers in staggered conformation. 
The limitation of the SEM in visualizing only 
surfaces might then result in the tetrameric ap- 
pearance of the pore complex. However, the 
limited resolution of the SEM does not exclude 

the possibility that each particle is not a dimer. 
Until this can be clarified, a definite understanding 
of the morphology of the pore complex will not be 
possible. 

Whenever the membranes of the nuclear enve- 
lope are split apart, the pore complex always 
fractures in the plane of the perinuclear space. 
Furthermore, half of each pore complex remains 
with each nuclear membrane. The pore complexes 
never seem to be pulled out of one membrane and 
left in the other, nor do there ever seem to be 
partially broken pore complexes with incomplete 
particle clusters in one membrane, with the miss- 
ing particles in the other. This splitting of the pore 
complex within the perinuclear space implies that 
the complex has a natural cleavage plane in this 
region, or that it is composed of stacked particles 
rather than a solid cylinder, as proposed by Engel- 
hardt and Pusa (9). In our reconstruction, the 
pore complex is shown to be the element respon- 
sible for maintaining the uniform separation be- 
tween the two nuclear membranes. The nuclear 
membranes are also shown to be continuous, and 
they are torn when they are fractured apart. 
However, our evidence does not permit us to 
make conclusive statements about these points. 
For example, we cannot resolve the continuity of 
the two nuclear membranes nor can we be certain 
that the pore complex is solely responsible for the 
attachment of these membranes to one another. 
Furthermore, we cannot rule out the possibility 
that the pore complex between the inner and 
outer nuclear membranes is formed by these 
membranes. For instance, if the pore were created 
as a result of a cylindrical perforation where the 
inner and outer membranes meet, then when 
fractured and shadowed with platinum-carbon a 
structure with a wall diameter approaching 30 nm 
might possibly be observed. 

Nuclear Cortex 

The term nuclear cortex is used here to describe 
the fibrous layer associated with the inner surface 
of the nuclear envelope. This term has been 
chosen with analogy to the relations between the 
cell cortex and,the plasma membrane, and those 
predicted to occur between the nuclear cortex and 
the nuclear membranes. A layer similar to the 
nuclear cortex has been described in many systems 
(2, 3, 7, 12, 14, 23, 25, 35, 38, 39, 46) by terms 
such as fibrous lamella (7, 12), internal dense 
lamella (46), zonula nucleum limitans or nuclear 
limiting zone (39), honeycomb layer (14), and 
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FmURE 10 The inner surface of the isolated nuclear envelope. This image demonstrates the beaded 
nature of the chromatin strands (C) and reveals that the inner surface of the nuclear envelope after 
isolation appears as a fibrous network (FN) interrupted by holes. There are 50- to 60-nm particles (arrow) 
associated with this network. Pore complexes, which probably are covered by the fibrous network, are not 
apparent in these isolated preparations, x 65,000. 

cortical nuclear layer (3). This terminology is used 
to simplify and clarify the vocabulary of this 
cellular structure; it is hoped that confusing and 
repetitive descriptive terms can be minimized. All 
the previous work on the nuclear cortex has been 
performed with thin sections for the T E M ,  reveal- 
ing an electron-dense region underlying the inner 
surface of the nuclear envelope which is inter- 
rupted by electron-transparent areas adjacent to 
the pore complex. If a three-dimensional recon- 
struction of these sections were compiled, it would 
be predicted that the resultant image would not 
be unlike that obtained with the SEM: a thick 
matrix of fibers circumscribing funnel-form chan- 

FIGURE 11 The inner surface of the isolated nuclear 
envelope after extraction with 0.6 M KI. After this 
extraction, the network and particles are removed from 

the inner surface, and pore complexes are apparent. 
These pore complexes, like those observed on the other 
three membrane surfaces, are found in a triplet array 
(arrow) but do not project above the membrane surface. 
• 65,000. 

SCHA'Iq'EN AND THOMAN Scanning Electron Microscopy of the Nuclear Envelope 527 



FIGURE 12 A rapidly fixed oocyte fragment prepared by ripping open the oocyte as it was plunged into 
glutaraldehyde. The nucleus (N) and the outer surface of the cell (O) can be observed. Rapid fixation was 
essential for the preservation of the nuclear cortex, x 325. 
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FmURE 13 Chromatin attachment site, There is an 
invagination of the nuclear envelope, at the vegetal pole 
of these rapidly fixed oocytes, to which the chromatin 
seems to be attached (arrow). • 3,000. 

nels which, probably, lead to the orifices of the 
pore complexes. 

It has not been possible to observe the geometry 
of the association between the intranuclear chan- 
nels and the pore complex. The discrepancy be- 
tween the density of intranuclear channels (3.2/ 
tzm z) and the density of the pore complexes ( - 5 5 /  
/~m 2) can be reconciled by three possible modes 
of attachment (see Fig. 17): (a) The intranuclear 
channels might bifurcate towards the nuclear en- 
velope. This would imply that a single intranuclear 
channel would service 18 pore complexes. The 
TEM evidence (e.g. references 12 and 24) does 
not confirm the existence of any bifurcations, so 
this possibility seems unlikely. (b) The intranu- 
clear channels might terminate at a region close 
to, but not at, the pore complexes. Then, material 
might be deposited into this region and would sift 
to several pores at the same time. Were this the 
case, then isolation of nuclear envelopes associ- 
ated with a lamina would not be predicted, so this 
possibility also seems improbable.  (c) The chan- 
nel might lead directly to a pore complex, as has 

Fmu~ 14 The inner surface of the nuclear envelope 
in a rapidly fixed oocyte. A layer covering the inner 
surface of the nuclear envelope, the nuclear cortex (NC), 
and large flattened structures, perhaps collapsed nu- 
cleoli, are observed in this preparation, x 2,000. 

been observed in thin section and after isolation. 
The material funneled into the intranuclear chan- 
nel would be directly transported through the 
connecting pore complex. The possible connection 
of a single channel to a single pore complex does 
not exclude the breaking of that connection after 
some activity has occurred, and then the immedi- 
ate reformation of that channel with another pore 
complex. 

The chains of particles inserted within the intra- 
nuclear channels have been described in TEM 
work (41,49) and appear to be composed of ribo- 
nucleoprotein complexes as determined by high 
resolution autoradiography (50). Their role in 
gene expression and in nucleocytoplasmic trans- 
port might prove profound. 

It seems unlikely that the fibers comprising the 
nuclear cortex are chromatin. They lack the char- 
acteristic beaded appearance of chromatin strands 
(Fig. 10) and have a morphology similar to that of 
fibrous bundles of actin polymers (6). In addition, 
chromosomes of the oocytes at this stage have 
contracted and lie in the center of the nucleus at a 
distance of 100 ~tm or more from the nuclear 
envelope (45). Enzymatic treatment of this layer 
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mately of the same diameter as actin polymers 
observed in the other cells (6). Although there are 
reports of actin within the nucleus (4, 8, 24, 27, 
31) and although a 43,000-dalton band which 
coelectrophoreses with rabbit muscle actin is 
found in this nucleus (M. Thoman, unpublished 
results), it is not possible to rule out the possibility 
that the actin is cytoplasmic and adhered to the 
outer surface of the nuclear envelope during the 
isolation procedure, as discussed by Osborn and 
Weber (37). Definitive evidence for the presence 
of actin in the nuclear cortex, such as heavy 
meromysin decoration, is precluded by the diffi- 
culties in isolating this layer intact, and by the 
problems of fixing actin for the TEM. 

If contractile elements can be found within the 
nucleus, conjectures concerning the motility of the 
nuclear surface are then possible. The fact that an 
isolated nuclear matrix has been shown to undergo 
expansion and contraction in the presence of 
divalent cations (51) argues for a motile nuclear 
surface. It then is possible to envision the chains 
of particles, which are inserted in the intranuclear 
channels, as material undergoing transport from 
the nucleus to the cytoplasm. In this work, the 
image of the nuclear cortex is that of a dynamic 
structure which is frozen by the very rapid fixa- 
tion. Perhaps the movements of these particles 
have been interrupted since the particles appear 
inserted within the intranuclear channels to vary- 
ing degrees. These speculations about the active 
properties of the nuclear surface complex and its 
role in nucleo-cytoplasmic transport, although 
tempting, cannot be proven by this work and 
await further experimentation. 

FICURE 15 The nuclear cortex. The matrix associated 
with the inner surface of the nuclear envelope is apparent 
as a series of funnels circumscribed by fibers. This 
structure is not preserved after isolation, but is seen only 
after a very rapid fixation. Chains of particles are 
inserted into the funnels (arrows). • 13,500. 

in our hands and by others (46) argues that the 
layer is proteinaceous, as does high resolution 
autoradiography (50). The honeycomb layer in 
amoeba was resolved as 50 A filaments by Flick- 
inger (14). The fibers remaining after isolation 
can be extracted with 0.6 M KI, and are approxi- 
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FIGURE 16 The nuclear cortex. This image reveals that the intranuclear channels,  which appear as 
funnels exiting towards the cytoplasm, are composed of overlapping fibers. Particles and chains of particles 
(arrows) are seen within and associated with the intranuclear channels. • 30,000. 
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FIGURE 17 Modes of association between the intranu- 
clear channels and the pore complexes. There is a ratio 
of ~18 nuclear pores per intranuclear channel. If the 
assumption is made that the nuclear pore complex and 
the intranuclear channels are involved in nucleo-cyto- 
plasmic transport, then three modes of attachment and 
transport are possible: (A) The intranuclear channel 
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might bifurcate and service several pores simultaneously. 
(B) The intranuclear channel might terminate close to, 
but not at, the pore complex. Material then would sift 
through several pores. (C) The intranuclear channel 
might attach to one nuclear pore, and, after some 
activity, might break that association and immediately 
reattach to another pore complex. 
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FIouvm 18 The nuclear surface complex. This schematic drawing compiles the data from the four 
membrane faces and from the nuclear cortex, into an interpretation of the three-dimensional arrangement 
of the nuclear surface complex. A fuller description appears in the Discussion. The pore complexes appear 
as tetrameric units, and are often clustered into triplets which share common walls. They can be fractured 
in the plane of the perinuclear space, resulting in half of the pore complex remaining inserted in the 
corresponding nuclear membrane; they are never pulled from the membrane. The nuclear cortex appears 
as a series of overlapping fibers which circumscribe funnels, or intranudear channels. Material is often 
found inserted within these intranuclear channels. The association between the nuclear cortex and the 
pore complex is speculative, and discussed in greater detail in the Discussion and in Fig. 17. 
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