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Introduction
Genomic DNA is sealed within the nuclear envelopes (NEs) in all 

eukaryotic cells. Entry of molecules into, as well as exit from the nuclei 
occur exclusively through nuclear pore complexes (NPCs). Therefore, 
the most fundamental processes of living cells, in both health and di-
seases, all involve transport of the molecules through the NPCs [1-9]. 

At present, numerous studies are conducted about the transport of 
molecules through nuclear pore complexes (NPCs) and their molecular 
architecture, in a variety of cells including oocytes [10-11]. In addition 
to insight for general knowledge, such studies have also the strong cli-
nical relevance. Recent developments in molecular profiling facilitate 
identification of genetic errors with high accuracy [12-15]. Some ge-
netic errors result in disorders responsible for infertility, miscarriages, 
and for almost half of the infant and neonatal deaths. Still others are 
responsible for high susceptibility to development of diseases later in 
life, e.g., increased risks of cancers in carriers of inherited BRCA1 mu-
tations [16-18]. Pre implantation genetic testing greatly advanced the 
success of in vitro fertilization (IVF) by guiding the selection of heal-
thy embryos [19-20]. Furthermore, in uterus, amniotic and chorionic, 
genetic testing and USG, help to identify genetic disorders early on in 
development [21-25]. While the test results, indicative of genetic di-
sorders, may lead some women to terminate pregnancies, genetic en-
gineering aimed at correcting these errors, and thus preventing those 
genetic disorders from developing, is currently a futuristic temptation. 

Nevertheless, development of some mutations involves passing of mu-
tagens through the NPCs and reaching the gDNA, e.g., HIV leading to 
the congenital AIDS. Engineering viral blockers of the NPC docking 
sites for importinβ /karyopherinβ clusters could be a preventive step. 
While retroviruses used in gene therapy trials exert their therapeutic 
effects upon genomic integration, but can also present a threat of the 
virus-induced insertional mutagenesis in genes of oocytes. Intelligent 
biomolecular engineering of the transgenes’ vectors, with the precisely 
defined transporting steps, should be one of the safeguards [26-28]. 

However, the structures and mechanisms involved in the transport 
of molecules beyond the NPCs remained unclear until now. Intere-
stingly, in various published images of the NEs, there existed apparent, 
short, thin filaments radiating out from the inner ring of the NPCs to-
wards the nuclear interior and from the cytoplasmic ring towards the 
cytoplasm [29-39]. The relationships of these short filaments to the 
NPCs and their ultrastructural organization indicated structures enti-
rely different from lamins or matrices [38,39]. In addition, a few publi-
cations on nucleo-cytoplasmic transport contained observations, that 
viruses, gold-tagged molecules, or transcripts were often aligned in the 
nuclei into single file tracks; however the authors neither revealed any 
supporting structures, nor interpreted underlying mechanisms [40-44]. 
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Abstract
The molecular architecture of Nuclear Pore Complexes (NPCs), as well as the import and export of molecules 

through them, has been intensively studied in a variety of cells, including oocytes. However, the structures and 
mechanisms, involved in the transport of molecules beyond the NPCs, remained unclear, until now. The specific 
aim of this work was, therefore, to determine, if there exist any intranuclear structures in continuum with the NPCs. 
This information could help in explaining the mechanisms, which propel the distribution of biomolecules and vectors 
inside the cell nuclei.

To attain this aim, we used rapid cryo-immobilization to capture molecular processes of living cells with 
millisecond resolution. We pursued molecular imaging, including electron energy loss spectroscopy and energy 
dispersive x-ray spectroscopy, to reveal structures with nanometer spatial resolution. We also bioengineered single 
chain variable fragments to track biomolecules and transgenes’ constructs.

Herein, we reveal the Nuclear Routing Networks (NRNs) in the oocytes of Xenopus laevis. The NRNs originate 
at and extend from the tops of intranuclear baskets of the NPCs to interconnect them, while creating a complex, 
intra-nuclear, three-dimensional architecture. The NRNs guide the export of both tRNA, as well as the Nuclear Export 
Signal (NES) equipped vectors, from the nuclei. Moreover, the NRNs guide the import of both nucleoplasmin, as well 
as the Nuclear Localization Signals (NLS) modified transgenes’ vectors, into the nuclei. The vectors equipped with 
these NLS and NES shuttle back and forth through the NPCs and NRNs.

To summarize, we reveal the NRN, which functions as the guided distribution system in the Xenopus laevis 
oocytes’ nuclei. We further proceed with the identification of its molecular components.
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Nevertheless, rapid trafficking of histones had to be supported by very 
efficient transport system [45]. Studies suggested compartmental orga-
nization of chromatin and patterns of expression contingent upon the 
distribution of genes in relation to the NE [45-49]. Furthermore, mo-
lecules contributing to the buildup of the NPCs were shown as having 
DNA binding properties [50]. 

The ultimate goal of our work is genomic nanosurgery, which would 
include guided trafficking of the vectors to the defined loci on chromo-
somes for: (1) repairing of the mutated genes, (2) safeguarding gDNA 
against induction of mutations, or/and (3) inserting genes promoting 
resistance against diseases [51]. Precise knowledge of the functional 
structures involved in the nuclear transport processes is essential. The 
specific aim of this work was, therefore, to determine, if there are any 
intranuclear structures in continuum with the NPCs. In this regard, our 
report helps in explaining mechanisms, which propel transport of mo-
lecules, of importance for biology and medicine, inside the nuclei of 
oocytes. 

Materials and Methods 

Oocytes of Xenopus laevis
Mature Xenopus laevis oocytes were used in this study as the well 

established model of nucleo-cytoplasmic transport. They were gifts 
from Dr J. Dahlberg, Dr E. Lund of UW Madison, Dr M. Kloc, UT Dal-
las, and Dr D. Forbes, UC San Diego. The oocytes were defolliculated 
and maintained in amphibian Ringer’s solution. The nuclei were isola-
ted in the low salt buffer (LSB: 0.5mM MgC12, 1mM KCI, 0.1mM ATP, 
10 mM Hepes, pH 7.4) by tearing the oocyte surface at the pigment 
border with forceps. They were then cleaned of yolk with dissecting ne-
edles and attached to glass, gold, or carbon chips treated with silane and 
gutaraldehyde [30]. Live recording was performed using a CCD camera 
(C5985, Hamamatsu, Japan) under and MetaMorph imaging software 
(Universal Imaging, Corporation, West Chester, PA).

Isolation of nuclear envelopes

The oocyte nuclei contained a contractile gel due to the presence of 
actomyosin. In order to see the structures on the inside of the NE, the 
nuclei were rinsed with Macgregor’s 5:1 buffer (10 mM HEPES, 83mM 
KCI, 17 mM NaCI, 0.5 mM MgC12, 0.1mM ATP, pH 7.4) and opened 
with microneedles. For studies of the active transport of the vectors, 
the buffers were supplemented with 0.3 mM apyrase or maintained at 4 
deg. C. Nuclear envelopes (NE) remained attached to the sticky carriers 
during all procedures that followed [32]. The NE samples were either 
chemically fixed or rapidly cryo-immobilized.

Nucleoplasmin, histone, transfer RNA, messenger RNA, NLS 
and NES equipped vectors

Nucleoplasmin, a 165kDa karyophilic protein known to be 
imported through the NPCs, was prepared according to the classical 
protocol [52-53]. Briefly, oocytes were rinsed in Ca-free Ringer’s 
solution containing phenylmethylsulfonyl fluoride, homogenized, 
cleared by centrifugation, extracted with 1,1,2-trichlorotritluoroethane. 
DEAE-cellulose and phenyl sepharose column chromatography were 
followed by ammonium sulfate extraction and dialysis against 50 mM 
Tris-HCl. The purity quality control was performed on the native gel 
with the gold enhanced silver staining. Human 150kDa IgG served 
as the control [63]. The biomolecules were modified with biotin or 
digoxigenin for detection with the scFv coordinating Gd, Eu, Au, Tb, 
Er, or Ag atoms for NMR, SPR, FM, EDXS, and EELS, as described [63]. 

Transfer RNA, known to be exported through the NPCs, was 

prepared according to the classical protocol [54-56]. The templates for 
transcription tRNAi Met were generated by linearization of plasmids 
and in vitro transcription with v T7RNApolymerase (Promega) as 
uncapped RNA. Total RNA served as the control. Transcription mix 
included biotin labeled analog of guanosine triphosphate (GTP) 
(Biotin-11-GTP) (Perkin Elmer) to facilitate detection with chelating 
scFv [63].

The vectors were engineered as organo-metallic clusters contai-
ning multiple, hetero-functional domains as recently described [14]: 
(i) single chain variable fragment antibodies (scFv) targeting biotin or 
digoxigenin – anchoring the plasmid DNA having incorporated dNTPS 
modified with biotin digoxigenin; (ii) scFvs targeting dsDNA – holding 
dsDNA; (iii) metal binding domains; (iv) nuclear localization signals 
(NLS); (v) nuclear export signals (NES). The coding sequences for the 
anti-digoxigenin and anti-biotin scFv were amplified by polymerase 
chain reaction using the mix of the plasmid DNA, synthesized primers, 
dNTPs, and Taq DNA polymerase (Hoffmann–La Roche, Basel, Swit-
zerland) using the Robocycler (Stratagene, San Diego, CA) from the 
constructs described earlier [14]. The coding sequences for the anti-
dsDNA scFvs were generated from the blood as described earlier. Brie-
fly, fresh blood was received from the patients suffering from Lupus 
erythomatosus with the Institutional Review Board (IRB) approval and 
with the Informed Consent Forms (ICF) signed. The B cells were iso-
lated using the superparamagnetic scFvs targeting CD19 and CD20. 
The total mRNA was isolated using Trizol reagent (Molecular Research 
Center, Inc. Cincinnati, OH). The cDNA was generated using random 
hexamers (Intergrated DNA Technologies, Coralville, IA) and reverse 
transcriptase (Promega, Madison, WI). The cDNA quality was tested 
by the polymerase chain reaction (PCR) of beta actin and GAPDH as 
reference genes with the commercially available primers (ABI, Foster 
City, CA). For amplification of variable fragments, the primers sets were 
designed using the Kabat database. They were synthesized on 380A 
DNA Synthesizer (ABI, Foster City, VA). The closed, circular, dsDNA 
plasmid constructs coding for the scFv targeting catalase and supero-
xide dismutase were prepared and tested for their integrity during the 
trafficking as recently described [14,27].

The coding sequence for the NLS – PKKKRKV was amplified from 
the SV40 Large T antigen plasmid (ATCC, Manassas, VA). The coding 
sequence for the NES – LPPLERLTL was amplified from the HIV Rev 
plasmid (ATCC, Manassas, MD) [59,60]. The scFvs without NES and 
NLS served as the controls. The coding sequences were cloned into the 
plasmid vector and expressed in myelomas (ATCC, Manassas, VA). Al-
ternatively, they were synthesized (ABI, Foster City, CA).

Microinjections

Xenopus laevis oocytes were maintained in amphibian Ringer’s so-
lution. Just prior to the microinjections, the oocytes were spun down at 
650g to position the nucleus just below the plasma membrane near the 
animal pole. This facilitated the intranuclear microinjections. This also 
assured the perinuclear microinjections close to the nuclear envelope, 
but without mistakenly injecting the nuclei. Then, intra-cytoplasmic 
and intra-nuclear microinjections were conducted using glass micro-
pipettes (10 micrometer mouth diameter) mounted into micromani-
pulator (Narishige, Tokyo, Japan) on an inverted microscope (Nikon, 
Tokyo, Japan or Zeiss, Oberkochen, Germany) according to established 
procedures. Exactly 50 nL volumes of solutions containing non-viral 
transgenes’ vectors or biomolecules were injected by pressure control-
led pulses. At different time intervals, the whole oocytes were cryo-
immobilized in the high-pressure freezing machine (HPM10, Balzers, 
Lichtenstein). Subsequently, the concentrations of the transgenes in dif-
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ferent organelles of the oocytes were measured by means of elemental 
analysis with EDXS or EELS [63].

Cryo-immobilization

At the completion of the experiment, the cells were cryo-immo-
bilized within 10 ms down to –196°C at 2000 atm within the pressu-
re chamber of the high pressure freezing machine HPM10 (Bal-Tec, 
Liechtenstein). Alternatively, if the nuclear envelopes were isolated and 
attached to the chips, then they were cryo-immobilized within liquid 
pentane using the plunge freezer [30]. All the samples were stored in 
liquid nitrogen until further processing by freeze-substitution and em-
bedding for sectioning FSD010 (Bal-Tec, Liechtenstein) or freeze-frac-
tured and freeze-dried BAF 060 (Bal-Tec, Liechtenstein). 

Chemical fixation

Isolated Xenopus laevis oocyte nuclei attached to the chips were fi-
xed in 1% glutaraldehyde and 0.2 % tannic acid in the LSB. This was 
followed by post-fixing in 1% osmium tetroxide in the LSB. They were 
cryo-immobilized by plunge freezing and stored in liquid nitrogen. 
After freeze-substitution with acetone on FSD010 (Bal-Tec, Liechten-
stein), the preparations were embedded in epon 812 (Ladd, Williston, 
VT) and sectioned. Alternatively, the samples were dehydrated in etha-
nol, dried in critical point of CO2, and cryo-sputter-coated with Pt/C on 
BAF060 (Bal-Tec, Liechtenstein) [30].

Molecular imaging and elemental analysis

The field emission, scanning transmission, electron microscope FE-
STEM HB501 (Vacuum Generators, Kirkland, WA) was equipped with 
the energy dispersive x-ray spectrometer (EDXS) (Noran, Middleton, 
WI) and the post-column electron energy loss spectrometer (EELS) 
(Gatan, Pleasanton, CA). The cryo-energy filtering transmission elec-
tron microscope 912 Omega was equipped with the in-column, (Zeiss, 
Oberkochen, Germany). The images were acquired using the ccd ca-
mera operating under the image acquisition and processing software 
(SIS, Herzogenrath, Germany or Emispec Systems, Tempe, AZ). The 
field-emission scanning electron microscopes S3400 was equipped with 
the EDXS (Hitachi Tokyo, Japan) and SEM1530 (Zeiss, Oberkochen, 
Germany) was equipped with EDXS (Noran, Middleton, WI). For ste-
reo-viewing, the in-register pairs of images were acquired electronically 
with +/- 6 degrees tilt of the stage. The control elemental spectra were 
acquired on the standards from the National Institute of Standards and 
Technology (NIST, Gaithersburg, MD). The concentrations of the vec-
tors at different compartments were determined using EDXS and EELS 
spectral mapping. All the vectors contained the domains chelating Gd, 
Tb, Eu, Au, Er or Pt. EDXS and/or EELS elemental spectra were acqui-
red for every single pixel of the imaged area to create the elemental data 
stack. From this stack, the map of the selected element was extracted 
to create the map of this element’s distribution with the element’s con-
centration determined. The overall oocyte ultrastructure was revealed 
using EELS at zero energy loss. The elemental maps of the exogenous 
atoms (e.g., Gd atoms chelated into the vectors) were overlapped over 
the ultrastructural map of the oocyte. This way the concentrations of 
the vectors within the oocytes’ compartments were determined. For 
the overviews of the cell architecture either high voltage transmission 
electron microscope operated at 1 MeV (AEI, EM7) or energy filtering 
transmission electron microscope operated at 120 keV at zero energy 
loss (LEO912) were used. 

Results
Figure 1 illustrates the work-flow of the project. The oocytes were 

de-folliculated. (a) They were spun down to move the nuclei to the po-
les, in order to facilitate intra- or peri-nuclear microinjections of the 
vectors. That was followed by rapid cryo-immobilization, processing, 
and determination of the transgenes’ concentration with the aid of the 
EDXS and EELS. (b) Alternatively, the nuclei were isolated. (c) There-
after, the nuclei were opened to remove nucleoplasm. (d) The nuclear 
envelopes, attached to the carriers, were cryo-immobilized and proces-
sed for (e) molecular imaging and elemental analysis with the aid of the 
EDXS or EELS. 

The intra-nuclear surface of the nuclear envelope (NE) was exposed 
by gentle removing chromatin gel, which followed by chemical fixation, 
critical point drying, and cryo-sputter-coating. It was revealed in the 
field emission scanning electron microscope (FESEM), as illustrated in 
the figure 2. In the field of view, there are present numerous “baskets” 
of the nuclear pore complexes (NPC), which protrude from the nucle-
ar envelope. They are marked with the red arrows pointing toward the 
entries into the nucleus. Bundles of 6 nm thin filaments project from 
the tops of most of the NPC “baskets”. The bundled filaments create 
empty nanotubes. They project into the nucleus’ interior. These bundles 
extend for distances from 2 micrometers to more than 10 micrometers 
in lengths. Short and long stretches of the filamentous bundles inter-
connect with each other to form nuclear networks. In a few cases, atta-
ched fibers have all broke off the “baskets”, thus revealing the top rings 
only. At all distal ends of the eight fibers (projecting from the 145 nm 
diameter, nuclear ring of the NPCs) there are the 10 nm in diameter 
spheres. These spheres attach to each other to form the “necklace-like” 
rings - as if they would be holding together the bundles of filaments. 
These rings are distributed along the filamentous bundles with the re-
gular periodicity of approximately 50 nm. They are pointed with the 
red arrow-heads. Lamins networks are marked with the red stars. They 
seem to create a stabilizing base for the NPCs inserted in their nets.

Organization of the filaments projecting from the NPCs was also 
revealed by cryo-electron energy loss spectroscopy at the zero-loss 
energy setting as shown in the figure 3a. The oocytes were prepared by 
rapid cryo-immobilization, freeze-substitution, and sectioning of 250 
nm sections. This technique of the specimen preparation was entirely 
different from that used for the FESEM preparations. Yet, the bundles 
of filaments project from the tops of the NPCs on the identical way 
as the ones shown in the figure 2. They also have the “necklace-like” 

 

Work-flow of the oocyte’s Nuclear Routing Network (NRN) preparation and 
graphic summary of the project 
Figure 1: The Xenopus laevis oocytes were defolliculated and stored (a). Af-
ter spinning, which aimed at moving the nucleus to the pole, the transgenes 
vectors and biomolecules, equipped with the NLS and NES, were microinject-
ed into the cytoplasmic or intra-nuclear compartments of oocytes (b). Some 
of the microinjected oocytes were cryo-immobilized for the trafficking and mo-
lecular imaging studies. The nuclei from other oocytes were isolated (c). The 
nuclei were attached to carriers and wide opened to release nucleoplasm (d). 
The nuclear envelopes with the retained NPCs and NRNs were available for 
molecular imaging (e).
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rings distributed along their lengths with the periodicities identical to 
those revealed above. They are also pointed with the red arrow-heads. 
Although, the NPCs are buried within the thick sections, the baskets of 
the NPCs are clearly seen. The red arrows point to the entries into the 
nucleus through the NPCs. Alternatively, the oocytes were embedded 
through the conventional methods and imaged with the high voltage 
transmission electron microscope as shown in the figure 3b. 

Yet, the third, entirely different method of the oocytes’ preparation 
for molecular imaging, shown in the figure 4, resulted in the identical 
appearance of the filamentous networks projecting from the NPCs as 
those illustrated in the figures 2,3. In this case, the nuclear envelopes 
were rapidly cryo-immobilized, embedded, cut into the serial 250nm 
thick sections, and de-embedded. The NPCs with the associated struc-
tures were revealed in the FESEM. In this image, there is the NPC ba-
sket with its smaller, intra-nuclear ring pointed with the white arrow. 
The NPC has larger ring at the bottom, at the level of the intra-nuclear 
surface of the nuclear envelope, which holds the NPC basket. From the 
top of this NPC basket, project bundles of filaments. Along their leng-
ths and with the regular 50nm periodicity, there are the necklace-like 

rings consisting of the 10 nm in diameters spheres. These bundles form 
inside-hollow nano-tubes. 

The data acquired with these three different methods revealed the 
networks of the filamentous bundles held together by small spheres as-
sembled into the necklace-like rings. Summarizing the data from the 
figure 2-4, the bundled filaments, create nanotubes interconnected into 
the three-dimensional networks. These data were integrated into the 
model presented in the figure 5. This structure has all of the characte-
ristics expected from networks routing molecules throughout the nu-
cleus. Therefore, we hypothesized that it be the nuclear routing network 
(NRN). To test this hypothesis, functional studies of these newly disco-
vered networks followed. 

The vectors were bioengineered to carry the closed, circular dsDNA 

 
Three-dimensional architecture of the Nuclear Routing Network (NRN) re-
vealed by Field Emission Scanning Electron Microscopy (FESEM) of the 
nuclear envelope whole-mounts. 
Figure 2: The intra-nuclear surface of the NE was exposed by gentle dis-
solving chromatin gel. The nuclear envelope was isolated in LSB, attached 
to a modified (sticky), glass chip, extracted with 0.1% Triton X-100 and fixed 
with 1% glutaraldehyde in LSB, postfixed with 1% aqueous osmium tetroxide, 
critical point dried, followed by cryo-sputter coating with Pt. It was imaged in 
the FESEM operated at 1.5kV. Entries into the nucleus through the NPCs are 
pointed with the red arrows. The NRNs project from the tops of the NPCs and 
show regular 50 nm periodicities pointed with red arrow-heads. The NRNs 
inter-connect to form a network. Lamins are marked with red stars. Horizontal 
field width 1820 nm.

 

Three-dimensional architecture of the nuclear routing networks (NRNs) re-
vealed by Electron Energy Loss Spectroscopy (EELS) in 250 nm thick sections 
Figure 3a: This oocyte was rapidly cryo-immobilized, after perinuclear micro-
injection with the NLS carrying transgenes. It was further processed by freeze-
substitution, embedding, and cutting 250 nm thick sections.  The image was 
acquired at zero loss setting of the energy loss energy spectrometer (EELS). 
The arrows point to the entries into the nucleus through the NPCs. Bundles of 
long thin filaments stretch from tops of NPC into the nuclear interior to form the 
NRNs. Along their long axes, there are “necklace-like “structures periodically 
distributed along the filaments. The heavily electron-dense dots suggest the 
vectors trafficking through the NRNs. Horizontal field width 450 nm.
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(ccdsDNA) constructs. For intra-nuclear import, the vectors consisted 
of the nuclear localization signal (NLS) domain, anti-dsDNA, anti-di-
goxigenin or anti-biotin domain - anchoring the dsDNA, and chelating 
domain – harboring Gd, Tb, Eu, Er, Ag, or Au. For nuclear export, the 
vectors consisted of the nuclear export signal (NES) domain, anti-dsD-
NA, anti-biotin, and anti-digoxigenin domain anchoring dsDNA pla-
smids, and metal binding domain coordinating Eu, Er, Gd or Tb. The 
third and fourth type of the vectors - named shuttle vectors consisted 
of the NES and NLS domains bioengineered either with the anti-DNA/
anti-digoxigenin and Gd chelating domains, or with the anti-biotin/

CELL NUCLEUS INTERIOR

NUCLEAR
ROUTING
NETWORK

“Necklace-like” rings

Thin filaments bundled
by “neklace-like” rings

Model of the three-dimensional architecture of the Nuclear Routing Network 
(NRN) 
Figure 5: It illustrates a graphic interpretation of the NRN after the complete 
removal of chromatin and nucleoplasm. This model was created based upon 
the data acquired with 3 different techniques of molecular imaging presented 
in this study.

The nuclear routing network revealed with the 1MeV high voltage electron mi-
croscopy on 250nm sections 
Figure 3b: This oocyte was chemically fixed. It was further processed by em-
bedding, cutting 250 nm thick sections, and staining with uranyl acetate and 
lead citrate.  The image was acquired at the 1MeV HVEM. The arrows point to 
the entries into the nucleus through the NPCs. Horizontal field width 2030 nm.

Three-dimensional architecture of the Nuclear Routing Networks (NRNs) 
revealed by Field Emission Scanning Electron Microscopy (FESEM) on the 
cross-sections through the nuclear envelope 
Figure 4: The oocytes were rapidly cryo-immobilized after microinjection of 
the transgene vectors, embedded, sectioned perpendicular to the nuclear en-
velope, de-embedded, and cryo-sputter coated with Pt/C. The entry into the 
nucleus through the NPC is pointed with the red arrow. The intra-nuclear ring 
of the NPC basket is pointed with the white arrow. The periodicities along the 
NRN are pointed with the red arrow heads. Horizontal field width 345 nm.
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anti-dsDNA/anti-biotin and Eu chelating domains. Microinjections of 
these vectors into oocytes helped to probe the functions of the nucleo-
cytoplasmic transport. At different time intervals passing from the mo-
ment of microinjections, the oocytes were cryo-immobilized, stored 
in liquid nitrogen until processing for molecular imaging with EELS 
and EDXS. Alternatively, the microinjected oocytes were separated into 
the fractions: total nucleoplasm, nuclear envelope including the NRNs 
and NPCs, total cytoplasm for detection with fluorometry or surface 
plasmon resonance. This procedure prevented any translocations of la-
beled molecules and/or antibodies during preparation for analysis. Mo-
reover, it assured live-like architecture. Finally, it protected the samples 
during processing for and imaging.

Analysis of the transgenes’ trafficking through various oocytes 
compartments was pursued in a few steps as illustrated in the figure 6. 
First, the structural overview at the zero energy loss edge by contrast 
tuning was acquired (a). Second, the elemental spectrum profile was 
acquired for every pixel of the image to create the elemental composi-
tion data bank (b). Third, a map of Gd distribution in the sample was 
extracted from the elemental composition data bank (c). Since the Gd 
atoms were chelated within the dedicated domains of the transgenes’ 
vector, and then the Gd distribution map was indicative of the distri-
bution of the vectors. Fourth, superimposing the Gd map from “c” over 
the cell structure from “a” revealed distribution of the vectors within 
the cell structures (d). This approach eliminates false positive identifi-
cation of the electron-dense particles as transgenes as it may happen in 
transmission electron microscopy (TEM) and of the strong secondary 
electron emitters in the scanning electron microscopy (SEM). It also 
eliminates missed - as false negative, poorly stained transgenes. After 
outlining areas of the oocyte compartments on the computer screen, 
the vectors containing Gd atoms were automatically calculated by the 
elemental analysis software ceiled at 10M counts. The data from ten ex-
periments for each of the transgenes were measured and averaged, the 
standard deviations calculated and normalized as the ratios between 
three main compartments: intra-nuclear, nuclear envelope associated 
structures (NPC + NRN), peri-nuclear. The results are presented in the 
figures 7-10. The outcome of the intra-nuclear injections of the transge-
nes guided by the NES is shown in the figure 7. The concentrations of 
the transgenes inside the nuclei were initially rapidly decreasing, which 
was followed by less rapid pace until the complete depletion. The con-
centrations of the transgenes exported outside the nucleus were steadily 
increasing. These transgenes were initially absent from the NRN and 

NPCs, but shortly after the microinjections they started to increase, 
while passing through the NRNs and NPCs. The results of the cyto-
plasmic injections of the trangenes guided by the NLS are illustrated 
in the figure 8. The concentrations of the transgenes in the cytoplasm 
were initially rapidly decreasing, which was followed by less rapid pace 
until the complete depletion. The concentrations of the transgenes im-
ported into the nucleus were steadily increasing. The passage of the 
NLS guided transgenes through the NRN had the profile similar to that 
shown by the NES guided transgenes. This also was indicative of the 
wave of the exported vectors passing through the NRN. The trafficking 
profiles of the shuttle vectors guided by the NLS and NES, which were 
injected into the perinuclear cytoplasmic or intranuclear spaces, were 
characterized by the initial gradual increase of the concentrations wi-
thin the NPCs and NRNs. However, within approximately 30 minutes, 
the concentrations in the NPCs and NRNs reached plateau. This was 
indicative of the saturation of the NRNs’ transporting capabilities. Mi-
croinjections of the vectors, which were modified with both the NLS 
and NES resulted in the initial increase of the concentration in the NRN 
and NPC fractions. This was indicative of the vectors shuttled back and 
forth. 

Nucleoplasmin, histones, tRNA, and mRNA were used as the most 
established internal biocompatibility reference tests [52,53]. Import of 
nucleoplasmin (Np), which was modified with biotin or digoxigenin 
followed by tagging chelating scFv and injected into the oocytes’ cyto-
plasm is shown in the figure 10. It was trafficking exactly as the na-
tive nucleoplasmin shown described previously [52]. Within minutes 
after microinjection, the Np was already passing through the NPCs and 
NRNs. Within hours, it entirely cleared from the cytoplasm. Export of 
tRNA, which was transcribed to incorporate biotin GTP followed by 
tagging chelating scFv and injected into the oocytes’ nuclei, is shown 
in the figure 9. As in the earlier reports, tRNA swiftly moved into the 
cytoplasm. It appeared within the NRNs and NPCs within minutes. It 
entirely cleared from the nucleoplasm within hours. 

Altogether, the data acquired in these experiments provide the evi-
dence that, the filamentous bundles, which originate at the NPCs and 
create complex three-dimensional networks of nano-tubes inside the 
oocyte nuclei, function as the transporters of the molecules. Therefore, 
we named them nuclear routing networks (NRNs). 

Trafficking of the non-viral, transgene vectors through the NRN revealed by electron energy loss and energy dispersive X-ray spectroscopies
Figure 6a-d: The NLS guided transgene vectors consisting of the scFv (anchoring the closed, circular, double stranded plasmid DNA) and metal binding domain 
(chelating Gd) were microinjected into the perinuclear space of the oocyte. After 1h, the oocytes were rapidly cryo-immobilized, freeze-substituted, epon embedded, 
and sectioned. An overview of the NPC and NRN architecture was acquired at zero-loss setting of the EELS on the HB505 FESTEM. (a) The complete elemental 
spectrum was acquired for every pixel of the scan with the EDXS. This created the elemental spectra database for this scan - the spectrum of one pixel shown as an 
example (peaks of Gd, C, O are prominent). (b) The spectrum was gated only for Gd and extracted from the complete data base to create the map of the elemental 
distribution. (c) This elemental map was equivalent to the map of the transgene vectors’ distribution. The map of the vectors’ distribution (from “c”) is overlapped over 
the architecture of the NPCs and NRNs (from “a”) to determine location of the vectors in the oocyte’s compartments. (d) Many electron-dense beads were eliminated 
as the false positive in the TEM, due to the ability to identify the true vectors based upon the elemental map. Horizontal field width in a,c,d 540 nm.
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Discussion
We revealed the NRN by means of the most advanced molecular 

imaging techniques [30,52]. The first technique, time-resolved with 

millisecond resolution, rapid cryo-immobilization retained the NPCs 
and associated structures in their native state. They were not distor-
ted or degraded during preparation for imaging. The second, EELS and 
EDXS facilitated unequivocal identification of the labeled molecules 
with the genetically engineered scFv at the supramolecular level of re-
solution 3D architecture, what was not possible before. Moreover, these 
imaging modes facilitated imaging of the entire NPCs and NRNs con-
tained within thick sections or whole mounts, which was not possible 
before. Moreover, thinness of sections and limited depth of field of high 
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Export of the NES-modified transgenes’ vectors after intranuclear microinjec-
tions 
Figure 7: The NES-modified transgenes’ vectors were microinjected into the 
oocyte nuclei. Every 45 minutes from the time of microinjections, the oocytes 
were rapidly cryo-immobilized, processed, and analyzed as in the figure 6. The 
concentrations were measured and normalized against the counts at the zero 
time as 100%. Series 1 - counts of the NES-modified vectors present in the 
oocyte nucleus. Series 2 - counts for the vectors in the NRNs and NPCs. Series 
3 - counts of the vectors without modification with the NES present in the oocyte 
nucleus. Series 4 - counts for the non-NES-modified vectors in the NRNs and 
NPCs. The concentration in the intranuclear space was rapidly falling after mi-
croinjections. The concentration in the NPCs and NRNs showed the gradual in-
crease, which followed by the reduction indicative of the passage of the vectors 
through the NRNs. The concentrations of the transgene vectors were constantly 
increasing outside of the nuclei as the result of the constant export of the vectors 
driven by the NES. The concentrations of the vectors which were not modified 
with the NES gradually reduced due to diffusion, but they did not appear in the 
NRN and NPC or cytoplasm.
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Import of the NLS-modified transgenes’ vectors after cytoplasmic microinjec-
tions 
Figure 8: The cytoplasm of the oocytes was microinjected with the NLS-modi-
fied transgenes’ vectors. The oocytes were cryo-immobilized and analyzed as 
in the figure 7. Series 1 - counts of the NLS-modified vectors present in the oo-
cyte cytoplasm. Series 2 - counts for the vectors imported from the cytoplasm 
into the NRNs and NPCs. Series 3 - counts in the cytoplasm of the vectors, 
which were not modified with NLS. Series 4 - counts in the NRNs and NPCs 
of the non-modified vectors. The vectors’ concentration in the perinuclear area 
of cytoplasm was gradually falling, while the concentration in the NRN and 
NPCs was increasing. This was indicative of the vectors’ entry on the route to 
the nucleoplasm. The concentrations of the vectors which were not modified 
with the NLS gradually reduced in the cytoplasm, but they did not appear in 
the NRN and NPC.
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Export of tRNA after intranuclear microinjections 
Figure 9: The tRNAs were microinjected into the oocyte nuclei. The oo-
cytes were cryo-immobilized and analyzed at the same time intervals as in 
the figure 7. The concentrations were measured and normalized against the 
counts at the zero time as 100%. Series 1 - counts of the tRNA measured in 
the oocytes nucleus. Series 2 - counts for the tRNA in the NRNs and NPCs. 
Series 3 - counts of the control RNA measured in a unit volume in the oo-
cyte nucleus. Series 4 - counts of the control RNA in the NRNs and NPCs. 
The concentration in the intranuclear space was falling after microinjections, 
while the concentration in the NRN and NPCs gradually increased with the 
increased passage. The concentrations of the tRNA in the cytoplasm were 
constantly increasing. The concentration in the intranuclear space was falling 
after microinjections, while the concentration in the NRN and NPCs gradually 
increased with the increased passage. The concentrations of the tRNA in the 
cytoplasm were constantly increasing.
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Import of nucleoplasmin after cytoplasmic microinjections 
Figure 10: The nucleoplasmin modified with reporters was microinjected into 
the oocytes’ cytoplasm. The oocytes were cryo-immobilized and analyzed at 
the same time intervals as in the figure 7. Series 1 – counts of the nucleoplas-
min present in the oocyte cytoplasm. Series 2 – counts for the nucleoplasmin 
in the NRNs and NPCs. Series 3 - counts of the core Np present in the oocyte 
cytoplasm as the control. Series 4 - counts of the core Np present in the NRNs 
and NPCs as the control. The concentrations of the Np in the cytoplasm were 
falling after microinjections, but almost did not change in the absence of the 
NLS. The concentrations of the Np in the NRN and NPCs gradually increased 
with the increased passage, but were entirely absent for the core Np.
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resolution microscopes used in previous studies could not capture the 
complex architecture of the NRNs. The third, biomolecular engineering 
of the biocompatible molecules and transgene vectors, modified with 
the NLS and NES, as well as tagged with the exogenous elements (Gd, 
Eu, Tb, Er, Ag, Au) helped to reveal their transport through the NRN.

We revealed the NRN in oocytes of Xenopus laevis. However, con-
sidering the conserved nature of the nuclear pore transport and based 
upon our works on the human cancer and germ cells, we hypothesize, 
that the NRN is universal for all eukaryotic cells [52-60]. This may lead 
to explaining the data reported by other authors. For example, Human 
Immune-Deficiency Viruses (HIV) in the nuclei of human T lympho-
cytes moved along the well defined tracks [47]. Similarly, during in-
fecting human lymphoma cells Epstein-Barr virus, the viral RNA did 
not diffuse uniformly through the nucleus, but occurred in curvilinear 
tracks between the nuclear center and the NPCs [48]. Their pathways 
resembled geometries of the NRNs. Hypotheses can be raised, that 
perhaps the viruses moved along the NRNs to the preferred locations 
within the nuclei. As another example, the nup140 kDa phosphopro-
teins, that shuttle between the nucleolus and the cytoplasm, which were 
tagged with gold beads for TEM, were arraigned into single tracks, 
heading towards the NPCs [40]. Hypotheses can be raised, that these 
phosphoproteins moved along the NRNs. As another example, the mo-
vements of Poly (A) + RNA, from the sites of transcription to the NPCs 
in mammalian cell cultures showed that the mRNAs did not diffuse 
randomly inside the nuclei, but rather were arranged in narrow ribbons 
[41,43]. Hypotheses can be raised, that the NRNs could be their guiding 
systems. 

This work creates foundation for identifying the molecular com-
ponents of the NRNs. Clearly, short filaments, projecting from tops of 
the NPCs, as shown in the earlier publications, can now be considered 
to be elements of the NRN, which were damaged during the prepara-
tions [31, 34, 37]. Nevertheless, those short filaments were identified to 
contain Nup153, Trp. Moreover, the labels suggesting presence of Trp 
analogs in the interchromatin spaces were shown [44]. Moreover, nu-
cleoporins were shown to bind to distinct loci of the genome [61,62]. 
Therefore, the NRNs could serve as the speed-ways between the NPCs 
and genes’ loci on chromosomes. Thus, these data suggest the signifi-
cant role of the NPCs and NRNs they may play in the regulation of gene 
expression, which is the subject of our currently ongoing works.

All these data suggest a distinct possibility that the NRN exists as 
a very ergonomically organized distribution system, which efficiently 
delivers specific molecules to targeted sites within chromosomes. This 
may be in accord with the hypothesis of the chromosomal domains 
[45,46]. Identification of the checkpoints and signals within the NRN 
would be essential for our ability of targeting the therapeutic molecules 
to the desired destinations inside the nuclei. It would also be essen-
tial for controlling accessing of gDNA by mutagenic factors inflicting 
genetic errors. Futuristically thinking, it would facilitate genomic na-
nosurgery, i.e., excising disease carrying mutations and inserting the 
healthy genes, as well as genomic prevention, i.e., introducing molecu-
lar safeguards into the transporting mechanisms of the nuclei. Despite 
the great progress in high throughput genomics and proteomics of the 
NPCs, elucidation of the functional structure of the NRNs (unlike the 
very symmetrical NPCs) will most likely be attained by laborious iden-
tification of their individual molecular components within the three-
dimensional architecture of these macromolecular assemblies in situ.
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